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Subset of Natural Killer Cells Is Induced by Immune Complexes to Display Fc
Receptors for IgE and IgA and Demonstrates Isotype Regulatory Function
Hajime Kimata and Andrew Saxon
Division of Clinical Immunology and Allergy, Department of Medicine, University of California at Los Angeles
School of Medicine, Los Angeles, California 90024

Abstract

Expression of Fc receptors for IgE (FcER) or IgA (FcAR) on
purified natural killer (NK) cells was investigated. No FcER+
and a few FcAR+ NK cells were detectable on freshly sepa-
rated NK (NKH-1+) cells from normal donors. Incubation of
NK cells with IgE-anti-IgE immune complexes or IgA-anti-
IgA immune complexes induced up to 10 and 20% FcER+ or
FcAR+ cells, respectively. These FcR were induced on CD3-
but not on CD3+ NKH-1+ cells. In contrast, NK cells from
patients with various dysgammaglobulinemias could not be in-
duced to express FcER or FcAR corresponding to their abnor-
mal circulating IgE and/or IgA levels. Enriched FcER+ or
FcAR+ induced NKcell supernatants from normals enhanced
IgE or IgA synthesis from Ig secreting B cell lines in an iso-
type-specific fashion without increasing proliferation. Thus
NK cells, after interaction with specific Ig isotypes in com-
plexes, express FcR and produce differentiation factors for
that isotype.

Introduction

An increasing body of data suggests that immunoglobulin Ig
isotypes involved in antibody responses are regulated by cells
expressing Fc receptors for specific isotypes (1-3). T cells ex-
pressing receptors for IgE (FcER)' or IgA (FcAR) have been
detected and induced on human peripheral blood lymphocytes
(4-8). Additionally we reported that T cells exposed to im-
mune complexes (IC) formed by IgE and anti-IgE (IgE-IC)
were activated, presumably through FcER, to specifically in-
hibit IgE synthesis (9). However, the T cell fractions employed
in those studies were isolated by sheep red blood cell (E) roset-
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1. Abbreviations used in this paper: BCDF, B cell differentiation fac-
tors; CVI, common variable immunodeficiency; E receptor, sheep
erythrocyte receptor; FcAR, Fc receptors for IgA; FcER, Fc receptors
for IgE; FcGR, Fc receptors for IgG; FcR, Fc receptors; IC, immune
complexes; IgA-IC, IgA-anti-IgA immune complexes; IgE-IC, IgE-
anti-IgE immune complexes, IL-2R, interleukin 2 receptor; NK, natu-
ral killer cells.

ting methods and thus contained natural killer (NK) cells
which bear low affinity E receptors (10). HumanNKcells are
known to express Fc gammareceptors (FcGR) (11) while
FcER or FcAR on human NK cells have not been well de-
fined. It has been reported that some NK cells express the
FcER both in mice and human (12, 13). It has also been re-
ported that human NKcells were able to produce B cell differ-
entiation factors (BCDF) (14).

Wehave previously shown that human NKcells are capa-
ble of inhibiting, via a cytolytic mechanism, ongoing IgE syn-
thesis from the human IgE myeloma cell line (U266/AF-10)
(15). This inhibition could be reversed by incubating the NK
cells with IgE-IC. The apparent reversal of inhibition was, in
fact, due to enhancement of IgE synthesis from the remaining
non-lysed AF- 10 cells, induced by IgE-IC stimulated NKcells,
rather than decreased NKcytotoxicity. On the other hand, NK
cells not only failed to lyse IgA secreting cell line GM-1056 or
IgG secreting cell line GM-1500 but also enhanced IgA or IgG
synthesis from those cell lines. This enhancement was not
modulated by IgE-IC incubation of NK cells. These results
indicated that incubation of NKcells with IgE-IC resulted in
enhanced IgE synthesis in an isotype-specific fashion. In the
present investigation, we studied the induction of FcER or
FcAR on purified human NK cells (NKH-1+) and subsets
(NKH-l +/CD3- or NKH-l +/CD3+) from normal donors by
IgE-IC or IgA immune complexes (IgA-IC). Patients with dis-
turbances of circulating Ig levels were also investigated to ex-
amine the effects of in vivo exposure to abnormally high or
low IgE or IgA levels. Wealso tested the functional ability of
IgE-IC or IgA-IC stimulated NKcells from normal donors or
patients to enhance IgE or IgA synthesis from B cell lines.
Finally, we examined the prediction that FcER+ or FcAR+
NK cells, enriched by immune adherence, could secrete fac-
tor(s) that regulate ongoing Ig synthesis in an isotype-specific
fashion.

Methods

Cell separation. Human mononuclear cells were isolated from hepa-
rinized venous blood of normal volunteers or patients with various
disturbances of circulating Ig levels by buoyant density centrifugation
on Ficoll-Hypaque. Usually 200 ml of blood were obtained although
when NKH-1+ cells were separated into CD3+ or CD3- populations,
300-400 ml were taken. Sheep red blood cell binding cells (T cells)
were purified from the mononuclear cells by the 2-aminoethylisothio-
uronium bromide (AET; Sigma Chemical Co., St. Louis, MO)-treated
E rosette technique (16, 17).

Patients. Blood samples were obtained from the following patients.
Hyper-IgE immunodeficiency (n = 3, serum IgE 24,000, 44,000, and
46,200 ng/ml; IgA levels normal), atopic dermatitis (n = 3, serum IgE
1,540, 5,940 and 24,200 ng/ml; IgA levels normal), IgA myeloma (n
= 2, IgA 1,460 and 4,400 mg/dl, IgE 72 and 120 ng/ml), selective IgA
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deficiency (n = 2, IgA < 5 mg/dl, IgE 8 and 24 ng/ml), dysgamma-
globulinemia type I (n = 1, IgA < 5 mg/dl, IgE < 80 pg/ml, IgM 1,000
mg/dl), common variable immunodeficiency (CVI, n = 3, IgA < 5
mg/dl, IgE < 80 pg/ml). Serum IgE was measured by our radioimmu-
noassay (lower limit 80 pg/ml) (9).

Purification of NKcells. NKcells were purified from T cells by a
modification of immune adherence as described (15, 18). Initially we
tried to use anti-Leu 11 (CD16) antibody (19, 20), which detects Fc
gammareceptor (FcGR) on NKcells; however, enriching by anti-Leu
11 antibody modulated the FcGR, thus we could not check the purity
of NKcells by anti-Leu 1 1. Moreover this antibody altered cytotoxicity
(20 and our personal observation). Therefore we used NKH-I anti-
body (21), which did not have these unwanted effects. SRBCbinding
cells were adjusted to 6 X 10'/ml in PBSwith 5% fetal calf serum (FCS;
Irvine Scientific, Santa Ana, CA) and incubated with mouse mono-
clonal antibody NKH-l (mouse IgGI; Coulter Corporation, Hialeah,
FL) at 0.25 Mg/106 cells for 60 min at 4VC. The cells were then centri-
fuged and resuspended at 5 X 106/ml in PBSwith 5%FCSand poured
into 100 mmplastic petri dishes (Dispo petri dishes; Miles Laborato-
ries, Naperville, IL). Each dish had been incubated for overnight at 4VC
with 6 ml of F(ab)2 goat anti-mouse IgG Fc (20 gg/ml) (Jackson
Immunoresearch Laboratories, Inc., Avondale, PA) followed by the
addition of 15 ml of PBSwith 5%bovine serum albumin (BSA, Sigma),
incubated for 1 h at room temperature then washed three times with
PBSand once with PBSwith 1%FCS. After 90 min incubation at 4°C,
the nonadherent T cells (NKH-1-/CD3+ cells) were removed by gen-
tle swirling and aspiration. After four more plate washes, the adherent
(NKH- 1+, here designated NK) were removed by vigorous washing. In
both normal subjects and patients, the yield of NKcells was 5-15% of
T cell fraction and purity of NKcells were the same between normals
and patients. NKH-l-/CD3+ cells contained < 1% NKH-1+ cells
and more than 95%CD3+ cells as determined by flow cytometry. The
NKpopulation contained > 95% of NKH- I+ cells by indirect immu-
nofluorescence with NKH-1 antibody and fluorescein conjugated
anti-mouse IgG (Zymed Laboratories, San Francisco, CA), more than
90% CD 16+ (Leu 11+) cells, < 5% CD3+ (Leu 4+) cells, < 1%
CD20+ (B 1+) cells and < 0.5% monocytes as determined by nonspe-
cific esterase staining. Since NKH- 1 reacts with a minor T cell subset
(19) in some experiments NKH-l + cells were further separated into
NKH- I +/CD3- or NKH- I +/CD3+ cells by panning using anti-Leu 4
(Becton Dickinson Monoclonal Center, Inc., Mountain View, CA).
The yield of NKH- I +/CD3- and NKH- I +/CD3+ cells was 85-90%
and 3-4% of NKH-1+ cells, respectively. NKH-1+/CD3- cells con-
tained more than 95%NKH-1+, more than 95%CD16+ cells, and less
than 1%CD3+cells, while NKH- I +/CD3+ cells contained more than
95%NKH- l +, less than 1%CD16+, and more than 95%CD3+ cells.

Induction of FcER or FcAR on NKcells by immune complexes (IC).
IgE-anti-IgE immune complexes (IgE-IC) were prepared by mixing
purified human IgE (PS) with mouse IgGIl monoclonal anti-IgE anti-
body (CIA 7.12) at an IgE to anti-IgE ratio of2:1 at 37°C for 1 h (9,22).
IgA-anti-IgA immune complexes (IgA-IC) were constructed by mixing
purified human IgA (N.L. Cappel Laboratories, Westchester, PA) with
mouse IgGl monoclonal anti-IgA antibody (CHE B6 clone, kindly
provided by Dr. John Kearney, University of Alabama, Birmingham,
AL) at a ratio of 1:2. These complexes were found in preliminary
experiments to provide for optimal induction of Fc receptors.
NKH- 1+, NKH- I +/CD3-, NKH- 1 +/CD3+ or NKH- 1-/CD3+
cells (2 X 106/ml) were cultured with medium alone, RPMI 1640
(M.A. Bioproducts, Walkersville, MD) supplemented with 10% FCS
(Irvine Scientific), 2 mMglutamine, 50 U/ml penicillin, and 50 Ag/ml
streptomycin (CRPMI) or medium plus 0.1 g/ml (unless otherwise
indicated) of IgE-IC or IgA-IC in 13 X 100 mmtissue culture tubes
(Falcon Labware, Co., Oxnard, CA) at 37°C in a humidified incubator
containing 5% CO2 in air. After 16 h incubation (unless otherwise
indicated), the cells were washed four times with copious amounts of
370C medium and assessed for the presence of the FcER, FcAR, and
FcGRand an aliquot of the cells added to Ig secreting cell lines. After
incubation with medium or IC more than95_ of cells were viable, and

the percent of NKH- I+, CD16+, CD3+, CD20+ cells or monocytes
was not changed. To investigate the requirement for the induction of
FcR by IC, NK cells were cultured with IC in the presence of cyclo-
heximide 50 yg/ml or actinomycin D at 0.4 ,ug/ml (both from Sigma).
In other experiments, irradiated (1,000 rad) NK cells were incubated
with IC. NK cells were ilso incubated with IgE-IC formed between
heat (560C X 3 h) inactivated PS IgE and monoclonal anti-IgE. Heat-
treated IgE is unable to bind FcER (23) but is still able to be bound by
monoclonal antibody CIA 7.12 as assessed by RIA.

Detection of FcER+ or FcAR+ cells. FcER+ cells were detected by
an immunohistochemical stain utilized binding of two different IgE-IC
as previously described (22) and confirmed by using anti-FcER (CD23)
monoclonal antibody. Cells were washed with PBS-azide and added to
microcentrifuge tubes. To one set of tubes, 20 ,l of a 100-4g/ml solu-
tion of PS IgE/anti-IgE (7.12) IC, at a ratio of 2: 1, was added. Negative
controls received 20 jul of 100 ug/ml of IgE-IC but of complexes con-

structed with heat inactivated (560C) PS IgE. After 30 min on ice, the
cells were washed, resuspended and centrifuged (Shandon Cytospin II)
on to glass slides. The slides were incubated with 50 jug/ml of biotinyl-
ated horse anti-mouse IgG (Vector Laboratories, Burlingame, CA),
washed with PBSand incubated with avidin-biotin horseradish perox-
idase complex (also from Vector). After another wash, the slides were
stained with freshly prepared 3-amino-9-ethylcarbazole at 0.4 mg/ml
(Sigma) in 0.1 Msodium acetate buffer (pH 5.2) plus 0.5% dimethyl
formamide and 0.015% H202. Slides were stained with Mayer's hema-
toxylin, mounted with immune-mount (Shandon) and examined
under magnification 1,000. At least 500 cells were counted. As a posi-
tive control for FcER, RPMI 8866 (24) was stained as above. Results
are expressed as the percentage of specific FcER+ cells calculated as
the percent of experimental cells stained (cells treated with IgE-IC)
minus the percent of stained negative control cells (cells treated with
heat inactivated IgE-IC). 70-95% of RPMI 8866 (a known FcER+ cell
line) were positive when stained by the IgE-IC while no RPMI 8866
were stained by heat inactivated IgE-IC. The sensitivity and specificity
of this assay have been previously described (22). FcER+ cells were
also detected by using mouse IgGI monoclonal anti-FcER antibody
(MAb-1 35), kindly provided by Dr. G. Delespesse, Montreal Univer-
sity, Montreal, Canada (25). Briefly, cells were incubated on ice for 30
min with 20 ,ul of MAb-l 35 (100 ,ug/ml) instead of IgE-IC, then stained
as above. FcER+ cells were also detected using IgE-IC constructed
with another human IgE myeloma protein (IgE kappa kindly provided
by Dr. D. R. Stanworth) and anti-IgE (7.12) at a ratio of 2:1. 70-95% of
RPMI 8866 were also measured as FcER positive as detected by
MAb-l 35 or IgE-IC constructed with the IgE kappa myeloma protein.

FcAR+ cells were detected in a similar fashion to FcER+ cells, i.e.,
cells were incubated for 30 min on ice with 20 Ml of IgA-IC (1 mg/mi) at
a ratio of 1:2 (IgA to anti-IgA) and then stained with anti-mouse Ig
reagents as above. As a positive control for FcAR, the human pro-
monocytic cell line (U937) was used. U937 was incubated with
gamma-interferon (gamma-IFN) at 500 U/ml (Biogen, Cambridge,
MA) for 16 h to induce FcAR. In preliminary experiments, we com-

pared staining using 1 mg/ml of different ratios of IgA-IC (IgA to

anti-IgA 2: 1, 1:1, or 1:2), anti-IgA alone or IgA alone. After incubation
with gamma-IFN, the percentage of FcAR positive U937 cells
(mean±1 SD) was 7.9±2.6%, 3.8±0.5%, and 14.6±0.7% detected by
IgA-IC at 2:1, 1:1, and 1:2 ratios, respectively. No positive cells were

detected by anti-IgA or IgA alone. Thus IgA-IC at a 1:2 ratio was used
in subsequent experiments. The range of FcAR+ cells in gamma-IFN
treated U937 was 10-20% detected by IgA-IC (1:2 ratio). We also
discovered that K562, an erythro-myeloid leukemia cell line known to

bear FcGR (26), constitutively expresses FcAR. The range of FcAR+
unstimulated K562 cells detected by IgA-IC at a 1:2 ratio was 30-60%
while no FcAR+ K562 cells were detected by anti-IgA or IgA alone.

For specificity controls, uninduced U937, which is FcER and
FcGR positive, and K562, which is FcAR and FcGR positive were

used (26, 27). No FcAR were detected on uninduced U937 and no

FcER were detected on K562. Furthermore, when RPMI 8866 or

K562 cells were preincubated with purified human IgE or IgA (10 Mi of
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a l-mg/ml solution for 10 min) before staining, FcER or FcAR detec-
tion was completely inhibited in an isotype-specific fashion.

Detection of FcGR+ cells. FcGR on NK cells was detected by
enumerating Leu I I + NKcells (19, 20). Leu I I + cells were measured
by laser flow cytometry (Ortho-Spectrum III) using anti-Leu I la (Bec-
ton Dickinson Monoclonal Center, Inc., Mountain View, CA).

Separation of and supernatant production by FcR+ and FcR- NK
cells. NKcells (2 X 106/ml) were first cultured with IgE-IC or IgA-IC
(0.1 g/ml) for 16 h. Then by means of immune adherence using
anti-FcER antibody (MAb-1 35) or IgA-IC, different FcR+ and FcR-
populations were separated (9, 18). IC precultured NKcells (2 X I0'/
ml) were washed and incubated with MAb-135 or IgA-IC (10Ig/ml)
for 60 min at 4VC. After resuspension at 5 X 106/ml in PBS with 5%
FCS, the cells were poured into 100 mmplastic petri dishes. These
dishes had been preincubated for overnight at 40C with 6 ml of F(abY2
goat anti-mouse IgG Fc (Jackson) at 20 ;tg/ml, and covered with PBS
with 5% BSA and washed as above. After 90 min incubation at 40C,
the nonadherent cells (FcER- or FcAR- cells) were removed by gen-
tle swirling and aspiration. The adherent cells (FcER+ or FcAR+ cells)
were then removed by vigorous washing. The percentage of cells recov-
ered in the FcER+ or FcAR+ fractions were 4-7% of total NKcells.
After washing four times with warm medium, both FcR+ and FcR-
enriched NKcells (1 X 106/ml) were cultured in CRPMIfor a further 2
d and the culture supernatants collected. These supernatants contained
no detectable (< 300 pg/ml) IgE or IgA.

Culture of Ig secreting cell lines. U266/AF-10 (AF-10) is a myco-
plasma free stable IgE secreting subclone developed in our laboratory
from the IgE plasmacytoma line U266 kindly provided by Dr. Ken-
neth Nilsson from the Laboratory of Tumor Biology, Department of
Pathology, University Hospital, Uppsala, Sweden. GM-1500 and
GM-1056 are IgG and IgA secreting lymphoblastoid cell lines, respec-
tively (9). Mixtures of 5 X 103 of each cell line were cultured in 200
Ml/well with 5 X 104 of medium or IC stimulated NK cells, or with
supernatants (50% vol/vol) from FcER+, FcER-, FcAR+, or FcAR-
NKcell populations. After culture for 3 d, the amount of IgE, IgG, and
IgA in the B cell culture medium was measured by isotype-specific
ELISAs (15). Results are expressed as percent change of control Ig
synthesis using the equation: %change of control = (X/Y - 1) X 100,
where Yis the amount of net Ig (IgE, IgG, or IgA) produced by AF-1O,
GM-1500 or GM-1056 cultured with control medium and X is the
amount of Ig produced in the experimental cultures. The amount of Ig
in cycloheximide treated (50 jsg/ml) cultures was subtracted from the
cell cultures to obtain net Ig production. The mean value of Y was
calculated from three or four wells, and the mean and standard devia-
tion of percent change were calculated by dividing the value in a set of
wells (three or four) by the value of Y. In some experiments, cells from
individual lines (5 X 103/well) were cultured for 2 d with the NK
supernatants (50% vol/vol) and then pulsed with 2 MCi of [3H]-
thymidine. 16 h later, the cells were harvested and thymidine incorpo-
ration was determined. Simultaneously, Ig in the supernatants was
measured. Statistical analysis was performed with the two-tailed Stu-
dent's t test.

The possibility of cytophilic IgE or IgA being carried over into
cultures with IC-treated NK cells was excluded several ways. Frozen
thawed (three times) NK cells failed to show enhancement of IgE or
IgA synthesis from the B cell lines. No IgE or IgA (< 300 pg/ml) was
detected in cycloheximide-treated cultures containing the IC-stimu-
lated NK cells. Also, when IgE-IC stimulated and washed NK cells
were added to GM-1500 or GM-1056, no IgE was detected in the
culture supernatants and no IgA was detected when IgA-IC stimulated
and washed NKcells were added to AF-0 or GM-1500.

Results

FcER and FcAR are induced on NKcells by IC in an isotype
specific fashion. No FcER+ and a few FcAR+ cells (0.8±0.5%)
were detected on freshly isolated NK (NKH- 1+) cells from
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cells were induced. In 10 donors, 4.8±2.3% (range 2.1-10.0%)
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isotype-specific fashion. FcER+ or FcAR+ cells were induced
after 6 h of incubation with IC, reached a maximum after 24 h
and declined thereafter (Fig. 3). FcGR(CD 16) display was not
altered by incubation with medium, IgE-IC or IgA-IC (91 + 1%
92±2%, and 91±1%, respectively).

To confirm the specificity of the FcER immunohistochem-
ical assay, we measured FcER+ cells using a monoclonal anti-
FcER antibody (MAb-1 35) or IgE-IC constructed with a dif-
ferent IgE myeloma protein (epsilon kappa). The percentage
(mean± 1 SD of three experiments) of IgE-IC-induced (0.1
,gg/ml PS-7.12) FcER+ NK cells detected by IgE lambda-IC
(PS-7.12), IgE kappa-IC (IgE kappa-7.12), and MAb-1 35 were
4.6±0.4, 4.7±0.6, and 5.1±0.8, respectively. None of the re-
agents detected FcER+ cells in fresh or medium incubated NK
cells. IgE-IC (0.01-1.0 ,ug/ml) constructed between heat-inac-
tivated IgE and anti-IgE (PS-7.12) failed to induce FcER de-
tected by either IgE-IC or MAb-1 35 (0% in five experiments).
Similarly, 0.1 ,ug/ml of IgA alone, anti-IgA alone or IgA-IC
consisting of IgA to anti-IgA at a ratio of 1:1 failed to induce
FcAR.

Although IL-2 is a potent stimulator of NKcells (28), re-
combinant IL-2 (100 U/ml; Amgen, Thousand Oaks, CA) in-
cubation (16 h) did not induce FcER or FcAR on the NKcells.
Since detection of FcER by MAb- 135 was more sensitive than
by IgE-IC, FcER was detected by MAb-135 in subsequent ex-
periments. Moreover by using two-color immunofluorescence,
5% of FcER+ and 12% of FcAR+ cells were detected in
CD16+ (FcGR) cells.

To assess coexpression of FcER and FcAR, we incubated
NKcells with IgE-IC and IgA-IC alone or in combination. The
two IC did not inhibit each other since both maneuvers in-
duced similar percentage of FcER+ or FcAR+ cells. NKcells
incubated with IgE-IC plus IgA-IC were then separated into
FcR+ enriched (FcER+ or FcAR+) or depleted (FcER- or
FcAR-) populations and the number of FcER+ or FcAR+
cells in each population determined. As shown in Table I,
FcAR+ cells were equally distributed in the FcER+ or FcER-
populations, while similar percentage of FcER+ cells was
found in the FcAR+ or FcAR- populations, suggesting that
both FcER and FcAR are induced on some NKcells simulta-
neously.

Induction of FcER or FcAR by IC requires protein and
RNAsynthesis. Incubation of NKcells with IgE-IC (0.1 ,ug/ml)
induced 5.0±0.6% FcER+ cells (detected by MAb- 135) while
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Figure 3. Kinetics of
FcER (A) or FcAR (B)
induction. NKcells (2
X 106/ml) were cultured
for various time up to
48 h with IgE-IC (0.1
Ag/ml, M) (A) or IgA-IC
(0.1 g/ml, r3) (B). The
cells were then washed
and assayed for FcER
(A) or FcAR (B) com-
pared to cells in me-
dium alone (o). Results
are the mean± I SDof
six samples from two
experiments.

Table I. Coexpression of FcER and FcAR by Coculture
with IgE-IC plus IgA-IC

Percent FcR+ cells

Cell population FcER FcAR

FcER+ 87.1±5.0 10.3±1.4
FcER- 0 10.1±1.8
FcAR+ 4.8±0.7 88.8±4.2
FcAR- 5.0±0.6 0

Results are expressed as mean± 1 SDof triplicate cultures.

addition of cycloheximide (50 ,g/ml) or actinomycin D (0.4
jsg/ml) completely abolished this FcER induction (0%
FcER+). In contrast, irradiation did not affect induction
(5.0±0.9%). Similarly, cycloheximide or actinomycin D com-
pletely abolished FcAR induction (10.4%±1.4% to 0.7±0.3%)
while irradiation was without effect (10.6±1.6%). Thus FcER
and FcAR induction require protein, RNAbut not DNA
synthesis as previously reported for FcER induction in the
rat (29).

Immune complexes (IgE-IC or IgA-IC) induce FcER or
FcAR on CD3 negative NKH-J positive cells. Since a minor
population of NKH- 1 + cells are CD3+/CD16- (T cells). The
CD3- and CD3+ populations of NKH-1+ cells were sepa-
rated and incubated with IgE-IC or IgA-IC. IC induced FcER
or FcAR on CD3- but not on CD3+NKH- I + cells (Table II).
No FcER+ and a few FcAR+ cells (0.6±0.4%) were detected
in either freshly separated cell population. T cells depleted of
NKH-1 + cells (NKH- 1-/CD3+) were not be induced to ex-
press FcER or FcAR. IL-2 (100 U/ml) plus IgE-IC or IgA-IC
failed to induce FcER or FcAR on CD3+ cells (data not
shown).

FcER and/dr FcAR induction is abnormal on NKcellsfrom
patients with altered serum Ig levels. Table III shows that as in
normal donors no FcER+ and a few FcAR+ cells were detect-
able on fresh or medium incubated NKcells (data not shown)
from the patients. In contrast to normal donors, IgE-IC did not

Table II. Induction of FcR on CD3Positive or Negative
NKH-I+ Cells

Cells + immune complexes Percent FcR

FcER
A

NKH-1+ + IgE-IC 5.0±0.7*
NKH-1+/CD3- + IgE-IC 5.3±0.6*
NKH-1+/CD3+ + IgE-IC 0
NKH-1-/CD3+ + IgE-IC 0

FcAR
B

NKH-1+ + IgA-IC 10.2±0.7*
NKH-1+/CD3- + IgA-IC 10.8±0.7*
NKH-l+/CD3+ + IgA-IC 1.0±0.3
NKH-1-/CD3+ + IgA-IC 0.5±0.5

Results are expressed as mean± 1 SDof triplicate cultures.
* P < 0.01 compared with unstimulated cultures.
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Table III. Induction of FcER or FcAR on NKCells from Patients

Percent FcR
Incubation of

Patient No. NKcells with FcER FcAR

Hyper IgE Fresh NK 0 0.9±0.6
immunodeficiency IgE-IC 0 0.9±0.4
(n = 3) IgA-IC 0 9.1±1.8*

Atopic dermatitis (n = 3) Fresh NK 0 0.7±0.6
IgE-IC 0 0.6±0.5
IgA-IC 0 9.7+1.7*

IgA myeloma (n = 2) Fresh NK 0 0.5±0.4
IgE-IC 5.7±0.9* 0.9±0.3
IgA-IC 0 0.8±0.3

Selective IgA deficiency Fresh NK 0 1.4±0.3
(n = 2) IgE-IC 7.0±1.6* 1.2±0.3

IgA-IC 0 1.3±0.6
Dysgammaglobulinemia Fresh NK 0 1.4±0.2

type I (n = 1) IgE-IC 0 1.0±0.2
IgA-IC 0 1.2±0.2

CVI (n = 3) Fresh NK 0 0.6±0.6
IgE-IC 0 0.8±0.4
IgA-IC 0 0.5±0.5

Results are mean± 1 SDof triplicate cultures.
* P < 0.01 compared with unstimulated cells.

induce FcER on NKcells from patients with high serum IgE
(hyper IgE immunodeficiency or atopic dermatitis) while IgA-
IC did induce FcAR. IgA-IC did not induce FcAR on NKcells
from patients with high serum IgA (IgA myeloma) or con-
versely, absent serum IgA (selective IgA deficiency) while
FcER was induced by IgE-IC. NK cells from patients with
absent serum IgE or IgA (dysgammaglobulinemia type I or
common variable immunodeficiency) were not induced to
display FcER or FcAR. Incubation of these patients' cells with
differing concentrations (0.0 1-10 ,ug/ml) of IC or varying pe-
riod (1-48 h) failed to induce FcER and/or FcAR. Moreover,
in patients with high serum IgE or IgA levels, failure of detec-
tion/induction of FcER or FcAR was not due to cytophilic IgE
or IgA occupying the receptors, since fresh washed or incu-
bated NKcells were stained with anti-IgE or anti-IgA antibody
and no positive cells were found.

The failure of patients' NKcells to express FcER could be
due to a defect in their NKcells ability to be induced for this
receptor or a specific defect in response to IgE-IC. Normal and
CVI patients' separated B and NKcells were incubated for 3 d
with 100 Uof IL-4 (kindly provided by Dr. T. Yokata and Ms.
A. V. Kimmende, DNAXInc., Palo Alto, CA) as IL-4 induces
FcER on B cells of normals and CVI patients (30). IL-4 failed
to induce FcER on patient NK cells while it induced FcER
expression (CD23) on up to 8%and both NKH- 1 + or Leu 11 +
cells from normals. Both patients' and normals' B cells showed
FcER induction by IL-4, being 60 and 40%, respectively.

Effect ofpatients' IC stimulated NKcells on Ig synthesis by
B cell lines. Wehave previously shown that IgE-IC incubated
NKcells from normal donors can enhance IgE synthesis in an
isotype-specific fashion, without affecting NK cytolysis (15).
Analogous results were obtained by incubating normal NK
cells with IgA-IC, i.e., IgA-IC incubated NKcells from normal
donors enhanced IgA synthesis from GM-1056 cells more than

control medium incubated NK cells in an isotype-specific
fashion (Table IV). Like IgE-IC, IgA-IC incubation did not
alter NKcytotoxicity (data not shown).

While medium incubated NKcells from the same patients
as shown in Table III showed similar effects to normal's NK
cells in altering ongoing Ig synthesis (15) (IgE synthesis was
inhibited 30-50% while IgA and IgG synthesis were enhanced
40-70% and 20-50%, respectively), patients' IgE-IC or IgA-IC
treated NKcells did not show the enhancing effects on specific
isotypes. This correlated with the defective induction of FcER
or FcAR (Table IV). Thus NK cells from patients with high
serum IgE levels further enhanced IgA synthesis after incuba-
tion with IgA-IC but their NKcells treated with IgE-IC did not
show enhanced IgE induction capacity compared to medium
incubated NK cells. Conversely, in patients with abnormal
serum IgA levels, IgE synthesis was further enhanced by IgE-IC
incubated NK cells while IgA synthesis was not further en-
hanced by incubation of NKcells with IgA-IC. In patients with
absent serum IgE or IgA, neither IgE nor IgA synthesis was
enhanced by incubation of NKcells with Ige-IC or IgA-IC. As
in normals, incubation of NK cells with IgE-IC or IgA-IC
failed to affect IgG synthesis compared to control medium
incubated NKcells from these patients.

Supernatants from FcR+ NKcells alter Ig synthesis in an
isotypepreferentialfashion. To test whether the induced FcR+
NK cells were responsible for enhancing isotype-specific Ig
synthesis, we enriched FcR+ or FcR- cells as described in
Methods. As shown in Fig. 4 A, supernatants from FcER+ NK
cells enhanced IgE synthesis significantly (P < 0.01), while
supernatants from FcER- NKcells failed to do so. In contrast,
supernatants from both populations (< 1% FcAR+) failed to
enhance IgA synthesis and enhanced IgG synthesis equally.
Conversely, IgA synthesis was enhanced (P < 0.01) by super-

Table IV. Effect of IC Stimulated NKCells on Ig Synthesis

Percent change of Ig synthesis
Incubation of

Patient No. NKcells with IgE IgA IgG

Hyper IgE
immunodeficiency IgE-IC -2±3 0±6 1±6
(n=3) IgA-IC 1±1 42±6* -1+1

Atopic dermatitis (n = 3) IgE-IC -1±3 3±3 -3±4
IgA-IC -1±1 47±6* -4+6

IgA myeloma (n = 2) IgE-IC 22+2* -4+0 2±2
IgA-IC 2±2 0±2 2±1

Selective IgA deficiency IgE-IC 26+3* -3+1 il
(n = 2) IgA-IC -2±2 0±3 3±1

Dysgammaglobulinemia IgE-IC -6±1 - 1±1 -4±1
typeI(n= 1) IgA-IC -4±2 -2±1 0±1

CVI (n = 3) IgE-IC 0±2 0±5 2±2
IgA-IC -2±2 0±6 -2±2

Normal donors (n = 3) IgE-IC 22±4* 3±6 3±6
IgA-IC 2±2 54±9* 4±2

No Ig was detected in cultures of NKcells alone. Values are mean± i
SDof triplicate cultures and expressed as: %change = (Ig with IC
stimulated NK- Ig with medium treated NKcells)/(Ig in control
culture with no NKcells). The range of control net IgE, IgA, and
IgG synthesis were 50-55, 140-150, and 130-140 ng/ml, respectively.
* P < 0.01.
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natants from FcAR+ NK cells but not FcAR- NK cells.
Again supernatants from both populations (no detectable
FcER+) failed to enhance IgE synthesis significantly, while
they enhanced IgG synthesis equally (Fig. 4 B). When 50, 25,
and 12.5% supernatants were used to demonstrate a dose re-
sponse, the percent enhancement of IgE synthesis by superna-
tants from FcER+ NKcells were 45±6, 29±9, and 19±3, re-
spectively, while the %enhancement of IgA synthesis by su-
pernatants from FcAR+ NKcells were 35±6, 21±2, and 12+2,
respectively. Moreover, this enhancement was due to differen-
tiation but not proliferation of the cell as FcER+ NK cell
supernatants enhanced IgE synthesis from AF-10 (44±6%, P
< 0.01) without increasing thymidine incorporation (3±3%
enhancement). Similarly supernatants from FcAR+ NKcells
enhanced IgA synthesis from GM-1056 (36±4%, P < 0.01)
without affecting thymidine incorporation (2±4%). Superna-
tants from FcER- NKcells neither enhanced IgE (4±1%) or
thymidine incorporation (3±3%) by AF-10. Supernatants
from FcAR- NK cells also failed to enhance IgA synthesis
(3±1% enhancement) or thymidine incorporation (0±8% en-
hancement) by GM-1056. Control net Ig synthesis and thymi-
dine incorporation were 52±3 ng/ml of IgE and 93,333±6,697
cpm by AF-10, and 138±4 ng/ml of IgA and 64,454±4,540
cpm by GM-1056, respectively.

Discussion

Wehave shown that NK(NKH- I +) cells from normal donors
can be induced by IC containing specific human Ig class pro-
teins (IgE or IgA) to express FcER or FcAR. Induction of NK
cell Fc receptors was isotype-specific as IgE-IC did not affect
FcAR or FcGR, and IgA-IC did not alter FcER or FcGR(Fig.
2). Moreover, some NK cells appeared to be induced to ex-
press FcER and FcAR simultaneously (Table I) in accordance
with multiple FcR induction in an isotype-specific fashion on
a T cell hybridoma (31). Although the average number of
FcER+ or FcAR+ cells are 5 or 10%, NKH- 1' cells are hetero-
geneous as reported (19). Thus only a minor proportion of

such cells may represent the response subset of NKH- 1+ cells.
Moreover, even the cloned T cell hybridoma lines express
< 10% of FcER' or FcAR' cells (31).

Induction of receptors on cells by ligands when the recep-
tor was not initially detectable, such as we have described here
for the FcER and FcAR is well documented. The IL-2 receptor
(IL-2R) is induced by IL-2 (32), and FcR are induced by Igs of
various isotypes (8, 31, 33). Yodoi and Ishizaka (33) have
shown that IgE induced FcER on cells depleted of FcER+
cells, Daeron et al. (31) have reported that FcER was induced
by IgE on an FcER negative T cell hybridoma and recently,
Kisaki et al. (34) reported that an FcER negative human T cell
hybridoma, upon incubation with monoclonal anti-FcER an-
tibody, formed IgE binding factors suggesting the cells bear low
numbers of FcER. It is likely that human NKcells express low
affinity and/or few FcER or FcAR that are not detectable by
our methods and IC stimulate such cells to greater and detect-
able FcR expression. Alternatively, though less likely, IC could
stimulate NKcells through non-Fc receptors to express FcER
or FcAR.

The detection of the FcER or FcAR on the induced NK
cells was not due to either cytophilic IgE or IgA nor nonspe-
cific binding of IC. No FcER+ cells were induced or stained
when using IgE-IC made with heat inactivated IgE (22). Simi-
larly, anti-IgA alone or IgA-IC consisting of IgA to anti-IgA at
a ratio of 1:1 failed to induce FcAR+ cells. Furthermore,
staining of IC stimulated cells with biotinylated horse anti-
mouse IgG directly followed by peroxidase reaction did not
show any positive cells. Induction was IC concentration and
time dependent (Figs. 1 and 3) and required protein and RNA
synthesis. These results indicate that induction of receptors
was due to active mechanisms. The detection of FcR was not
an artifact of specific paraprotein as FcER was detected with
IgE-IC constructed with two different human IgE paraproteins
and monoclonal anti-FcER antibody (MAb-135) and FcAR
detection was accomplished with IgA-IC constructed with
polyclonal human IgA. The transient nature of FcER and
FcAR induction was not surprising. Yodoi and Ishizaka have
suggested half life of FcER on rat lymphocytes is less than
several hours (33). Marcelletti and Katz have reported FcER
induction on mouse lymphocytes was maximum at 8 h (35).
Daeron et al. have reported that constitutive FcR are
long-lived FcR while inducible FcR are short-lived (half-life
6-8 h) (31).

The detection of FcER on fresh T cells is controversial.
While FcER+ cells were detected in E receptor (CD 11 )+ cell
population (4, 5), Suemura et al. (36) have reported that FcER
was not detected or induced on T cells either from normal
donors or atopic patients. Here we show that among the E
receptor+ cells, FcER was induced on the non-T (CD3-)
NKH-1 + cells but not on T (CD3+) NHK- 1 positive or nega-
tive cells (Table II).

NK cells from patients with markedly elevated or de-
creased serum Ig levels showed an isotype restricted defect in
FcER or FcAR expression. Failure of isotype specific FcR in-
duction on NKcells in the face of absent serum Ig levels is in
accord with previous reports. In SJA9 mice, which can not
produce IgE antibody, FcER can not be induced by IgE while
FcGRand FcAR expression was normal (37). In patients with
CVI, FcER expression was decreased (30). In patients with
selective IgA deficiency FcAR was not induced by IgA, while
FcGRexpression was normal (8).
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It appears that in vivo exposure to IgE and IgA provides a
tropic effect for NK FcER and FcAR and in their absence,
there is decreased responsiveness to induction. Failure of
FcER or FcAR induction in patients with high serum IgE or
IgA also has precedent. FcER was not detected on T cells (E
receptor+ cells) in atopic patients with very high serum IgE or
in patients with hyper IgE immunodeficiency while they were
detected in asymptomatic atopic patients with mildly elevated
serum IgE (5, 13, 36). Polymeric IgA or IgA-IC can induce
FcAR while monomeric IgA not only fails to induce FcAR but
competes for binding of polymeric IgA or IgA-IC to the recep-
tor (38). As in other biologic systems, chronic exposure to high
ligand levels may cause decreased receptor expression (39, 40)
though this is certainly not universally true, i.e., there is in-
creased expression of FcER on B cells in patients with atopic
dermatitis. It is likely that chronic in vivo elevation of mono-
meric IgE or IgA caused down regulation of FcER or FcAR on
NKcells (but not B cells) and made them resistant to exoge-
nous induction.

Wehave previously shown that IgE-IC treated NK cells
from normals can enhance IgE synthesis in an isotype-specific
fashion (15). Similarly we demonstrate here that NK cells
preincubated with IgA-IC were specifically enhanced in their
ability to induce IgA synthesis. In contrast, IC stimulated NK
cells from patients showed defective enhancement of Ig syn-
thesis correlating with defective induction of FcR (Tables III
and IV), suggesting that the induced FcER+ or FcAR+ NK
cells were responsible for the isotype specific enhancement of
Ig synthesis. This was directly demonstrated as supernatants
from FcER+ or FcAR+ NKcells enhanced Ig synthesis in an
isotype-specific fashion (Fig. 4).

It has been reported that supernatants from FcER+ T cell
or B cell lines contain IgE binding factors that can regulate IgE
synthesis in an isotype-specific fashion (6, 41). The B cell IgE
binding factor(s) is, in fact, a fragment(s) of the B cell FcER
that can function as a growth factor (42). Our results suggest
FcER on NKcells (which we also detected by anti-CD23 anti-
body) may also participate in regulating IgE responses (Fig. 4).
The FcER on B cells (now known to be the CD23antigen) (43)
is induced by IL-4 (44) and is a receptor for a low molecular B
cell growth factor (45) though whether it functions as a growth
factor receptor on NKcells is unknown. Thus it is not surpris-
ing that supernatants from FcER+ B cell lines contain B cell
growth factor(s) (46). These IgE binding factors that presum-
ably represent fragments of the FcER, from FcER+ B or T cell
lines, also affect IgE production from in vitro or in vivo IgE
secreting cells (41, 47). Whether the IgE enhancement was due
to proliferation or differentiation of IgE secreting B cells is
unknown. Wefound that FcER+ or FcAR+ NKcell superna-
tants provided a differentiation effect as there was enhanced
IgE or IgA synthesis without an increase in proliferation/
growth (Fig. 4). IL-4 has been reported to induce FcER on B
cells and enhance IgE and IgGl synthesis while relatively inhib-
iting other isotypes (44, 48). While it is possible that IgE-IC
stimulated NK cells to produce IL-4, which in turn enhanced
IgE synthesis from U266/AF- 10, this is unlikely since human
IL-4 (kindly provided by Dr. T. Yokota and Ms. A. V. Kim-
menade, DNAXInc, Palo Alto, CA) failed to enhance IgE
synthesis from AF-10 (unpublished observation). Moreover,
IL-4 induced FcER on B cells from our patients with CVI as
has been previously reported (30), though IL-4 failed to induce
FcER on NKcells from these patients.

NKcells, when activated in vivo, have been shown to pro-
duce lymphokines which may contribute to antibody forma-
tion in the absence of helper T cells (49). It is likely that NK
cells induced in vivo to express FcR play a role in the regula-
tion of the Ig isotype or subclass response. Our data support
this concept that a subset of NKcells can be induced to display
FcR for various Ig isotypes and such FcR+ cells produce Ig
isotype/subclass regulatory molecules.
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