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Abstract Introduction

Expression of the transferrin receptor on target cell lines has
recently been implicated as a determinant of susceptibility to
cytolysis by natural killer (NK) lymphocytes. Wehave examined
this proposed relationship in several ways. First, K562 (a cell
line highly vulnerable to NK lysis) cells were grown for 24 h in
the iron chelator desferrioxamine. Under these conditions, the
cells doubled their surface transferrin receptor expression as
determined both by radioligand binding and surface binding of
the OK-T9 monoclonal anti-transferrin receptor antibody. In
contrast, cells grown for the same period of time in hemin halved
their receptor expression. This fourfold change in transferrin
receptor expression between the desferrioxamine-treated and
hemin-treated cells produced no change in susceptibility to NK
cytolysis. Second, HeLa (a cell line which in its native state is
very resistant to NK cytolysis) cells were compared with K562
cells with respect to surface transferrin receptor expression. The
difference in NK susceptibility of the two cell lines was not re-
flected in differences in transferrin receptor expression: the K562
cells expressed -1.5 X 105 receptors per cell while HeLa cells
expressed 2.0 X 105 receptors/cell. Third, infection of HeLa
cells by measles virus greatly increased their susceptibility to
NK lysis but produced no change in surface transferrin receptor
expression. Furthermore, when measles-infected HeLa cells were
grown for 6 d in medium supplemented with iron-saturated human
transferrin they underwent a 50% reduction in receptor expres-
sion but no change in NKsusceptibility. Finally, possible alter-
ations in the surface expression of NKtarget antigens on modified
cells were further assayed by their ability to serve as cold-target
inhibitors of cytolysis of NK-sensitive target cells. Weexamined
two groups of cells in which transferrin receptor expression was
reduced. These were the transferrin-treated, measles-infected
HeLa cells with the 50% receptor reduction, and K562 cells
grown in medium containing hemin and iron salts where the re-
duction was five- to sixfold relative to control. In neither case
was there a change in the apparent expression of NK target
antigen(s).

Weconclude that there is a discordance between transferrin
receptor expression and susceptibility to NK cytolysis in the
model systems examined. Therefore, it is unlikely that the trans-
ferrin receptor per se is the target recognition structure for human
NKcells, although a role in concert with other, as yet undefined
molecules, cannot be excluded.

Receivedfor publication 20 September 1984 and in revisedform 15 March
1985.

Natural killer (NK)' cells are a population of lymphocytes de-
fined by their ability to kill certain virus-infected cells and tumor
cells without prior antigen exposure (1, 2). Although the exact
function of NK cells is not certain, speculation centers on a
possible role in immune surveillance of transformed or tumor
cells (3, 4). The target antigen(s) for the NK cell is unknown.
Several studies, however, suggest that the transferrin receptor is
the recognition site for NKcells (5, 6, 7, 8). This receptor serves
as the physiological mode of cellular iron uptake by binding
iron-laden transferrin (9). Iron is an essential element in metab-
olism, as a component of heme in enzymes such as peroxidases
and cytochromes, and also as a component of nonheme, iron-
containing proteins. Proliferating cells have increased numbers
of transferrin receptors when compared with cells in resting phase
(10, 1 1), which presumably reflects the increased iron require-
ment of growing cells. That the transferrin receptor might be
the target in proliferating tumor cells recognized by NKcells is
then, at least, plausible. This interaction would allow the NK
cells to destroy tumor cells at an early stage in their growth and
thereby retard the development of malignancy.

Recently developed techniques allow a modulation of the
expression of transferrin receptors in cells in tissue culture. HeLa
cells grown in iron-supplemented medium or in medium con-
taining human transferrin undergo a reduction in transferrin
receptor expression, as do K562 cells grown in hemin (12, 13).
In contrast, K562 cells grown in the presence of the iron chelator
desferrioxamine show a marked increase in transferrin receptor
expression (14, 15). This ability to modulate transferrin receptor
expression in a single cell type provided an opportunity to test
for a correlation between receptor expression and susceptibility
to lysis by NK cells, particularly since the K562 line has been
widely used as a target for NKstudies (1). In addition, compar-
isons could be made of the transferrin receptor expression in
NK-sensitive K562 cells, in NK-resistant HeLa cells, and in HeLa
cells modified by measles virus infection, which are thereafter
rendered NK-sensitive (2).

Methods

Cells. K562 cells were grown at 370C in a 5%CO2atmosphere in RPMI
1640 medium (M.A. Bioproducts, Walkersville, MD) supplemented with
L-glutamine and 10%o fetal bovine serum (FBS; Gibco Laboratories, Grand
Island, NY). The cells were maintained in a log-phase growth at a con-
centration of 5 X 105 cells/ml by daily dilutions with an equal volume
of medium. HeLa cells were maintained in the same medium and were
kept at subconfluent levels. Monolayer HeLa cells were converted to
suspensions by removing the growth medium and exposing the cells for
15 min at room temperature to 10 mMEDTA in phosphate-buffered
saline (PBS). After the HeLa cells were loosened from the plates, they

l- Abbreviations used in this paper: NK, natural killer.
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were returned to the RPMI/FBS medium for assay of surface transferrin
receptors or susceptibility to NKcell lysis (see below).

Transferrin saturation and radiolabeling. Apotransferrin (Calbi-
ochem-Behring Corp., La Jolla, CA) was saturated with iron as previously
described using nitrilotracetate and ferric chloride (Sigma Chemical Co.,
St. Louis, MO) (16). The diferric transferrin was separated from unin-
corporated iron on a PD-10 column (Pharmacia Fine Chemicals, Pis-
cataway, NJ). A ratio of A 465 nm/A 280 nm of 0.045 indicated full
saturation, and preparations with a ratio of <0.040 were discarded. Di-
ferric transferrin was labeled with 125I using lodogen beads (Pierce Chem-
ical Co., Rockford, IL) as previously described (14). The specific activities
ranged from 5,000 to 15,000 cpm/pmol of protein.

Transferrin binding studies. Cell surface transferrin binding studies
were performed as previously described (17). In brief, cells suspended at
a concentration of 107/ml in RMPI 1640 medium containing 1% FBS
were chilled to 40C at which time '251-diferric transferrin was added to
a final concentration of 100 nM. After a 20-min incubation, the cells
were pelleted through an oil cushion of dibutyl phthalate/mineral oil (9:
1 ratio) and the tube tips containing the cell pellets and the cell surface-
bound '25I-transferrin were severed and counted using a gammacounter
(8000; Beckman Instruments, Inc., Fullerton, CA). Nonspecific binding
was determined with a parallel set of tubes to which unlabeled diferric
transferrin was added to a concentration of 10 ,M 15 min before adding
'251-diferric transferrin. The upper aqueous phase containing free 125[.
diferric transferrin was also counted in some cases.

QK-T9 antibody surface binding studies. Anti-transferrin receptor
OK-T9 monoclonal antibody (Ortho, Raritan, NJ) was resuspended in
1 ml of physiological saline. - 2 X 106 cells were pelleted at 200 g in 12
X 75 mmpolystyrene tubes in an RC-2B refrigerated centrifuge (Beckman
Instruments, Inc.) and were placed on ice after the removal of the su-
pernatant. The OK-T9 antibody was diluted 1:5 and 50 Al of cold antibody
solution was added to the cells with vortexing and a 30-min incubation
on ice. The cells were washed three times, each with 1 ml of ice-cold
PBS. The solution was decanted after the last wash and 100 Ml of fluo-
rescein-isothiocyanate-conjugated goat anti-mouse antibody (Becton-
Dickinson & Co., Oxnard, CA) was added with vortexing and a second
30-min incubation on ice. The cells were washed twice with cold PBS,
then fixed by adding 0.5 ml of PBSand 0.5 ml of 2%paraformaldehyde.
The cells were vortexed and stored at 4°C until the fluorescence pattern
could be analyzed with the flow cytometer (FACS Analyzer, Becton-
Dickinson & Co.). The amounts of OK-T9 antibody and fluorescent
goat anti-mouse antibody used were titered and found to be saturating
for their respective antigens.

Assays for susceptibility to NK cytolysis. Human blood cells were
collected in preservative-free, heparinized tubes from normal donors.
Monocyte-depleted mononuclear cells were prepared by incubation of
the whole blood with carbonyl iron (Lymphocyte Separator Reagent;
Technicon Instruments Corp., Tarrytown, NY) at 37°C for 1 h followed
by layering on a Ficoll-Hypaque cushion, centrifugation for 40 min at
1,200 rpm, and removal of the mononuclear cells at the interface removed
as previously described (18). These cells were used as effector lymphocytes.
Target cells (HeLa, measles-infected HeLa, and K562) were chromated
for 1 h at 370C with 5"Cr (New England Nuclear, Boston, MA) at a
concentration of 0.1 mCi/106 cells and washed four times before use.

Target cells were plated in round-bottom microwell tissue culture
plates (Flow Laboratories, McLean, VA) at a concentration of 2.5 X I04
cells/well. Effector lymphocytes were added at effector-to-target ratios of
1:1, 2.5:1, 5:1, 10:1, and 20:1 in triplicate wells for each cell line; the
volume was adjusted to 200 ul by adding supplemented RPMI 1640
medium; and the plates were incubated for 6 or 24 h at 37°C. Background
and 100% chromium release were determined by respective incubation
of target cells either with medium alone or with 1% Triton X-100 (IG-
EPAL CA-630; GAF Corp, New York, NY) detergent. Supernatants
were harvested using a supernatant collection system (Titer-tek; Flow
Laboratories, McLean, VA) and chromium release was counted with a

spectrometer (Biogamma II; Beckman Instruments, Inc.). Chromate re-

lease into the supernatant was a measure of target cell lysis. Percent
cytolysis was calculated according to the formula: (cpm - background

Figure 1. Cell surface transfer-
°0 3_rin receptor expression in con-
"Z9 trol, desferrioxamine-treated,

--Irand hemin-treated K562 cells.
Desferrioxamine and hemin

2-f were added to groups of cells,
in triplicate, to final concentra-
tions of 60 and 20 gM, respec-

I tively. A third group of cells
E | served as controls. The cells

were incubated for 24 h at
- 370C. They were then pelleted

<c-_S< a -- at 200 g, the supernatant was
removed, and the cells were re-

suspended in ice-cold RPMI 1640 medium containing 1% FBS. The
binding of '251-diferric transferrin to surface receptors was performed
as outlined in the text. The plotted values are the mean±SD.

cpm)/(detergent cpm - background cpm) X 100. Spontaneous lysis in
all experiments was <5%.

Results

K562 cell studies. K562 cells were grown for 24 h in control
medium or in medium supplemented either with 60 uM des-
ferrioxamine or with 20 uM hemin. These two agents had no
effect on the rate of cell growth during this time, but markedly
altered transferrin surface binding capacity (Fig. 1). There was
a fourfold difference in transferrin receptor expression between
the desferrioxamine and the hemin-treated cells. There were no
morphological alterations in the cells.

The transferrin surface binding capacity is a functional mea-
sure of receptor number. It was possible, however, that NKcells
might recognize functionally inactive transferrin receptors on
the cell surface. The OK-T9 monoclonal antibody binds to the
transferrin receptor at a site different than the transferrin-binding
domain (19). This antibody was used to determine whether the
hemin-induced and desferrioxamine-induced changes in func-
tional receptor expression reflected changes in immunoreactive
receptor on the cell surface.

Cells grown for 24 h in control medium and in desferriox-
amine-supplemented or hemin-supplemented medium were

chilled, washed, and labeled with a saturating concentration of
OK-T9 antibody, followed by fluorescein-labeled goat anti-
mouse antibody. Fig. 2 shows the results of such an analysis of
desferrioxamine-treated and hemin-treated cells. Mean log flu-
orescence intensity in the hemin-treated cells was 90 (arbitrary)
U vs. 133 in the desferrioxamine-treated cells. The logarithmic

Figure 2. Cell surface transferrin receptor an-

H D tigen in desferrioxamine-treated and hemin-
treated K562 cells. Cells were incubated with
desferrioxamine or hemin for 24 h as de-
scribed in the legend to Fig. 1. At that time
the cells were labeled with monoclonal OK-
T9 anti-transferrin receptor antibody. Goat

Log Fluorescec Iftlnslty anti-mouse antibody conjugated with fluores-
cein isothiocyanate was then added to the cells and the fluorescence
pattern was analyzed with the FACS. Increasing fluorescence intensity
reflects increasing amounts of transferrin receptor antigen on the cell
surface. "D" indicates the fluorescence profile of the desferrixamine-
treated cells, while "H" is the hemin-treated cells.
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amplifier in this experiment was set such that a change of 20 U
in the mean fluorescence corresponded to a twofold change in
the absolute level of fluorescence. The 43-U difference between
the hemin-treated and desferrioxamine-treated cells thus indi-
cated a fourfold change in the mean level of antigenic receptor
expression. This correlated well with the changes seen in func-
tional receptor expression. Thus, the change in transferrin surface
binding capacity seen in the treated cells reflected a change in
the amount of receptor protein on the cell rather than an acti-
vation or inactivation of receptors.

Susceptibility to lysis by NK cells was determined for the
various K562 cell groups by a chromium release assay. As de-
scribed in Methods, target cells labeled with 5"Cr were incubated
with enriched populations of human lymphocytes containing
NKcells. In three separate experiments, the samples were assayed
for chromium release as a measure of target cell lysis after 6 and
24 h. Fig. 3 is a representative 6-h killing assay showing that the
K562 cells were highly susceptible to lysis under these conditions.
An increase in transferrin receptor number by desferrioxamine
or a decrease by hemin produced no change in NKcell suscep-
tibility. All three experiments produced identical results. Given
the fourfold difference in the level of receptor expression between
the desferrioxamine-treated and hemin-treated cells, the data
suggest that this receptor is not the sole determinant of NKcell
susceptibility.

HeLa cell studies. HeLa cells are relatively resistant to lysis
by NKcells except when altered by measles virus infection (2).
Whenso infected, a two- to fourfold increased susceptibility to
lysis by NK cells is observed. The levels of transferrin surface
receptor expression were therefore compared in a HeLa control
cell line and a measles-infected HeLa cell line (Fig. 4). The bind-
ing curves performed with increasing concentrations of '251-di-
ferric transferrin showed that both groups had -2 X 105 recep-
tors per cell. The fact that the curves plateaued at the same
transferrin concentrations indicated no significant difference ex-
isted in receptor affinity for transferrin. Attempts to increase
transferrin receptor expression in HeLa cells by desferrioxamine
treatment were unsuccessful as the cells failed to survive exposure
to the chelator. Measles-infected HeLa cells grown in the presence
of human transferrin showed a significant reduction in transferrin
receptor expression to -1 X I05 receptors per cell (Fig. 4), similar
to results previously noted for noninfected HeLa cells ( 12). The
amount of transferrin-receptor antigen on the surfaces of these
three groups of cells was also measured by OK-T9 antibody
binding and FACSanalysis. The mean values of log fluorescence
intensity for the control and measles-infected HeLa cells were
127 and 123 U, respectively. The human transferrin-treated
HeLa cells had a mean value of 101 U, indicating a 50% reduc-
tion in transferrin receptor expression. As with the K562 cells,

Figure 3. NKcell lysis of con-
trol (o), desferrioxamine-
treated (-), and hemin-treated
(A) K562 cells. Cells were
grown for 24 h in control, des-
ferrioxamine-treated, or hemin-
treated medium as in Fig. 1. At
that time they were assayed for
susceptibility to lysis by NK
cells at varying NKeffector to
K562 target cell ratios as de-
scribed in the text.
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Figure 4. Transferrin surface binding profiles of HeLa cells, measles-
infected HeLa cells, and human transferrin-treated, measles-infected
HeLa cells. Humandiferric transferrin was added to subconfluent cul-
tures of measles-infected HeLa cells to a final concentration of 7.5
MM. The cells were incubated at 37°C for 6 d, along with untreated
measles-infected HeLa cells and uninfected HeLa cells. The culture
media were changed every 2 d. After 6 d, all the cells were washed
with RPMI 1640 medium with 10% FBS and were allowed to incu-
bate for an additional 4 h. The medium was then removed and the
cells were detached from the plate with an EDTA/PBS solution. The
cells were then resuspended at a concentration of 107 cells/ml in
RPMI 1640/1% FBS. 1/2-ml aliquots of the cells were incubated in ice
with increasing concentrations of '25-differic transferrin, and surface
binding was determined as described in the text. (o), uninfected HeLa
cells; (.), measles-infected HeLa cells; (A), human transferrin-treated,
measles-infected HeLa cells.

the changes in the level of transferrin-receptor antigen correlated
well with the changes in transferrin binding capacity.

HeLa cell infection by the virus drastically increases NKcell
susceptibility as shown in Fig. 5 A. And yet, the number of
transferrin receptors expressed in HeLa cells and measles-infected
HeLa cells was identical (Fig. 4). Viral infection produces sub-
stantial changes in the cell membrane, particularly with the
expression of new surface glycoproteins. There was, however,
no change in the expression of the transferrin receptor, either
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Figure 5. NKcell lysis of groups of HeLa cells. (A) Lysis of uninfected
HeLa cells (o), measles-infected HeLa cells (.), and K562 cells (A) at
varying NKeffector cell-to-target cell ratios. The assays are described
in the text. (B) NKcell lysis of measles-infected HeLa cells (-) and of
measles-infected HeLa cells exposed to human transferrin (A).
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functionally or immunologically. This is strong evidence that
the transferrin receptor alone is not the target for the NKcell.
As shown in Fig. 4, growth of measles-infected HeLa cells in
medium containing human transferrin for 6 d reduced by half
the level of transferrin receptor expression. This change, however,
produced no alteration in the level of NKcell susceptibility, as
shown in Fig. 5 B. The assay for target cell lysis was conducted
after 6 and 24 h of incubation in medium containing no human
transferrin. Under these conditions there could have been re-
covery of transferrin receptor expression in the transferrin-
treated, measles-infected HeLa cells. These cells were, therefore,
assayed for transferrin surface binding capacity 6 and 24 h after
the removal of the medium containing the human transferrin.
At the 6-h assay point the cells had 40% of the control level of
transferrin receptors, while at 24 h the value was still only 72%
of control.

Cold-target inhibition studies. The correlation between
transferrin receptor expression and NKsusceptibility previously
noted (5), indicated that this interdependency held only to a
certain level of receptor expression. A strong positive correlation
existed for cells with fewer receptors than K562, but beyond
this NK susceptibility reached a plateau. Any test of this hy-
pothesis would therefore require experiments in which changes
in NKsusceptibility were sought in response to decreases in the
level of transferrin receptor expression to below that seen in
K562 cells.

A series of experiments was performed wherein cells whose
surface receptors had been down-regulated were used as com-
petitive "cold-target inhibitors". Here the ratio of NKeffector
cells to labeled target cells is held constant while increasing
numbers of a group of unlabeled second target cells were added.
The ability of the unlabeled cells to prevent the lysis of the labeled
target cells is thought to be a function of the quantity of the
specific NK target antigen(s) on the unlabeled cells. Therefore,
this may be a more sensitive way to examine NKtarget antigen
expression, since it separates target recognition from cell lysis.

As shown earlier, HeLa, measles-infected HeLa, and K562
cells have roughly the same number of transferrin receptors.
Measles-infected HeLa cells in which transferrin receptor

expression was halved by prior growth with saturated human
transferrin were used in cold-target inhibition studies along with
unmodified, measles-infected cells. As shown in Table I, the two
groups of cells were equally effective as cold-target inhibitors.
The reduction in receptor expression to below the K562 "stan-
dard" in the transferrin-modified, measles-infected HeLa cells
would have placed them in a range where covariance of trans-
ferrin receptor expression and NK susceptibility should have
occurred. This was not seen.

Since it was possible that the level of receptor reduction in
this experiment was still insufficient to make such a relationship
apparent, a series of experiments was performed in which re-
ceptor-modulated and unmodified K562 cells were used as cold-
target inhibitors. To attain a greater degree of reduction of trans-
ferrin receptor expression, cells were grown for 5 d in medium
supplemented with 10 tM hemin and 5 ,g/ml ferric ammonium
citrate. The combined use of hemin and the iron salt produced
a reduction in receptor expression from 1.72 X 10 to 0.33
X 10 per cell in the first series of experiments (fivefold), and
from 1.63 X 105 to 0.27 X 105 per cell (sixfold) in the second.
As shown in Table II, for each experiment untreated K562 cells
were used as "hot" targets in one inhibition series, while hemin/
iron treated cells were used as "hot" targets to another. Inhibition
of lysis of untreated K562 target cells by treated and untreated
cold targets was comparable down to a cold/hot target ratio of
4:1 in both experiments. The treated cells were less potent in-
hibitors at an 8:1 ratio. A two-tailed chi-square analysis of the
inhibition series showed that there was no significant difference
between the treated and untreated cells as cold-target inhibitors
(P < 0.05). Similarly, when the treated K562 cells were used as
"hot" targets, the cold-target inhibition by the treated and un-
treated cells was identical.

Discussion
The NK cell is a member of the immune system's armamen-
tarium; its exact role is uncertain. One hypothesis is that NK
cells provide an immune surveillance mechanism that can des-
troy tumor cells at an early stage of development (3, 4). Eradi-
cation of tumors is more difficult with large cell burdens, so that

Table I. "Cold-target Inhibition" of NK-mediated K562 Cytolysis by Unlabeled Measles-infected HeLa Cells

E/T = 10:1 E/T =5:1
Ratio of unlabeled
"cold" target cells "Cold" target "Cold" target
to labeled K562 "Cold" target = transferrin-treated "Cold" target = transfemin-treated
target cells = measles-infected HeLa cells measles-infected HeLa cells = measles-infected HeLa cells meades-infected HeLa cells

6-h assay
0.5:1 46.5±5.9 45.2±2.8 24.5±3.4 25.1±3.1
1:1 36.8±4.0 36.4±3.8 18.1±1.8 20.7±1.8
2:1 31.8±4.2 34.4±4.3 19.6±3.1 22.0±2.1
4:1 24.9±3.4 25.1±3.2 14.4±2.2 14.2±2.4
8:1 21.2±2.3 23.0±2.6 10.2±2.2 12.5±1.7

24-h assay
0.5:1 55.1±3.7 54.8±5.8 35.6±3.5 29.4±7.9
1:1 60.9±7.9 52.8±5.6 27.9±2.3 31.1±2.7
2:1 45.0±5.2 45.2±5.0 25.0±2.9 25.7±2.5
4:1 35.3±3.1 36.8±4.5 17.5±2.7 18.9±2.2
8:1 30.2±4.0 29.1±3.3 19.1±2.7 21.0±2.1

As described in the text, increasing numbers of "cold" measles-infected HeLa cells (either unmodulated or cultured in transferrin) were added to
6- or 24-h cytolysis assays measuring the progressive inhibition of the lysis of labeled K562 cells (targets) by human blood NKcells (effectors).
Assays were performed at effector/target ratios (E/T) of 10:1 and 5:1.

916 K R. Bridges and B. R. Smith



Table II. NK-mediated Cytolysis of Native K562 Target Cells
("Untreated') Vs. K562 Target Cells Modified by Treatment with
Hemin Plus Iron ("Treated'): "Cold-Target Inhibition"*"

Unlabeled ("cold")
target inhibitor

"Cold:hot"
Killing of K562 target ratio Untreated Treated
("hot") target cells (unlabeled/labeled) K562 K562

Experiment 1
Untreated 0:1 49.7±5.9

0.5:1 36.4±4.5 39.0±4.0
1:1 23.9±3.2 22.9±4.0
2:1 25.9±3.2 30.4±4.1
4:1 19.8±2.6 26.5±5.5
8:1 11.6±2.4 21.6±2.3

Hemin treated 0:1 39.8±2.0
0.5:1 35.2±5.0 32.0±4.4
1:1 18.0±5.2 23.8±3.0
2:1 30.0±3.4 22.7±1.9
4:1 22.9±5.2 15.7±2.7
8:1 18.0±3.7 15.0±2.6

Experiment 2
Untreated 0:1 36.8±6.7

0.5:1 29.8±4.4 36.4±0.5
1:1 24.5±2.5 22.4±4.0
2:1 19.8±4.7 21.8±4.9
4:1 10.5±2.5 18.1±4.2
8:1 7.0±1.4 16.3±2.7

Hemin treated 0:1 81.9±30.6
0.5:1 72.4±21.4 78.5±26.5
1:1 53.1±18.8 47.7±16.5
2:1 48.6±17.9 35.2±13.9
4:1 39.7±12.5 46.4±14.5
8:1 25.1±9.0 26.0±9.2

* Effector/target ratio, 10: 1.

a mechanism that destroyed such cells early in their growth would
provide a valuable defense against neoplasia (20). NKcells may
also provide a first-line host defense against viral infections (21,
22). This concept is supported by the fact that NKcytotoxicity
is augmented by interferon, which is produced by virally infected
cells (23). Recent data suggest that NK cells may, in addition,
play a role in regulating hematopoiesis. Studies showing an in
vitro inhibition of granulopoiesis and suppression of erythroid
stem cell proliferation by NK cells support this concept (24,
25, 26).

Despite extensive investigations, however, the structure of
the NK target cells that mark them for cytolysis has yet to be
definitively identified. Some recent studies have suggested that
the transferrin receptor may be the target antigen for NK cell
cytolysis (5, 6, 7, 8). Several cell lines were examined to discern
the number of cells in their populations that expressed the trans-
ferrin receptor and the degree of NKsusceptibility of the line.
Those cell lines with few receptor-positive cells were resistant to
NKcytolysis (5). However, in cell lines containing >50%recep-
tor-positive cells in their populations, there was a range of sus-
ceptibility to NK lysis from highly sensitive to insensitive. In
addition, a purified trypsin-cleavage fragment of the transferrin
receptor could partially block the cytolytic activity of the NK
cells.

In another study, mouse L-cells were transfected with sheared
human DNA, and cells that subsequently expressed the human
transferrin receptor on their surface were selected for and cloned
(8). These transformed mouse L-cells could partially inhibit
cytolysis of labeled K562 target cells by human peripheral blood
lymphocytes when used in a cold-target inhibition assay. This
suggested that the human transferrin receptor played a role in
the affector-target interaction, though, interestingly, nontrans-
formed L-cells also produced significant inhibition. In contrast
to the data in human systems, there was no correlation between
mouse transferrin receptor expression and NKrecognition in a
murine system.

Since the transferrin receptor is the physiologic mode of iron
acquisition by cells, the implications of these studies are far-
reaching. The receptor is expressed on proliferating cells such
as tumor cells in culture, cultured fibroblasts, and erythroid pre-
cursors, as well as nonproliferating cells such as reticulocytes
and hepatocytes (10, 1 1, 27-30). If the transferrin receptor was
the target structure for NKcells, these young reticulocytes would
be in grave danger of destruction.

Here, the relationship between transferrin receptor expression
and NKcytolysis was examined in several ways. The NK-sen-
sitive K562 cell has been widely used as a standard target in NK
studies. The transferrin receptor expression on the surface of
these cells was increased by treatment with desferrioxamine or
decreased by treatment with hemin. A fourfold difference in
both functional and antigenic receptor expression was achieved
between the desferrioxamine and the hemin-treated cells. None-
theless, no difference in the extent of susceptibility to NK cy-
tolysis was observed. A recent study in which transferrin receptor
expression was reduced in K562 cells by several manipulations
also failed to show a corresponding reduction in NKsuscepti-
bility (3 1).

The degree of difference in transferrin receptor expression
in the desferrioxamine and hemin-treated cells was similar to
that between the cell lines with different NK susceptibility re-
ported previously (5). These data, then, suggest that the trans-
ferrin receptor is not the target antigen for NK cells. The pos-
sibility remained, however, that the degree of modulation of
receptor expression was insufficient to cause a change in NK
susceptibility in the K562 cells.

The HeLa cell line, which was resistant to NKcytolysis, was
examined to determine whether an increased resistance corre-
lated with the presence of fewer transferrin receptors than were
seen in K562 cells. The HeLa cells were found to have slightly
more transferrin receptors than the K562 cells. Measles infection
of HeLa cells caused this cell line to become sensitive to lysis
by human NKcells (2). This increased sensitivity to NKcytolysis,
however, was not reflective of an increase in transferrin receptor
expression. Control and measles-infected HeLa cells have the
same number of functional and antigenic transferrin receptors.

Since it was previously reported that a strong correlation
between the level of transferrin receptor expression and NKsus-
ceptibility existed only with lines having fewer receptors than
K562 (5), it was important to determine whether shifts of receptor
expression in this range produced a covariance in NK suscep-
tibility. The cold-target inhibition method was used to examine
NKtarget antigen expression on the cells.

Measles-infected HeLa cells grown for 6 d in medium-sup-
plemented human transferrin showed a 50% reduction in trans-
ferrin receptor expression, both functionally and antigenically,
with no change in NKtarget antigen expression (Table I). Since
the base-line transferrin receptor expression in K562 and mea-
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sles-infected HeLa cells is comparable, the transferrin-treated,
measles-infected HeLa cells would have fallen in a range where
a positive correlation between receptor expression and NKsus-
ceptibility would have been expected. The K562 cells, incubated
for 5 d in medium supplemented with hemin and iron salts,
underwent a five- to sixfold reduction in the level of transferrin
expression. These cells would have fallen well within the range
where a linear correlation between receptor expression and NK
susceptibility was reported (5). Despite this marked reduction
in receptor expression, there was no evidence of a change in
level of NKtarget antigen as determined by cold-target inhibition
(Table II). Whenuntreated K562 cells were used as targets, the
hemin/iron treated cells were less effective as cold target inhib-
itors at the highest cold/hot target ratio. When the inhibition
curves were statistically analyzed as a whole, however, the two
groups of cells were not different. In the obverse experimental
series where hemin/iron treated cells were used as hot targets,
there was clearly no difference in the capacity of treated and
untreated K562 cells to serve as cold-target inhibitors. The
expression of NK target antigen on these two groups of cells,
then, appeared to be equal.

NK cell targeting is, doubtless, a complex affair and many
parameters may be involved. The factors controlling the targeting
of virally infected cells may differ from those involved in tumor
cell recognition. In addition, NKcells may be a heterogeneous
population grouped together by their functional definition. Re-
cently, a monoclonal antibody was used to isolate a subset of
NKcells that was cytotoxic for an anchorage-dependent cell line
but not for K562 cells (32). It is likely that this subset of NK
cells recognizes a target antigen other than the transferrin receptor
since the K562 cells express this receptor in abundance. In ag-
gregate, these data show minimal, if any, correlation between
transferrin receptor expression and susceptibility to NK lysis
over a wide range of receptor expression. This strongly implies
that the transferrin receptor is not the sole target structure for
NKcell recognition.
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