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On analysis of in vitro assays of human natural killer
(NK) cell function the inadequacy of commonly used
methods of expressing lIytic activity was apparent. A
comparison was made of the data obtained using modifi-
cations of two equations—the simple exponential fit and
the von Krogh equations. Both of these equations were
found to satisfy the following essential criteria for use in
these assays. First, the majority of the results obtained in
the chromium-release assay could be used in data reduc-
tion; second, the resultant ““dose-response’ curve was
reduced to linearity; and third, a single numerical ex-
pression was obtained which was directly proportional to
the cytotoxic activity. Of the two methods the more con-
ventional exponential fit was found to be the simpler to
use. The closeness of fit of the experimentally derived
data to the ideal curves did not support the possibility that
normal lymphocyte preparations contain suppressor cells
capable of inhibiting NK activity. Data have also been
presented showing that NK-sensitive targets could be cat-
egorized with respect to their susceptibility by comparing
the slopes of the target cell survival curves obtained using
the exponential fit equation. These observations are rele-
vant to the accurate assessment of NK activity in patient
populations and to the determination of the effects of dis-
ease and its treatment on this activity.
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INTRODUCTION

In recent years, the phenomenon of spontaneous
lymphocyte-mediated cytotoxicity (SLMC) or natu-
ral killer (NK) cell activity has become an increas-
ingly popular field of investigation (1, 2). Although
the majority of publications has dealt with animal
experiments, the role of the NK cell in clinical im-
munology has also been the subject of intense re-
search. In addition to studies evaluating NK activi-
ty in normal individuals (3-6), a number of reports
have dealt with various disease entities such as ma-
lignancy (6-10), infectious mononucleosis (11), im-
munodeficiency (12, 13}, “‘autoimmune’’ diseases
(14), and multiple sclerosis (15). Other studies have
examined the effects of various drugs and therapeu-
tic procedures such as corticosteroids (16), immu-
notherapy (17), interferon therapy (18), and bone
marrow transplantation (19, 20). In spite of the con-
siderable amount of research which is being done
on human NK cytotoxicity, very few reports have
utilized methods of data reduction and expression
which are meaningful in terms of indicating lytic ac-
tivity, in either absolute or relative terms. Although
in some cases data have been presented in graphical
form showing a complete range of lymphocyte to
target cell (L/T) ratios, this is frequently impractical
for large patient groups, and the majority of investi-
gators uses tables in which cytotoxicity is shown as
the percentage chromium release at a single L/T
ratio. The second most common form of data ex-
pression is the lytic unit (LU). The lytic unit is de-
fined as that number of cells required to cause a de-
fined amount of target cell lysis, and is usually ex-
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pressed as LU/10° lymphocytes so that the value
increases with increasing lytic activity. As dis-
cussed below, the documentation of NK activity in
terms of isolated percentage chromium-release val-
ues is unacceptable if it is intended that a com-
parison be made between different lymphocyte do-
nors or between different cell subpopulations. Simi-
larly, the use of lytic units is also prone to error, and
is only as accurate as the method which is used to
calculate the line.

In the present paper, four different forms of data
expression are discussed: simple percentage chro-
mium release, lytic units defined by linear regres-
sion analysis of the linear part of the sigmoid ‘‘dose-
response’’ curve, lytic units defined by a simple
exponential fit equation, and lytic units defined by
the von Krogh equation (21). In evaluating these
different equations, the primary criteria for a satis-
factory method have been, first, that the majority of
the data obtained experimentally could be reduced
to linearity and, second, that the entire data set
could be expressed as a single numerical parameter
directly proportional to the lytic activity. In doing
this, we have limited our analysis to data obtained
using conventional chromium-release assay tech-
niques, in which varying concentrations of effector
cells are added to a fixed number of labeled target
cells (22). Although this is by far the most common
method of performing these assays, a considerable
volume of data has been accumulated in which the
cytotoxic cell-target cell interaction is treated as if
it were an enzyme-substrate reaction (23-25). As
yet, however, this methodology has not been ap-
plied as a means of comparing NK cell activity in
different patient populations, and a detailed analysis
of it is not intended in this paper.

MATERIALS AND METHODS

Lymphocyte preparation. Phagocytic cells were
removed from 10 ml heparinized whole blood by in-
cubation at 37° C with 100 mg carbonyl iron (Type
E, A. D. McKay, New York), with occasional
shaking. The blood was then passed twice over a
large, 2.5-Kg magnet and 5 ml was layered on 3 ml of
Ficoll-Isopaque (specific gravity 1.077) (26, 27). Af-
ter centrifugation at 800g for 12 min at room tem-
perature, the interface cells were washed three
times in complete medium [RPMI 1640 containing
penicillin (100 TU/ml), streptomycin (100 pg/ml),
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10% fetal calf serum, and 10 mM Hepes buffer] and
suspended at the required concentration of viable
cells per milliliter.

NK cell assays. Natural killer cell activity was
measured using the K562 chromium-release assay
as previously described (7, 28). The reasons for
K562 being the target of choice in these assays have
also been outlined in detail (1, 29). Briefly, the tech-
nique consists of a 5-hr or overnight **Cr-release as-
say (22) using V-bottom microplates, in which a se-
ries of lymphocyte to target cell ratios is set up by
mixing a constant number of 3'Cr-labeled target
cells with a series of dilutions of effector cells. After
incubation at 37° C in a humidified 5% CO, in-
cubator, the plates are centrifuged and 100-ul ali-
quots are removed for counting in a well-type Ultro-
gamma II gamma counter (LLKB-Wallac, Stock-
holm). The percentage cell-mediated lysis (% CML)
was calculated as follows:

{cpm test — cpm medium)
{cpm max — cpm medium)

% CML = % 100%.

The cpm for the total incorporated label was used
for the cpm max, and was determined by counting a
100-u1 aliquot of resuspended target cells. Parallel
wells were set up in which 1% saponin detergent
was used in place of medium. The cpm of a 100-ul
aliguot of the supernatants from these welils was
used to determine the maximum detergent-mediat-
ed chromium release, which was usually 80-90% of
the total incorporated label.

Maintenance and labeling of cell lines. Cell lines
were maintained in complete medium, without
Hepes buffer, but with 5 mM extra L-glutamine and
60 pg/ml of Tylocine (30, 31). The following cell
lines were used: K562, an erythroleukemic line de-
rived from a patient with chronic myeloid leukemia
(32), Molt 4 (human T cell), HL-60 (human pro-
myelocytic leukemia) (35), 2774 (ovarian carcino-
ma), A549 (alveolar cell carcinoma), WI38 (human
embryonic lung), Goodwin (adenocarcinoma of the
lung), P815X2 (mouse mastocytoma), and EL-4
(mouse T-cell lymphoma). For the chromium-re-
lease assay, approximately 10° target celis in 0.1 ml
of culture medium were incubated with 100 uCi of
51Cr (sodium chromate, in isotonic saline, Amer-
sham No. CJS-11, 50-400 mCi/mg Cr) for 1 hr at
37° C. The labeled cells were washed three times in
medium and resuspended at the appropriate con-
centration (usually 2 x 10* ¢ells/ml in this report).
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Data processing. A nonlinear, least-squares fit-
ting program {(NOTLIN, obtained from the Queen’s
University Computing Centre and available on
request) was used to fit the data to the proposed
equations (see below). This program uses standard
numerical derivative fitting techniques (34). In ef-
fect, this iterative procedure involves an initial esti-
mation of the constants described in the equations,
followed by a calculation of the line using these esti-
mated constants. The distances from each experi-
mentally obtained data point to the calculated line
(the ‘“‘residuals’’) are then calculated, squared, and
summed. The program then attempts to find a mini-
mum in the sum of the squares of the residuals by
making new estimates of the constants such that the
sum of squares of the residuals is reduced, and then
continues to make new estimates of the constants
until a minimum in this sum is found (convergence).
Occasionally no minimum is found and the program
stops without converging. However, even in these
cases, the values of the parameters found are ade-
quate for comparison purposes, and the fact that the
data do not converge serves to alert the user that a
particular lymphocyte preparation may be different
in the kinetics of cell-mediated lysis from the norm.
Thus, the use of this computer program, which as-
sumes a certain type of interaction, permits the de-
tection of variant data which may potentially occur.
The actual equations used are described in the Re-
sults. The standard deviations for the parameters
described by these equations were also determined
(34).

For the data described in Fig. 3, a linear regres-
sion analysis and the calculation of the correlation
coefficient, r, were done according to Sokal and
Rohlf (35).

RESULTS

The basic requirements of data reduction meth-
ods —a comparison of different commonly used pro-
cedures. In evaluating different methods of quan-
titating NXK activity, it is necessary to make a basic
assumption in terms of what is expected of the
method. The assumption is that if a preparation
containing x lymphocytes/ml lyses the same number
of target cells as another containing 2x (or 3x or 4x)
lymphocytes/ml, the cytotoxic activity of the
former is twice (or three or four times) that of the
latter. If this somewhat self-evident assumption is
accepted, a series of curves can be drawn, each of
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which relates to the other in a defined way, simply
by plotting the actual cytotoxicity values obtained
experimentally against a series of proportionally re-
lated values of x. Figure 1 shows five curves, la-
beled a-e, of which curve ¢ was drawn from real
data and the other curves were drawn by shifting
the abscissa to the right or left. Theoretically these
curves could equally well represent data from five
different donors, and the relationship of curves
from different donors, in practice, should be similar
to these theoretical curves if they are to be com-
pared with each other (see below). In published
studies of cell-mediated cytotoxicity against 3'Cr-la-
beled targets, the data have usually been expressed
either by simply documenting the percentage chro-
mium release at a single lymphocyte to target cell
ratio or by drawing a straight line between the
points believed to be on the linear portion of the
sigmoid curve in order to determine the *‘lytic
unit.”” The documentation of the NK function of
different lymphocyte preparations by simply rec-
ording the percentage chromium release at one L/T
ratio is a common procedure, but one which is vir-
tually useless in terms of conveying information as
to the comparative activities. This is self-evident
from Fig. 1. At an L/T ratio of 1.25/1 the cyto-
toxicity of a vs ¢ was 58 vs 23%, a factor of 2.5;
while at 10/1 the values obtained were 78 vs 73%, a
factor of 1.1. In actual fact, the lines were drawn as
if there had been a fourfold difference in activity be-
tween the two. The use of percentage chromium-
release data at one L/T ratio to compare different
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Fig. 1. Semilogarithmic plots of real data, curve ¢, compared
with proportionally related theoretical curves. The relationship
in NK activity between the curves is as follows: a = 4¢, b = 2¢, d
= 0.5¢, and e = 0.25¢.
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lymphocyte preparations is valid only if the plots of
percentage chromium release vs lymphocyte num-
bers are linear and parallel, at the points at which
the comparison is being made.

The other method commonly in use has been to
estimate the number of effector cells required to
produce a defined percentage lysis (the lytic unit).
This is done by drawing a straight line using those
points apparently on the linear part of the sigmoid
curve and by extrapolating (if necessary) to the pre-
defined levels of lysis. In previous publications (7,
12), we have used a similar method except that ex-
trapolation was avoided in most cases by making
the reference point the average cytotoxicity at-
tained by control lymphocytes at an L/T ratio of 5/1,
a level of cytotoxicity almost invariably on the linear
part of the sigmoid curve. In order for comparisons
between different lymphocyte preparations to be
valid, however, the lines drawn must be parallel, as
is evident from Fig. 1. In practice, however, the
points selected frequently inadvertently include the
curved part of the line, at either the top or the bot-
tom. The result of this is to artifactually decrease
the slope of the line at the extremes of high or low
NK cell activity. Depending on the actual level of
cytotoxicity observed, the error is further com-
pounded if extrapolation is required to estimate the
Iytic unit. The result of this is to falsely increase the
values obtained for high-activity lymphocyte prepa-
rations, while decreasing the values obtained for
low-activity preparations. Figure 2 illustrates the
results obtained on analysis of a number of normal
donors, each tested from 5 to 150 times over a 5-
year period (median 7 times) (4). It can be seen in
Fig. 2 that the slopes of the dose-response curves
varied to some extent, in spite of our efforts to in-
clude only those points on the linear part of the
curve. Statistically the slopes of the majority of
these curves were not significantly different from
each other, making valid comparisons between the
lines possible. On the other hand (Fig. 3), linear re-
gression analysis of slope vs cytotoxicity showed a
highly significant correlation between these two
variables (r = 0.9235; P < 0.001), indicating that the
greater the difference between the control cyto-
toxicity and that of the patient, the greater the prob-
ability that the slopes will not be parallel, and that
the data will not be comparable if this methodology
for deriving lytic units is used.

In short, the expression and comparison of data
using lytic units require the use of an equation
which incorporates all of the data, and not an arbi-
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Fig. 2. The linear portions of the sigmoid semilogarithmic “‘dose-

response’’ curves for 17 donors tested over 5 years, each tested

5-150 times.
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trarily selected portion of it, and which renders the
data linear. Two methods have been used to do this
(Figs. 4 and 5)—the exponential fit equation, y = 1
— 7% used as y = 1 — ¢V primarily by Miller et
al. (36, 37), and the von Krogh equation, y = 1/{1 +
(K/x)"], which has been used extensively in eval-
uating complement-mediated lysis in the form logx
=logK + 1/nlogly/( 1 — y)](21, 38). In these equa-
tions the meaning of the symbols is as follows: y =
fractional cell-mediated *'Cr release; x, N = num-
ber of effector cells per target cell; & = the slope of
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Fig. 3. The relationship of the slopes of the linear portion of the
dose-response curves shown in Fig. 2 (=1 SD) to the calculated
percentage cell-mediated cytotoxicity at an L/T ratio of 5/1.
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Fig. 4. A plot of the curves shown in Fig. 1 expressed as In(4 —
¥) vs x. The relationship between the slopes of these curves is as
follows: ka/kc = 4, kb/kc = 2, kd/kc = 0.5, ke/kc = 0.25 (A =
78).

the line obtained by plotting logarithm (A — y) vs x,
and equal to af; o = a constant; ¢ = time of incuba-
tion at 37° C; K = a constant equal to the value of x
when y = 50% of the asymptote of the dose-re-
sponse curve, A; n = a constant, equal to the recip-

y/(A-y)

35

rocal of the slope of the von Krogh line (1/n) as it is
conventionally expressed (see above).

Both of these equations assume that the asymp-
totic part of the curve, A, is 100%, which, in chro-
mium-release assays using tumor target cells, is not
the case (see Figs. 1 and 6). To overcome this prob-
lem, two methods have been used. The first in-
volves calculating the percentage chromium release
using detergent-lysed target cells to estimate the
counts at 100% lysis. This results in a theoretical
asymptote of 80-90% of the total incorporated label
but, in our experience, almost always exceeds the
asymptotic level achieved by cell-mediated lysis.
As examples, in Fig. 1 detergent lysis resulted in
90% chromium release, while in Fig. 6 detergent
lysis caused 85% chromium release. In each of
these assays, the plateau achieved by maximum
cell-mediated lysis was substantially lower, unusu-
ally so in Fig. 6. An alternative method has been to
estimate the asymptote either experimentally (39)
or by computer iteration (40) and to incorporate this
value in the two equations as follows: y = A(1 —
¢*7) for the exponential fit and y = A/[1 + (K/x)"]
for the von Krogh equation. Figures 4 and 5 show
the results obtained when the curves in Fig. 1 were
plotted using the modified exponential fit (Fig. 4)
and the von Krogh equation (Fig. 5). It can be seen
that the data becomes linear in both cases, and that
the lines make use of the majority of the data points.
The important parameters in these two eguations
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Fig. 5. A plot of the curves shown in Fig. 1 expressed as y/(A — y) vs logx. The
relationship between the K values (and the x intercepts) of these lines is as fol-
fows: Kc/Ka = 4, Kc/Kb = 2, K¢/Kd = 0.5, K¢/Ke = 0.25 (A = 78).
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Fig. 6. (A) Cell-mediated cytotoxicity of lymphocytes from 11 normal donors vs K562, assayed at 5 hr. Total incorporated label = 100%.
Dotted line, percentage maximum release by 1% saponin detergent. The symbols related to the donors listed in Tables I and II as follows:
@, 580; O, 581; [0, 582; M, 583; A, 584; A, 585; +, 586; <, 587; H, 588; V, 589; /\, 590. (B) Cell-mediated cytotoxicity of lymphocytes
from 11 normal donors vs K562, assayed at {6 hr. Symbols as for A.
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are k and K, respectively. As can be seen from the
figures and the data in the figure legends, these pa-
rameters are directly proportional to the relative
cytotoxic activity for each of the five lines, thus sat-
isfying the main requirement for a method of quan-
titating cytotoxic activity.

To assess the practical usefulness of the two
equations, the methods were applied to the analysis
of an actual experiment. Figures 6A and B show the
results of a K562 chromium-release assay of NK ac-
tivity, done using lymphocytes from 11 normal male
and female donors. The supernatants were har-
vested at 5 and 16 hr and the data have been plotted
on a semilogarithmic plot where 100% represents
the maximum incorporated label. Several important
points are evident from these figures. First, the lin-
ear parts of all of the curves are approximately par-
allel, as they should be if the lines are to be com-
parable. Second, the relationships between the dif-
ferent curves observed at 5 and 16 hr are similar,
indicating that there is very little difference in terms
of comparisons between donors at the two time
points. Third, even with the lowest activity donor,
the plateau of maximum lysis achieved, if enough
effector cells are added, is the same as for the other
donors. This observation is also a prerequisite if &
or K values are to be compared between different
donors, since the A values used in the calculations

should be the same. Fourth, the plateaun of maxi-
mum cell-mediated lysis is much lower than the per-
centage lysis caused by detergent (85% vs a mean A
of 54% in Fig. 6A and 58.1% in Fig. 6B). These A
values are low, the usual maximum cell-mediated
lysis being between 70 and 80% in our experience.
This is fortuitous because it serves to illustrate
some of the problems which are met in data proc-
essing, since the greater the discrepancy between
the detergent-mediated and the cell-mediated maxi-
mum lysis, the poorer the fit will be if an equation
using an asymptote of 100% is used. The fit, and
hence the estimation of lytic units, will be poorer
still if the total incorporated label (either with or
without subtraction of spontaneous release) is used
as the “‘maximum’’ in the calculation of percentage
chromium release, unless the appropriate value of A
is used in the equation.

The analysis of the data in Fig. 6 is shown in
Table 1 (calculated using the exponential fit equa-
tion) and Table II (calculated using the von Krogh
equation). The rationale in preparing these tables
was to compare the resulfs obtained using both
methods, as well as to assess the impact of fixing
the A value, or of choosing an inappropriate A val-
ue, on the calculations of relative cytotoxicity and
lytic units. In addition, the effect on the data of
doing an overnight compared with a 5-hr assay was
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Table 1. The Effect of Varying A Values on the Calculdtion of Relative Lytic Activity and Lytic Units—Exponential Fit Equation

5-hr assay
D Slope £{x1073)2 k/geom mean & 20% Lytic units/10¢

onor

(Fig. 6A) A=285 A=54 A =85 A =34 Iter A A=85 A =54
580 31.6 114 0.91 0.95 125 58.8 123
581 41.5 130 1.19 1.09 149 77.3 140
582 23.3 96.4 0.67 0.81 115 434 104
583 10.0 22.1 0.29 0.19 30.1 18.6 23.9
584 23.9 92.6 0.69 0.78 108 44.5 100
585 174 770 5.0 6.47 862 325 833
586 20.5 61.9 0.59 0.52 68.6 38.2 66.9
587 51.4 201 1.48 1.69 217 95.8 217
588 55.4 176 1.60 147 188 103 190
589 25.3 86.0 0.73 0.72 94.3 47.1 92.9
590 45.8 160 1.32 1.34 172 85.3 172

16-hr assay
Slope k(x1073)2 ki/geom mean k 20% Lytic units/10%

Donor

(Fig. 6B) A =85 A=62 A =85 A =62 Tter A A=285 A =62
580 56.3 132 0.87 0.87 174 105 169
581 65.1 156 1.00 1.02 209 121 200
582 65.3 155 1.00 1.02 211 122 199
583 20.4 46.9 0.31 0.31 66 38.1 60
584 39.8 92.2 0.61 0.61 124 74.1 118
585 256 715 3.93 4.71 1042 480 926
586 39.5 86.8 0.61 0.57 112 73.6 111
587 86.4 219 1.33 1.44 298 161 281
588 99.3 221 1.53 1.46 287 185 284
589 51.7 122 0.89 0.80 159 108 156
590 90.9 194 1.40 1.27 250 170 252

2The A values used were derived as follows: A = 85, detergent-mediated lysis: A = 54 and 62, maximum cell-mediated lysis (iterated
from the dose-response curve showing the highest maximum values at 5 and 16 hr, respectively); Iter A, maximum cell-mediated lysis
separately iterated for each individual dose-response curve. K562/well = 2 x 1%,

also assessed. As stated above, in order for data
from different lymphocyte preparations to be com-
parable, the A values used in data calculation must
be the same, and a decision has to be made as to
how it should be chosen. If complete curves have
been obtained experimentally, the A values can be
iterated accurately by the computer as described in
Materials and Methods (or determined graphically)
and the resultant set of A values should not differ
significantly from each other. On the other hand, it
is unusual that maximum lysis is attained by all of
the lymphocyte preparations in any particular ex-
periment, and the accuracy of the iteration dimin-
ishes the further the highest observed cytotoxicity
is from the maximum. Two alternatives to the use of
individually iterated A values are to use the maxi-
mum cell-mediated lysis shown by the highest do-
nor in the group, determined either graphically or
by iteration, and to use the percentage chromium
release caused by detergent. The former is the more
accurate in terms of producing the £ or K values

Journal of Clinical Immunology, Vol. I, No. 1, 1981

characteristic of the cells in question, but, as shown
in Tables I and 11, the choice of the higher, some-
what inappropriate A value actually has very little
effect on the number obtained for the cytotoxic ac-
tivity of a particular individual relative to that of
other donors (k;/mean k, Table I, and mean K/K;,
Table II). It can also be seen from these tables that
the results obtained for relative cytotoxic activity
are quite similar irrespective of whether they are
determined at § hours or overnight, If anything, the
lower donors ‘‘catch up’’ to some extent during the
longer incubation time.

Because the lytic unit is a useful concept, it is
obviously important that any equation used results
in an accurate estimation of the number of lympho-
cytes required to lyse a predetermined percentage
of target cells. That this is indeed the case for both
the exponential fit equation and the von Krogh
equation is shown in Fig. 7. In this figure, the solid
and dotted lines represent the curves obtained using
each of the two equations, while the filled circles
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Table I1. The Effect of Varying A Values on the Calculation of Relative Lytic Activity and Lytic Units—von Krogh Equation

5-hr assay
K values® Geom mean K/K, 20% L.ytic units/10°
Donor
(Fig. 6A) A=285 A =56 A=83 A=236 Iter A A =85 A =56
580 21.2 6.1 0.88 0.96 156 133 127
581 22,1 5.3 0.84 1.10 154 151 152
582 28.6 7.3 0.65 0.80 120 110 117
583 91.3 31.8 0.20 0.18 31 27 29
584 27.8 7.5 0.67 0.78 110 110 110
585 3.1 0.9 6.00 6.48 956 1011 958
586 32.6 11.1 0.57 0.53 70 68 70
587 8.8 34 2.11 1.71 214 207 212
588 9.8 4.0 1.90 1.46 183 179 182
589 25.5 7.9 0.73 0.74 98 93 97
590 122 4.4 1.52 1.33 161 164 161
16-hr assay
K values® Geom mean K/K; 20% Lytic units/10°
Donor
(Fig. 6B) A =85 A =65 A=85 A =65 Tter A A =85 A =65
580 12.2 5.4 0.82 0.86 180 206 184
581 10.8 4.6 0.92 1.01 207 229 209
582 11.5 4.6 0.87 1.01 210 245 217
583 331 15.7 0.30 0.30 71 71 70
584 16.2 7.6 0.61 0.61 126 132 127
585 2.0 1.0 4.98 4.64 1082 1093 1077
586 16.4 8.2 0.61 0.57 111 122 111
587 7.6 33 1.31 1.41 292 309 296
588 52 32 1.92 1.45 273 272 272
589 12.8 5.9 0.78 0.79 142 165 146
590 7.1 3.6 1.41 1.29 238 267 239

“The A values used were derived as follows: A = 85, detergent-mediated lysis; A = 56 and 65, maximum cell-mediated lysis (iterated
from the dose-response curve showing the highest maximum values at 5 and 16 hr, respectively); Iter A, maximum cell-mediated lysis
separately iterated for each individual dose~response curve. K562/well = 2 x 103,

represent the actual data. Although the two equa-
tions do not produce exactly the same sigmoid
curve from the same data, the lines are very close to
each other and to the experimentally derived
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LYMPHOCYTE TO TARGET CELL RATIO
Fig. 7. Calculated curves given by the exponential fit equation
(solid line) and the von Krogh equation (dotted line) compared
with actual data points. Donor 581.

points, and both equations are obviously equally
useful for the determination of lytic unit values.
Based on a comparison of the residual (or unex-
plained) variance derived from each of the two
models, using iterated A values and all of the 11 do-
nors at both time points, it was found that both
equations resulted in excellent fits of the computed
curves to the data.

Potential sources of error. Although both equa-
tions result in a good correlation between the ob-
served and the calculated points, the exponential fit
equation is more sensitive to changes in the A value
as far as determining the lytic umit is concerned
{(compare Table I, A = 85 vs the iterated A and A =
54, with the corresponding columns in Table II).
This error is due to the investigator, however, and
is not a defect in the equation, since it is obviously
incorrect to use the higher A value when it is known
that the maximum ceil-mediated cytotoxicity
plateaus at a point considerably lower than that in-
dicated by detergent lysis or total incorporated la-
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Table III. The Relationship Between Relative Cytotoxicity and the Definition of the Lytic Unit

Exponential fit equation
A =54,k [k, = 0.029

von Krogh equation
A =56,K,/K;, = 0.028

Donor LU (20%) LU (50%) Slope = SD LU (20%) LU (50%)
1. 583 23.9 43 0.94 = 0.05 29 1.65
2. 585 832.2 148.0 1.13 = 0.05 958 87
LU/LU; 0.029 0.029 0.030 0.019

bel. The von Krogh equation yields a better fit un-
der these conditions, because it contains a third var-
iable, the slope of the line 1/n. Unfortunately, this
variable introduces a more serious error into the lyt-
ic unit calculation. Table IIl shows the data ob-
tained from the two donors from Fig. 6A who were
at the extremes of high and low cytotoxicity, the
type of data which gives the most problems with
analysis. It can be seen in this table that there is
good agreement between the two equations as far as
relative cytotoxicity is concerned (k,/k, and
K,/K,). Furthermore, the slopes of the lines ob-
tained using the von Krogh equation are not signifi-
cantly different, a requirement if the data are to be
comparable. However, the divergence of the two
lines is still sufficient to influence the relative values
of the lytic units. Thus, selection of a lytic unit val-
ue of 50% instead of 20% results in a different con-
clusion as far as relative activity is concerned. As
long as the appropriate A value is used, this error
does not occur with the exponential fit equation
(Table III).

The use of the exponential fit equation parame-
ters to categorize NK-susceptible targets. As
shown in Fig. 4, the straight line described by the
exponential fit equation is simply a target cell sur-
vival curve with a slope of £ which increases with
increasing susceptibility of the target to lysis. Since
the majority of ‘‘routine’’ assays of human NK
function uses K562 as the target cell, it is reason-
able to use this line as the standard for comparison
with other lines. Table IV itemizes the relative sus-
ceptibility of a variety of cell lines in short-term (5-
hr) and long-term (18-hr) assays, and expressed as
the ratio of individual k values to the k value ob-
tained for K562. All the lines were tested at the
same time, and the &k values used are the means of
those of two donors. The rank order of target sus-
ceptibility was the same for both donors, and the
data obtained in this one assay reflect our experi-
ence in general with these lines. First, Molt-4 is sim-
ilar to K562 in NK susceptibility, as has been re-
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ported, and these two cell lines may be defined as
‘“fast’” targets (28). As a point of interest, long-term
(1-year) culture of K562 in HSA caused only a 50%
decrease in susceptibility, i.e., one halving dilution
of effector cells lysed an equal proportion of the
standard targets. This observation again indicates
the independence of NK susceptibility from fetal
calf serum-induced surface antigens (41), since this
susceptibility is still consistently present in these
cultures. The other human lines are much less sus-
ceptible at 5 hr (‘‘slow’’ targets), with a relative in-
crease seen on overnight culture. As has been re-
ported (42, 43), murine targets are apparently in-
sensitive on short-term assay also, but their
sensitivity is evident by 18 hr. It is interesting that
the one target derived from normal cells (WI-38)
was insensitive with the L/T ratios tested even on
long-term culture. It is apparent from Table IV that

Table IV. Relative NK Susceptibility as a Function of K Values®

ke kga®

Cell line Source Shr 18 hr
K562/FCS-1  Erythroleukemia 1.00 1.00
K562/FCS-2¢  Erythroleukemia 1.12 0.98
K562/HSA® Erythroleukemia 0.38 0.46
Molt 4 T cell 0.94 1.75
A549 Alveolar cell, lung 0.14 0.39
Goodwin Adenoca lung 0.02 0.51
2774 Adenoca ovary 0.23 0.36
HL-60 Promyelocytic leukemia 0.14 0.34
WI-38 Human embryonic lung <0.013¢  <0.008
P815X2 DBA/2 mastocytoma 0.02 0.35
EL-4 C57B1 T lymphoma <0.013 0.06

“For purposes of this table, the A values of all cell lines were set
as being equal to K562/FCS-1 as the standard. This happened to
be the case where the data did reach plateau values. Individual
k values (k;) have been expressed relative to this standard (k).

5A K562 subline maintained independently of the original at the
same time as K562/HSA.

°K562/HSA is a subline of K562 which has been maintained in
complete medium without FCS but with 2% human serum albu-
min for 1 year.

“The minimum detectable cytotoxicity assuming that the next
higher L/T ratio above that tested (40/1) would have caused a
cytotoxicity of 5%.



60

the use of k values to describe target cells gives an
accurate description of the NK sensitivity of the
cells which is clearly more meaningful than the use
of isolated chromium-release values at a single lym-
phocyte/target cell ratio. The technique is particu-
larly useful when one wishes to categorize clones of
target cells with reference to the parent cell line. To
fully categorize a cell line this way, however, it is
necessary to indicate both parameters, A and k,
since it is theoretically possible that only a propor-
tion of the target population may be susceptible to
lysis.

DISCUSSION

In the present paper we have examined different
methods of expressing the cytotoxicity of NK lym-
phocytes against 5'Cr-labeled tumor target cells. In
doing this we have limited our studies to data de-
rived from the conventional method of doing chro-
mium-release assays to assess cell-mediated cyto-
toxicity, i.e., assays in which varying numbers of
effector cells are mixed with a constant number of
target cells. By far the majority of studies of cell-
mediated cytotoxicity uses this methodology, and
most of these report the data obtained in tabular
form as percentage chromium release at a certain
lymphocyte to target cell ratio. We believe that this
practice is no longer acceptable, because it is se-
verely limited by the fact that percentage chromium
release is not linearly related to effector cell num-
ber, except at low lymphocyte to target cell ratios,
making it impossible to draw conclusions as to the
real relationship between different lymphocyte
preparations in terms of effector cell function. To
some extent this objection is overcome by the use
of lytic units, providing that the method used to de-
rive this value is correct. The majority of reports in
which data are described in lytic units employs lin-
ear regression analysis of the points believed to be
on the linear part of the sigmoid curve. In our expe-
rience this method is also inaccurate, the degree of
error depending on the percentage cytotoxicity
used to define the lytic unit as well as the level of
cytotoxicity displayed by the lymphocytes. For the
method to be precise, the data points used to com-
pute the best-fit lytic parameter must be on the lin-
ear part of the curve, the cytotoxicity value arbi-
trarily chosen to define the lytic unit should also be
on this part of the curve, and, for comparison pur-
poses, the lines drawn for the different donors must
be parallel. This can routinely be accomplished if an
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extensive and complete series of L/T ratios is as-
sessed, such that no matter how high or low a par-
ticular donor may be, the entire curve can be
plotted. In clinical studies, however, the limitation
on the amount of blood available for testing, com-
bined with the fact that many donors are lympho-
penic, makes this goal unattainable. Thus, because
the curve is frequently incomplete, it is difficult in
practice to avoid including data at the top of the
curve for high-activity donors or at the bottom of
the curve for low-activity donors. As discussed
above, this results in a lowering of the slope of the
line in both cases, with a resultant incorrect extrap-
olation to the lytic unit value. Several investigators
have tried to circumvent this error by using only
those points which carn be shown statistically not to
deviate from linearity. Again, this is valid only if the
majority of points used actually does lie on the lin-
ear part of the curve.

In view of these potential problems, we have de-
fined what we consider to be the minimum require-
ments for a method of data reduction. These are (a)
that the data can be reduced to a single numerical
expression directly proportional to the effector cell
activity and (b) that the data can be reduced to lin-
earity irrespective of what portion of the curve is
obtained experimentally. Both the simple exponen-
tial fit equation, y = 1 — ¢7%*, and the von Krogh
equation (21), y = 1/[1 + (X/x)}") can be shown to
satisfy these requirements, providing the maximum
cell-mediated lysis plateau is at 100%. However,
even if detergent is used to obtain the value for
maximum release (used in calculating cytotoxicity),
the asymptote of the sigmoid curve is below 100%.
Thus, the predicted curves from the formulas de-
scribed above do not fit the experimental data as
well as might be expected. To obtain the line which
best fits the experimental data, arid thus to obtain
the most accurate estimation of the lytic unit; it is
necessary to modify these equations by incorporat-
ing the value for the asymptote, A, to give the fol-
lowing: y — A(1 ~ e™*) and y = A/[1 + (K/x)"].
The value of A may be estimated graphically or by
computer iteration, and the values of k or K in these
equations are proportional to the cytotoxic activity.
From the data presented in this paper, we have con-
cluded that both of these equations fulfill our re-
quirements for a method of data reduction, and that
the use of either of the two is preferable to ex-
pressing data either as simple cytotoxicity or as lyt-
ic units defined using only the linear portion of the
sigmoid curve.
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The use of these formulas is also limited to some
extent, however. To be strictly comparable, either
as relative k or K values or as lytic units, the A val-
ues must be the same for the lines under com-
parison. In our experience, this is usually the case if
the ‘‘dose-response’’ curve is carried out far
enough. However, it is a relatively simple matter to
program the computer to indicate that an iterated A
value for a particular line differs significantly from
the A value chosen for the group as a whole. If this
occurs, there is little that can be done except to re-
port both the A value and the k or K values, in order
to define the data. It is also possible that NK activi-
ty may be influenced by suppressor cells, resulting
in a decrease in cytotoxicity with increasing cell
number. Although we have not observed this within
the series of L/T ratios we normally use, this type of
data would require a different equation for its ex-
pression, such as a modification of that described
by Clark et al. (44): P = A(1 — e ¥*™) the modi-
fication being the usage of an iterated A value.

The extensive published experience of Miller et
al. (36, 37) with the simple exponential fit equation
(as y = 1 — ¢~ and the modification of this equa-
tion to account for suppressor cell activity as de-
scribed above (44) are compelling reasons for adop-
tion of this equation instead of the von Krogh equa-
tion for routine use. The equation is also simpler to
use, does not depend on the definition of the lytic
unit for the accurate indication of relative cyto-
toxicity, and, as documented in the Results, can be
used to describe the relative NK susceptibility of
different target cells. In contrast to Miller and
Dunkley (36), however, we have not used the ex-
pression Nat, mainly because the relationship be-
tween the slope, £ and time, ¢, was not readily ap-
parent from our data using the longer incubation pe-
riods of 5 and 16 hr. This is a minor point, since at
any particular time point the « ratio of two lines will
of course equal the ratio of the k values for these
lines. The use of these methods of data expression
will depend to a large extent on the type of experi-
ment being reported. There are numerous examples
in the literature of comparisons in vitro between cell
preparations before and after depletion of various
lymphocyte subpopulations, or after treatment with
agents such as interferon or cytotoxic drugs, and
these types of data are readily amenable to being
expressed as lytic units or as relative k values (45),
since they are derived from the same experiment.
On the other hand, the documentation of sequential
studies over prolonged time periods requires the ex-
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pression of the data for each donor relative to the
mean of the control NK activity. This is necessary
because the susceptibility of the target cells to lysis
varies from assay to assay, associated to a lesser
extent with individual donor variability (4, 29). The
use of relative k values for each donor overcomes
the error due to target cells to some extent since, as
shown above, the result is not influenced to a large
extent by variations in the value of the asymptote,
A.

It should be noted that individual patient or con-
trol donor variability would not be eliminated by the
use of these equations, which serve primarily to
convert absolute cytotoxicity data into values rela-
tive to the control. As has been discussed pre-
viously, relative cytotoxicity values are fairly con-
stant for any particular normal donor over the long
term (4, 29) and the use of these values is preferable
to the use of absolute cytoxicity. Because the equa-
tions also result in the best estimation of lytic unit,
however, it would be expected that variability due
to errors in this estimation would also be decreased.
This methodology would complement other tech-
niques to improve the consistency of results, such
as the use of cryopreserved control lymphocytes or
target cells (46, 47).

In conclusion, we have analyzed and compared
several methods of data reduction, two of which of-
fer appreciable advantages over methods common-
ly used at present. In spite of the use of those equa-
tions, or modifications of them by certain groups for
some time (5, 17, 36, 37, 39, 40), the majority of
investigators has not wholeheartedly adopted them.
In view of the tremendous output of experimental
data which is currently taking place in the field of
NK cytotoxicity, it is apparent that some uniformi-
ty in data expression is necessary. We feel that the
formulas described in this paper are ideally suited
for this purpose, and that one or the other should be
used in all such studies of cell-mediated cyto-
toxicity if the data are to be evaluable to the reader.
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