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MTT COLORIMETRY COMPARED WITH *'CR RELEASE

Table 6 Reproducibility of MTT and *'Cr release assays®

MTT 3ICr release
% specific lysis % specific lysis
o Spectfic ¥ Background pecte ¥ Background

Experiment E:T: 8:1 4:1 2:1 1:1 LU/10’ cells lysis (%) 8:1 4:1 2:1 1:1 LU/107 cells lysis (%)

1 59 47 38 31 2621 (1] 60 46 29 17 1732 8.6

2 67 54 37 27 2430 2.2 61 46 30 17 1755 8.2

3 59 49 40 30 2779 0 57 46 29 15 1707 8.1

4 65 59 40 29 2885 0 57 48 34 17 1982 8.2
Mean+SD 63+4 52+5 39+2 29%2 2679 + 198 59+2 471 312 171 1794 + 127
CV (%) 6 9 5 7 7 3 2 6 6 7

* Four-h cytotoxicity assays were performed using the same tumor cell target (PCI-1) and LAK cells generated from the same normal donor in 4 separate

experiments.
® Interassay coefTicients of variation (CV) = SD/mean.

of specific lysis was higher in MTT than in *'Cr release assays
at the same E:T ratios. A summary of data obtained in the
MTT and *'Cr release assays performed simultaneously with
different cell lines as targets are shown in Table 7. Significantly
greater antitumor effects were measured by MTT colorimetry
than 3'Cr release assays when LAK cells were used as effector
cells.

MTT Colorimetry versus *'Cr Release in 24-h Assays. Because
there are many circumstances where a long-term (e.g., 24-h)
assay is more desirable and practical than a 4-h assay, we also
compared MTT colorimetry with 5'Cr release after 24-h incu-
bation of effectors with tumor cell targets (Table 8). *'Cr release
assays are seldon useful after 24-h incubations, due to high
spontaneous release of the radiolabel. Indeed, with some tumor
cell targets, spontaneous 3'Cr release was up to 50% in our
experiments, making the calculations of percentage of specific
release unreliable. In contrast, nonspecific effects in 24-h MTT
assays (e.g., nonspecific detachment of tumor cell targets) were
not greater than those observed in a 4-h assay with the same
tumor cell lines (Table 7). Furthermore, 24-h incubation signif-
icantly reduced nonspecific adherence of effector cells to tumor
cell monolayers compared to 4-h incubation (P < 0.01), as
shown in Table 2.

We also determined that no proliferation of adherent tumor
cell targets occurred during 24 h of incubation. Such prolifera-
tion, if present, would influence MTT assay results. In Fig. 5,
we show that cells of three different SCCHN lines plated at 5
X 10° or 1 x 10* cells/well showed no proliferation during the
first 24 h of culture. In addition, the sensitivity of the MTT
assay increased following 24-h incubation of effectors with
tumor cell targets, and it became possible to detect low levels
of cytotoxicity of some of the SCCHN cell targets by nonacti-
vated, fresh mononuclear cells and to measure effects of drugs
or cytokines on these tumor cell lines (data not shown).

Comparisons of the Data from *'Cr Release and MTT Assays.
A more detailed analysis of results has revealed some interesting
relationships between the MTT and *'Cr release assays and
provided encouraging support for the colorimetry approach.
The usual calculation of LU (19) may obscure the true relation-
ship between the two assays, especially if extrapolation outside
the range of the data is needed or if data obtained at different
E:T ratios in the two assays are compared. We, therefore,
compared the data from the two assays using a somewhat
different LU calculation.

The usual LU calculation begins with fitting a curve to the
plot of y versus x, where y is the percentage of specific lysis and
x is the E:T ratio as follows:

y =f(x, a, b) + error (A)

The curve fitting yields a location parameter, @, and a shape
parameter b. Selection of the family of curves, £, is discussed by
Pross et al. (19). Using the fitted curve, a calibration step
estimates the E:T ratio that would yield a prespecified (e.g.,
20%) reference level of specific lysis: let o0 be the value of x
so that f(%, 4, b) = 0.20. Finally, LU are computed as

107
7 =
LU/10” effector cells Xo.20 (no. of target cells/well)

This approach leads to numerically difficult and time-consum-
ing curve fitting and often yields results which are unduly
sensitive to measurement error. For example, with MTT assays,
which are more sensitive than 5'Cr release and thus give a
higher percentage of specific lysis values at the same E:T ratios,
computation of LU, using the exponential fit equation involves
a substantial extrapolation, which may result in erroneous LU,
values.

We have found the following equation for curve fitting of
MTT data to be both more illuminating and simpler to use
than Equation A:

y
log(l g

> = a + b log(x) + error

(B)

This equation has been selected on the basis of our analysis
of more than 4,000 'Cr release assays. Our observations indi-
cated that: (a) the measurement error is more consistent with
Equation B than Equation A; and (b) Equation B is computa-
tionally simple to fit.’ In this study, we were able to confirm
that the magnitude of the measurement error as defined in
Equation B was indeed unrelated to E:T ratio or to lysis level
for both *'Cr release and MTT assays.

In comparing results of MTT and *!'Cr release assays, often
different slopes for the same sample were obtained. This created
an interpretation problem, because if the slopes differ, then the
ratio of the two LU values depend on the arbitrary choice of
the reference lysis level. For this reason, we decided to use a
fixed consensus slope 4 for all samples being compared. The
common value for b is ideally determined by previous analysis
of a substantial series of assay results. Here we have used a
consensus slope of 0.97 for both MTT and 5'Cr assays, this
being the median of all fitted slopes. Using a common slope b,

3 Equation B differs from Equation A, with f chosen to be the Von Krogh
family of curves, in only one way: the error term is additive after transforming y
with a logit transformation, rather than before. This transformation was found
to linearize the relationship between y and log(x). More importantly, the error
variance was found to be unrelated to x or y after the transformation, and the
residuals had little skewness. Therefore, fitting Equation B involves nothing more
than ordinary linear regression.
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Table 7 Comparisons of the sensitivity of the adherent tumor cell lines to lysis by IL2-activated effector cells from normal donors as measured in MTT colorimetry
and *'Cr release assay”

. % of specific ysis LU0 cels B‘:}‘fg‘t’s"““
Effectors Targets ratio MTT SICR MTT SICR MTT SICR
LAK (A) PCI-1 10:1 744 2:7 2,169 915 1.6 74
5:1 60 £6 36+2
2.5:1 405 20+3
1.2:1 29+5 14+3
LAK (B) PCI-1 5:1 406 352 988 833 1.6 7.4
2.5 20+5 20+4
1.2:1 9+4 M2
0.6:1 8+6 4x1
0.3:1 8+7 3103
LAK (O) PCI-1 5:1 84+4 65+4 6,983 3,900 1.6 7.4
2.5:1 81+3 49+7
1.2:1 55+ 6 41+3
0.6:1 9+4 24+3
0.31 1721 14%3
LAK (D) PCL-1 5:1 81+6 57+3 5,623 2,276 1.6 7.4
2.5 74%5 B3x1
1.2:1 64+4 25+4
0.6:1 46+5 15+ 1
0.3:1 43%3 7%2
LAK (E) PCI-1 5:1 65+7 46+2 3,389 1,373 1.6 7.4
2.5:1 389 31+3
1.2:1 34+6 17+ 0.4
0.6:1 35 100
0.3:1 20+7 5+04
LAK (F) PCIL-1 5:1 64.6%2 51 2,499 874 1.6 7.4
2.5:1 394+4 N1
1.2:1 26 + 4 14£0.1
0.6:1 16+ 5 7%2
0.3:1 16+ 4 sx1
LAK (A) PCI-13 10:1 86+ 1 91 4,582 1,130 0 10
51 782 38+2
2.5:1 65+4 2+2
1.2:1 49+4 19%0
LAK (B) PCI-13 10:1 85+3 41x1 4,230 582 0 9
5:1 73%6 27%1
2.5:1 706 12%1
1.2:1 60+ 7 621
LAK (C) PCIL-13 10:1 871 405 4,385 620 18 13
5:1 83+ 1 292
2.5 772 15+1
1.2:1 68+6 5+1
LAK (A) SNU-C5 5:1 69+3 3611 7,936 1,061 0 8
2.5:1 63+5 2+2
1.2:1 56+ 5 14x4
0.6:1 0+7 81
LAK (B) SNU-CS 10:1 85+7 7242 8,144 7,294 12 6
5:1 80 + 2 722
2.5:1 76+7 67+4
1.2:1 6327 56+8
Median 4,385 1,061
Range 988.8,144 582-7,204
P <0.01

“ Four-h assays were performed using the same cell lines at different times, except for PCl-l, which was tested with 5 different effectors at one time. IL2-activated
effector cells were generated by 5-day incubation of PBL obtained from different donors in 1000 units/ml of recombinant IL2. The letters in parentheses indicate
dlﬂ'erent donors. The percentage of specific lysis data are means + SD of quintuplicate measurements for MTT and triplicate measurements for *'Cr release assays.

® Background effects are percentage of detachment of target cells for the MTT assay and percentage of spontaneous lysis for 3'Cr release assay.

it is possible to obtain a separate estimate for each E:T ratio one run (or, equivalently, the range in log LU) serves as a direct
y . indicator of the accuracy of the assay for that sample on that

a= log( T y) — b log(x) day.
With the use of a constant slope, extrapolation to an arbi-
which in turn gives a separate estimate of X .o: trarily chosen reference lysis level (here 20%) is no longer a
0.20 problem. Equation C shows that the only effect of choosing a
Xo20 = exP{b"[los( ~o. 20) a‘]} (C) different reference level is to multiply all lytic unit determina-

tions by the same constant. Thus, there is no difficulty due to
The range of log(%o.20) provided by a single sample assayed in extrapolation when comparing two LU determinations, calcu-
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MTT COLORIMETRY COMPARED WITH *'CR RELEASE

Table 8 Comparisons between 4- and 24-h cytotoxicity assays performed using MTT colorimetry and *'Cr release

4h 24h
5 Background o Background
LU/10’ cells effects (%)° LU/10 cells effects (%)°
Effector” Target MTT ICr MTT SICr MTT SICr MTT SICr

LAK (A) PCI-1 1,944 1,542 13 14 52,961 11,581 14 42
LAK (B) PCI-1 1,506 294 0 11 8,901 804 0 35
LAK PCI-13 9,687 608 18 13 NF* 5,210 0 34
LAK PCI-24 527 259 23 27 4,356 976 15 51
LAK SNU-C5 5,183 1,066 0 8 8,993 3,465 0 27

“ Human LAK cells prepared as described in “Materials and Methods™ were used as effectors in both 4- and 24-h assays. The letters in parentheses indicate

different donors.

Background effects are percentage of nonspecific detachment of tumor cell targets and percentage of spontaneous *'Cr release.

€ NF, unable to fit curve (100% lysis at E:T ratios of 10:1 to 0.6:1).
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Fig. 5. Growth rate of three SCCHN cell lines (PCI-1, PCI-4B, and PCI-6B)
estimated by the measurement of absorbance in the MTT assay. Note that during
the first 24 h of culture, after seeding of 5 X 10 to 1 x 10* cells/well, no growth
was observed. B, PCI-1; +, PCI-4B; *, PCI-6B.
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Fig. 6. Ratio of LU/10’ cells in MTT to LU/107 cells in *'Cr release assays
as a function of the E:T ratio; the data are from experiments shown in Table 7.
A, PCI-1; @, PCI-13; B, SNU-CS.

lated as suggested here, as long as either the E:T ratios overlap
or the observed percentage of lysis values overlap.

A comparison of the data obtained from the two assays,
shown in Tables 4 and 7, confirmed the greater sensitivity of
the MTT over *'Cr release assay. This is illustrated in Fig. 6,
in which the MTT assay had consistently higher numbers of
LU/10 cells, so the ratio was almost always >1. The magnitude
of the increased sensitivity did not vary across E:T ratios.
However, the degree to which the MTT assay exceeded the *'Cr

release assay in sensitivity was strongly dependent on the target-
effector combination being tested (Fig. 6). The target cell ap-
pears to be responsible for much of this variability. As shown
in Fig. 6, the sensitivity was consistently greater for the PCI-
13 target than for PCI-1. In addition, the increase in sensitivity
varied considerably for different effectors, even when the same
tumor target was used. The differences in the ratio in Fig. 6
may reflect the distinct mechanisms of effector-target interac-
tions in the two assays. The magnitude of these differences
appeared to be especially influenced by the tumor target used,
suggesting that such target characteristics as, e.g., adherence to
plastic of tumor targets may determine the reproducibility of
MTT assays.

DISCUSSION

An in vitro colorimetric dye reduction technique described by
Mosmann (8) and Fong (9) has been modified and applied to
measurements of functional parameters other than cell growth
by several investigators (18, 21-24). We wished to apply this
technique to quantitations of antitumor effects mediated by
human LAK cells on tumor cell targets. The assay is based on
the selective reduction of the tetrazolium salt, MTT, by cells
which remain viable after exposure and incubation with anti-
tumor effector cells. Mitochondrial dehydrogenases at the sites
of cytochromes b and c in viable cells convert the yellow form
of the salt to an insoluble, intracellular purple formazan. Sol-
ubilized formazan can then be quantitated spectrophotometri-
cally and the results related to the proportion of viable tumor
cells in a population incubated with antitumor effectors. A
linear relationship was established between absorbance at 540
nm and a number of tumor cells present at concentrations
ranging from 400 to 1 X 10* cells/well. With cell numbers >1
X 10*/well, this relationship no longer existed, and this neces-
sitated adjusting the number of targets used in the assay. Others
have also described the hyperbolic nature of the absorbance cell
number curve in MTT assays (22). The dye reduction assay was
reported to be sensitive enough to detect as few as 32 viable
cells/well (22). In our hands, the assay reliably detected 200-
400 viable target cells/well. Since cytotoxicity assays often are
performed using a panel of targets, effector cells represent a
limiting factor in human studies. Most *'Cr release assays call
for 5 x 10° tumor cells/well, and large numbers of effectors are
needed, if more than two targets are tested at several E:T ratios.
Hence, an ability to measure lytic function with 200-400 target
cells/well is advantageous in terms of numbers of effector cells
needed for multiple cytotoxicity assays.

Our results indicated that the MTT colorimetric assay was
more sensitive than either standard or in situ (16) 5'Cr-release
in detecting susceptibility of human tumor cell targets to lysis
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by LAK cells (Fig. 6). This may reflect the fact that the two
types of assays have different end points: the former depends
on a capability of a viable cell to remain attached to a plastic
surface and to reduce MTT to formazan; while the latter reflects
a loss of cell membrane integrity and leakage of the cellular
contents into medium. In fact, the ratios of LU in MTT/LU in
SICr release differed in magnitude for various IL2-activated
effector cells, implying that the MTT assay may have a greater
potential to discriminate between antitumor effects of different
LAK cells tested on the same target. The MTT assay may be
more sensitive, because cell detachment following an exposure
of a tumor cell to effector cells might be a result of cytostatic
interactions which do not always culminate in lysis. This seems
unlikely, inasmuch as detached cells recovered from superna-
tants in MTT assays either were not viable or, when viable,
failed to grow in culture. It may be that different cellular
mechanisms are involved in regulating attachment to surfaces
versus progression to cytolysis. We have considered a possibility
that certain cytokines, e.g., tumor necrosis factor a or IFNy,
contribute to the greater sensitivity of the MTT assay, especially
when LAK cells are used as effectors. However, SCCHN lines
that we have established and tested were not sensitive to low
doses of tumor necrosis factor « (up to 2,500 units/ml).® Their
growth was consistently inhibited in vitro by IFNvy at doses
lower than 100 U/ml, yet IFN+y has been reported to increase
the resistance of tumor targets to lysis by immune effector cells
(25). Thus the mechanisms involved in target cell detachment
and death that are measured in the MTT assay remain largely
unknown.

Not only has the MTT assay compared favorably with *'Cr
release in terms of cell numbers needed, sensitivity, and repro-
ducibility, but it also is an easier and less expensive technique.
It is easier because trypsinization, chromation, multiple washes,
and transfers of cells and supernatants from plates to tubes are
eliminated. Among its other advantages are: (a) the elimination
of a need for radioactive materials with concomitant reduction
in cost; (b) excellent performance of the assay, when the incu-
bation of effectors with targets was extended to 24 h; (¢) the
ability to quantitate the assay in the microtiter plates without
transfers to tubes for gamma counts; (d) the possibility of using
tumor cell monolayers, as opposed to trypsinized single cell
suspensions, which provides a more realistic measure of inter-
actions with effector cells; (e) the rapidity with which a large
number of samples can be tested; the MTT assay can be easily
automated, because enzyme-linked immunosorbent assay plate
readers allow for rapid photometric quantitation of color reac-
tions. The fact that a large number of samples can be readily
tested in the MTT assay is advantageous for screening purposes.
We have used it in this fashion for, e.g., estimates of the
sensitivity of human SCCHN lines to lysis by nonactivated
(fresh) and IL2-activated effectors. Because it is more discrim-
inating, the MTT assay may be better suited than 5'Cr release
to serial monitoring of changes in effector cell function in cancer
patients treated with biological response modifiers. Also, in
vitro effects of various cytokines, mixtures of cytokines, and
various drugs on growth as well as integrity of tumor cell targets
can be easily measured following 4 or 24 h of incubation.

Taswell (26) described recently a tridimensional model of
cytotoxicity, in which interactions of targets and effectors were
studied while diluting both effectors and targets. Clearly, such
a model, calling for tridimensional lattice of E:T ratios, cannot
be implemented with *'Cr release assays, which are both expen-

¢ Unpublished data.

sive and time consuming. A colorimetric MTT cytotoxicity
assay would lend itself well to this new approach, and we are
considering studies in this direction.

The MTT cytotoxicity assay has several disadvantages. The
most obvious impediment is that nonadherent tumor cell pop-
ulations cannot be studied. Further, even among adherent tu-
mor cell lines, there were several with consistently high non-
specific detachment during a washing process. It is likely that
such high levels of nonspecific detachment might result in a
falsely low cytotoxicity estimates. While it may be possible to
decrease this nonspecific detachment by experimenting with
different types of washing media, frequency of washes, or coat-
ing of microtiter plates with serum or other substances, non-
specific detachment of tumor cells remains a problem with
poorly adherent tumor cell lines. Since squamous cell carcino-
mas grow as tightly adherent monolayers, the MTT assay has
been particularly useful with these tumor targets. The problems
of tumor cell detachment may be compounded by nonspecific
adherence of certain effectors, notably LAK cells. Although it
is possible to watch microscopically for and to correct calcula-
tions of the percentage of specific cytotoxicity for adherence of
effector cells to tumor cells, caution should be exercised to
avoid spurious results, especially when “sticky” IL2-activated
effectors are used.
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