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ABSTRACT

Monoclonal antibody (MAb) F7-26 generated against nitrogen mus
tard (HN2)-treated DNA (O. S. Frankfurt, Exp. Cell Res., 170: 369-
380, 1987) reacted with regions of local DNA denaturation (distortion)
induced by DNA alkylation. The relationship between immunoreactivity
of cellular DNA with MAb F7-26 and cytotoxic effects of HN2, L-
phenylalanine mustard (L-PAM), and l,3-bis(2-chloroethyl)-l-nitrosou-
rea was studied in Urla S3 cultures. Cells were treated with drugs for 1
h and assessed for cell survival by colony formation assay and for DNA
immunoreactivity by flow cytometry. Cells were fixed in ethanol, exposed
to MAb, and stained with fluorescein-labeled anti-mouse immunoglobu-
lin. Immunofluorescence (IF) intensity was measured on a flow cytometer.
For each drug the cell killing and the binding of MAb to DNA appeared
in the same dose ranges. A strong correlation (r = 0.96) between cell
survival (logio surviving fraction) and IF was observed when data for
HN2, L-PAM, and l,3-bis(2-chloroethyl)-l-nitrosourea were combined.
This correlation was apparent in the range of 1-5 logio cell killing.
Enhancement of L-PAM cytotoxicity by buthionine sulfoximine (BSO)
or hyperthermia was accompanied by a proportional increase of DNA
immunoreactivity with MAb F7-26. The enhancement factors calculated
from survival curves (a ratio of the dose decreasing cell survival by 1
logio for L-PAM alone to that for L-PAM combined with modulating
factor) were 1.67, 1.58, and 3.07 for BSO, hyperthermia, and BSO plus
hyperthermia, respectively. For the same treatment regimens the en
hancement factors calculated from drug dose-IF curves were 1.73, 134,
and 3.79. A strong correlation between logio surviving fraction and IF
intensity (r = 0.93) was observed when data for L-PAM alone or L-PAM
combined with BSO and/or hyperthermia were considered together in
the range of 1-6 IÂ»Â«,,,cell killing. The cytotoxicity of alkylating agents
and nitrosoureas and the effectiveness of factors modulating chemother-
apeutic effects can be predicted by flow cytometry analysis of DNA
immunoreactivity with MAb F7-26.

INTRODUCTION

Detection of DNA damage in individual cells may be applied
in the assessment of chemosensitivity and for the evaluation of
drug resistance. The rationale for such applications reflects the
role of DNA damage as a central mechanism of cytotoxicity
for many drugs (1) and the heterogeneous character of tumor
cell populations. Solid tumors, especially fresh human material,
contain a mixture of normal and tumor cells and the analysis
of DNA damage should be performed selectively on tumor cells
to achieve reliable prediction of drug response. Also, resistant
cell subsets may represent a minor component of a tumor cell
population, and a low expression of DNA damage in these cells
may be overlooked during analysis of the total population.

In previous studies, a method for the quantitative evaluation
of DNA damage in individual cells treated with alkylating
agents was developed (2). For this procedure, cells were fixed
and exposed to F7-26, an anti-DNA MAb2 which detects local
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DNA denaturation (distortion) induced by DNA alkylation.
The relative amount of MAb bound to DNA in individual cells
was measured by FCM after staining with fluorescein-labeled
anti-mouse immunoglobulin. Double parameter FCM follow
ing simultaneous staining with MAb F7-26 and DNA fluoro-
chrome was performed to characterize DNA damage in cells
with different DNA content. Such methodology may be applied
for human solid tumors for selective assessment of DNA dam
age in aneuploid tumor cells.

In this investigation a relationship between immunoreactivity
of cellular DNA with MAb F7-26 and cell survival measured
by colony formation assay was studied using cells treated with
alkylating agents and nitrosoureas. The correlation with cell
killing measured by colony formation is a critical characteristic
for any cellular marker to be used in chemosensitivity assays.
It is important that such correlation appears in a range of cell
killing, which includes a decrease in cell survival of at least 5-
6 logio.

In these experiments a linear relationship between IF of
bound MAb and logio surviving fraction was observed when 3
drugs (HN2, L-PAM, BCNU) were compared or when L-PAM
combined with factors increasing its cytotoxicity was studied.
BSO and hyperthermia were used as factors modulating cyto
toxicity of L-PAM (3-6). A strong correlation between cytotox
icity and immunoreactivity was observed in the range of 1-6
logio cell killing. These results indicate that FCM analysis with
MAb F7-26 may be used to evaluate the cytotoxic activity of
alkylating agents and nitrosoureas and to determine the effec
tiveness of factors modulating chemotherapeutic effects.

MATERIALS AND METHODS

Cells. HeLa S3 cells were maintained in monolayer culture as de
scribed (7). Exponentially growing cells in 75-cm2 culture flasks were

treated with drugs, rinsed, removed with trypsin, and divided into two
aliquots. Cells from one aliquot were cloned to measure cell survival
and cells from the other were fixed in ethanol for FCM analysis (8).
For cell survival experiments cells were seeded in triplicate. After
incubation for 12 days in a humidified 5% ( <)_atmosphere, colonies
were stained with crystal violet. The surviving fraction was calculated
as a ratio of plating efficiencies in experimental and control flasks. Two
independent experiments were performed to obtain dose-response
curves. The cell survival data are presented as a mean of these experi
ments.

Drugs and Treatments. HN2, L-PAM, and BCNU were supplied by
the Division of Cancer Treatment, National Cancer Institute (Bethesda,
MD). Drugs were dissolved immediately before use, filtered, and added
to cultures for 1 h. Where indicated cell cultures were pretreated with
1 HIM BSO (Sigma Chemical Co., St. Louis, MO) for 16 h before
addition of L-PAM. Where indicated hyperthermic conditions during
L-PAM treatment were achieved by the immersion of culture flasks
into a water bath at 42Â°C.

MAb. Generation and characterization of anti-DNA MAb F7-26 has
been described (2).

FCM. Cell suspensions were fixed in ethanol and stained with MAb
as described in detail (2). Briefly, an indirect IF method was used to
measure immunoreactivity of cellular DNA with MAb F7-26. After
removal of fixative, cells were exposed for 30 min to MAb F7-26,
rinsed with PBS, and stained for 30 min with fluorescein-labeled
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affinity-purified goat anti-mouse IgM (Sigma) diluted 1:200 in PBS
containing 5% fetal bovine serum. For double parameter analysis cells
were stained with antibody as described and counterstained for DNA
with PBS containing 10 Â¿ig/mlpropidium iodide and 100 ^ ml RNase.

IF intensity was measured on a flow cytometer FACS Analyzer
(Becton-Dickinson, Sunnyvale, CA). Green fluorescence of fluorescein-
labeled antibody and red fluorescence of propidium iodide were mea
sured for 10.000 cells and recorded in the list mode. Distribution of
green fluorescence was displayed on the X-axis divided into 1,000
channels using log amplification. The sensitivity of the green fluores
cence detector was adjusted in each series of IF measurements to obtain
mean fluorescence intensity of control cells equal to approximately
channel 6. Control cells were not treated with drugs but were exposed
to MM> and stained with fluorescein-labeled anti-mouse immunoglob-
ulin. Since MAb F7-26 is not binding to DNA in control cells (2), the
fluorescence of these cells reflects level of background fluorescence.
The increase of the fluorescence intensity above background level in
drug-treated cells indicated the relative amount of MAb F7-26 bound

to DNA.
Data Analysis. Samples of drug-treated cultures were stained in

triplicate and log distribution histograms of green fluorescence were
generated on a flow cytometer from each stained specimen. From these
histograms mean fluorescence intensity was determined as mean chan
nel number by computer Consort 30 interfaced with a FACS Analyzer.
The mean fluorescence expressed as a mean channel number was used
to characterize the binding of Mab to DNA.

Two independent experiments were performed to study the effect of
drugs on the binding of Mab. The data are presented as a mean of two
experiments. To determine the relationship between cell survival and
antibody binding, mean channel numbers obtained from log distribution
histograms were plotted on a linear scale. The curves and correlation
coefficients (r) were calculated by linear regression analysis.

RESULTS

Cell Survival. The cytotoxic effects of HN2, L-PAM, and
BCNU on HeLa S3 cells are shown in Fig. 1. Cell survival
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Fig. 1. Survival curves for HeLa S3 cells treated with HN2, L-PAM, or
BCNU. Monolayer cultures were treated with drugs for I h and the surviving
fraction was measured by a colony formation assay.
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Fig. 2. Survival curves for HeLa S3 cells treated with L-PAM for l h (O), L-
PAM for 1 h following treatment with 1 mM BSO for 16 h (â€¢),L-PAM for l h
at 42'C (A), and L-PAM for l h at 42'C following treatment with 1 mM BSO

for 16 h (A).

Table 1 Effects of L-PAM combined with BSO and hyperthermia on DNA
immunoreactirity and cell survival

Cell survival
DNA immunÂ»

reactivity

Treatment
DIO Enhancement (â€¢â€ž,Enhancement

factor* (>ig/ml)c factor

L-PAML-PAM
+BSOL-PAM
+hyperthermiaL-PAM
+ BSO + hyper

thermia0.920.550.580.301.01.671.583.071.781.031.330.471.01.731.343.79
Â°Calculated from the data presented in Fig. 2 by linear regression analysis.
* Calculated as a ratio of D,0 or F10L-PAM alone/D,0 or Fi0 L-PAM combined

with BSO and/or hyperthermia.
' Calculated from the data presented in Fig. 4 using linear regression analysis.

decreased by 1-5 log,0 in the dose ranges 0.05-0.75, 1-5, and
20-80 itg/ml for HN2, L-PAM, and BCNU, respectively. FCM
studies were performed for the 3 drugs in these dose ranges in
order to compare MAb F7-26 binding to DNA with cytotoxicity
(see below).

The effects of L-PAM in combination with BSO and hyper
thermia on cell survival are shown in Fig. 2. BSO and hyper
thermia increased the cytotoxic effects of L-PAM in agreement
with the observations of others (3-6). The D)0 was lower after
treatment either of L-PAM following BSO or of L-PAM plus
hyperthermia than after treatment with L-PAM alone. The
lowest value of D,0 was observed after treatment with L-PAM
combined with both BSO and hyperthermia (Table 1). The
enhancement factor (D,0 of L-PAM alone/D10 L-PAM plus
modulating factor) was 1.58-1.67 for BSO and hyperthermia
and 3.07 for the combination of both modalities. The value of
enhancement factor for the combination of BSO and hyper-
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Fig. 3. Effect of drug treatment on DNA immunoreactivity with MAb F7-26.

Cells were treated with HN2. L-PAM. or BCNU for 1 h, fixed, stained with
MAb, and measured on a flow cytometer. Mean IF intensity was calculated from
IF histograms.
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Fig. 4. Effect of L-PAM on DNA immunoreactivity with MAb F7-26. Cells
were treated with L-PAM combined with BSO and/or hyperthermia (treatment
and symbols as in the legend to Fig. 2). Cells were fixed, stained with MAb, and
analyzed on a flow cytometer. Mean IF intensity was determined from IF
histograms.

thermia is slightly higher than the value expected for the
additive action of both modalities (1.58 x 1.67 = 2.64).

FCM. IF distributions of cells treated with HN2, L-PAM,
and BCNU and stained with MAb F7-26 were measured for
wide range of doses for the 3 drugs. From each IF distribution
the mean fluorescence intensity (mean channel number) was
calculated. The relationship between mean IF and drug dose is
summarized in Fig. 3. Comparison of Figs. 1 and 3 shows that

for each drug the cell killing and the binding of antibody
appeared in the same dose range. Increase of IF was observed
for the three drugs in the dose ranges which induced 1-5 logio
cell killing. These data show that the drug dose-IF curves can
be used to predict cytotoxic drug doses.

The effects of L-PAM in combination with BSO and hyper
thermia on the immunoreactivity of DNA with MAb F7-26 are
shown in Fig. 4. IF was higher in the cells treated with L-PAM
combined with BSO or hyperthermia than in the cells treated
with L-PAM alone. The highest IF was observed after combi
nation of L-PAM with both BSO and hyperthermia. The same
relative potential of the four treatment regimens was established
by the assessment of cell survival (Fig. 2).

Contour plots of double parameter FCM analysis for IF and
DNA content are shown in Fig. 5. Mean IF for cells in GI, S,
and G2-M phases were determined by gating based on DNA
content. IF values for subpopulations of cells in G,, S, and G2-
M cells were: after HN2 treatment, 29.8, 39.1, and 47.9; after
L-PAM treatment, 25.3,24.9, and 31.6; after BCNU treatment,
19.4,19.5, and 26.0, respectively. Thus, IF of S-phase cells was
equal to (L-PAM and BCNU) or higher than (HN2) the IF of
GI cells. IF of G2-M cells was higher than IF of GI cells for all
three drugs. However, when mean IF values were divided by
relative DNA content (1.5 for S-phase cells and 2.0 for G2-M
cells), the antibody binding per DNA unit was lower in S and
G2-M than in G, cells.

DNA Immunoreactivity and Cytotoxicity. To determine the
quantitative relationship between the binding of MAb F7-26 to
DNA and cell killing after drug treatment, the mean IF intensity
was plotted against logio surviving fraction (Figs. 6 and 7). Fig.
6 combines the results of the colony formation assay shown in
Fig. 1 and the results of FCM analyses shown in Fig. 3. For
each drug dose the mean IF intensity and logio surviving frac
tion are presented. A strong correlation was observed between
the mean IF and cell killing when data for HN2, L-PAM, and
BCNU were combined (coefficient of correlation, 0.96). A
linear relationship between immunoreactivity and cytotoxic
effects was observed in the range of 1-5 loglo cell killing.

The D,o values for HN2, L-PAM, and BCNU calculated
from survival curves were 0.1, 1.05, and 17.2 ng/ml, respec
tively. The drug dose-IF curves were used to obtain F,0. The
FIOvalues calculated from data presented in Fig. 3 were 0.17,
1.4, and 22.0 Mg/ml for HN2, L-PAM, and BCNU, respectively.
Thus for all 3 drugs, approximately the same estimate of
effective doses was obtained using cell survival or DNA im
munoreactivity measurements.

IF intensity increased by 9.2 units per 1 log of cell killing for
combined data presented in Fig. 6. For HN2, L-PAM, and
BCNU considered separately, the increases of IF per 1 log of
cell killing were 10.7,8.7, and 8.3, respectively. Thus, the slopes
of regression lines from each drug treatment were not signifi
cantly different from the slope from combined data.

The relationship between DNA immunoreactivity and cyto-
toxicity for L-PAM combined with BSO and hyperthermia is
presented in Fig. 7. This analysis was performed using IF data
from Fig. 4 and survival data from Fig. 2. A strong correlation
between cell killing and mean IF was observed when the data
for L-PAM alone and the data for L-PAM combined with
modulating factors were considered together (r = 0.93). The
linear relationship between IF and cell survival was observed in
the range of 1-6 logio cell killing.

IF data after treatment with 3 Mg/ml L-PAM at 42Â°Cwith

or without BSO pretreatment were not included into Fig. 7,
since cell survival after these treatments was below the limits
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Fig. S. Two parameter contour plots of HeLa S3 cells
treated with O.S Â«ig/mlHN2,4 /Â»g/mlL-PAM, or 60 *ig/ml
BCNU for I h. Cells were fixed and stained with MAb F7-
26 and propidium iodide for DNA.
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Fig. 6. Relationship between DNA immunoreactivity with MAb F7-26 and
cytotoxic effects of HN2 (O), L-PAM (A), and BCNU (O). The logio surviving
fraction was determined from the data presented in Fig. I, and IF intensity was
obtained from the results presented in Fig. 3.

of detection by colony formation assay. Thus, the linear re
sponse was detected by FCM analysis (Fig. 4) after treatments
for which the measurement of cell survival was not practical.

Correlations between the effectiveness of treatments and
DNA immunoreactivity were observed when enhancement ef
fects of BSO and hyperthermia on L-PAM cytotoxicity were
characterized by the slopes of dose-survival and dose-IF curves
(Figs. 2 and 4; Table 1). The enhancement factors for the 3
treatment regimens (L-PAM plus BSO, L-PAM plus hyper
thermia and L-PAM plus BSO plus hyperthermia) were similar
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Fig. 7. Relationship between DNA immunoreactivity with MAb F7-26 and
cytotoxic effects of L-PAM (O), L-PAM following BSO treatment (â€¢),L-PAM
combined with hyperthermia (A), or L-PAM combined with hyperthennia follow
ing BSO pretreatment (A). The logio surviving fraction was determined from the
data presented in Fig. 2. IF measurements include results presented in Fig. 4.

whether determined as a ratio of doses inducing 1 logic cell
killing or as a ratio of doses including similar IF increases.

DISCUSSION

The present experiments demonstrated a strong correlation
between the immunoreactivity of cellular DNA with MAb F7-
26 and cytotoxic effects of alkylating agents and nitrosoureas.
Cytotoxic effects were characterized by the cell surviving frac
tion measured in a colony formation assay and DNA immu-
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noreactivity assessed by FCM measurements of fluorescence
intensity of fixed cells stained with MAb. A correlation between
immunoreactivity and cell killing was apparent when data for
HN2, L-PAM, and BCNU were combined. Thus, the degree of
cell killing for different doses of these drugs may be predicted
from IF measurements after staining with MAb F7-26.

Enhancement of L-PAM cytotoxicity by BSO and hyperther-
mia was accompanied by a proportional increase of MAb F7-
26 binding to DNA. The most effective enhancement of L-

PAM cytotoxicity was observed when BSO and hyperthermia
were used together. The effect of this combination is of interest,
since hyperthermia is a local modality and would not affect
systemic toxicity of the L-PAM/BSO treatment. A linear rela
tionship between log,o cell killing and antibody binding was
observed in the range of 1-6 log,0 cell killing when data for L-
PAM alone and L-PAM combined with BSO and/or hyper
thermia were analyzed together. These data show that the
effectiveness of factors modulating cytotoxicity of alkylating
agents may be evaluated by the analysis of the interaction of
MAb F7-26 with DNA.

Dose-response curves were generated by measurements of
DNA immunoreactivity with MAb F7-26 after exposure of cells
to different drug doses. These curves had the same character
istics as the dose-response curves generated by the colony
formation assay, namely a steep increase in the effect and a
change of the slope when cytotoxicity was increased by modu
lating factors. Such characteristics of dose-response curves are
typical for alkylating agents (9-11). The acquisition of reliable
dose-response information by bioassays is a difficult problem,
especially for human cancers. FCM analysis with MAb F7-26
may be used to obtain dose-response data in human tumors, if
DNA aneuploidy measured simultaneously with IF is used as a
marker for tumor cells. In this study double parameter FCM
following simultaneous staining with MAb F7-26 and DNA
fluorochrome made it possible to characterize DNA damage in
the cells with different DNA content.

Dose-response curves obtained by measurements of cell sur
vival have been used to predict degree of tumor inhibition in
vivo, with cures expected when 5-7 log,0 of cell killing are
achieved (9-11). A correlation between IF and cell survival was
observed in this study in the range of 5-6 logio cell killing,
indicating that measurements of MAb binding to DNA may be
useful for predicting the degree of in vivo tumor inhibition.

Immunoreactivity of cellular DNA with MAb F7-26 resulted

from a local DNA denaturation (distortion) induced by DNA
alkylation (2). Studies by others have shown that alkylating
agents and carcinogens induce DNA reactivity with single-
stranded nucleases and antibodies (12-16). Formation of im-
munologically accessible sites in these studies was explained by
adduct-related DNA unwinding. MAb to L-PAM-induced
DNA adducts recognized DNA damage in native DNA, possibly
as a result of local conformational distortion ( 17). In the present
study, the quantitative evaluation of the local conformational
changes in DNA was obtained by the measurement of MAb
F7-26 binding to DNA in individual cells.

It will be important to determine the minimal size of dena
tured region which makes DNA accessible to MAb F7-26.
Studies with anti-nucleoside antibodies suggested that antibody

binding required denaturation of a sequence of 5-6 base pairs
long (18). Binding of MAb F7-26 to DNA may also require a
denatured region which is more than one base pair long, and
the alkylation of several neighboring bases is probably necessary
for the immunoreactivity of DNA with MAb F7-26. Such
hypothesis is supported by the inability of nucleosides to inhibit
the binding of MAb F7-26 to DNA in competition assays (2).
In agreement with the hypothesis that the alkylation of several
neighboring bases induces local DNA denaturation is the ob
servation that the accessibility of m-diamminedichloropla-
tinum adducts to the antibody occurred only in DNA with high
platinum:nucleotide ratio (16). Correlation between cytotoxic
ity and DNA immunoreactivity with MAb F7-26 possibly re
flects a correlation between cell killing and number of DNA
regions in which several neighboring bases are alkylated. It may
be suggested that such regions are one of the lethal lesions
induced by alkylating agents.
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