after they heat up) by adding sexual induc-
tion, and the consequent production of
drought-resistant zygospores, to their heat-
shock repertoire.
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Detection of Smoking-Related Covalent DNA
Adducts in Human Placenta

Ri1CHARD B. EVERSON, ERIKA RANDERATH, REGINA M. SANTELLA,
ROBERT C. CEFALO, TOMMIE A. AvITTS, KURT RANDERATH

The presence of covalent DNA chemical addition products (adducts) in human term
placentas was investigated by recently developed immunologic and 32P-postlabeling
assays. DNA from placental specimens of smokers showed a small but not statistically
significant increase in adduct levels when tested by antibodies to DNA modified with a
benzo[a]pyrene dihydrodiol epoxide (BPDE-I), the ultimate carcinogenic derivative of
benzo[a]pyrene. The postlabeling assay detected several modified nucleotides, one of
which (adduct 1) strongly related to maternal smoking during pregnancy. This adduct
was present in placental tissue from 16 of 17 smokers, but only 3 of 14 nonsmokers.
Among smokers, levels of adduct 1 in general were only weakly related to question-
naire and biochemical measures of the intensity of smoking exposures, which suggests
modulation by individual susceptibility factors. The adduct seemed to be derived from
an aromatic carcinogen, but it may not result from several of the most intensely studied
polycyclic aromatic hydrocarbons or aromatic amines in tobacco smoke. The data show
the association of cigarette smoking with covalent damage to human DNA in vivo.

IGARETTE SMOKING IS THE MAJOR

single known cause of cancer mor-

tality in the United States, and to-
bacco’s contribution to all cancer deaths is
estimated to be 30 percent (I, 2). Tobacco
smoke contains numerous substances that
cause cancer it animal bioassays, but it is not
clear which of the several thousand compo-
nents of this complex mixture are responsi-
ble for human carcinogenesis (I, 2). In
animals and humans, chemical carcinogene-
sis is a multistage process consisting of
mechanistically discrete events that may oc-
cur over a considerable portion of the life-
span of an individual (3). The initial event
(initiation) is thought to involve DNA dam-
age, as evidenced by the ability of the major-
ity of chemical carcinogens to give rise to
covalent chemical addition products (ad-
ducts) in the DNA of experimental animals
(4), but little is known about the nature of
DNA adducts formed in vivo in humans. In
this study the presence of DNA adducts
formed in placentas of women who smoked
during pregnancy was investigated with
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complementary immunologic (5) and post-
labeling (6) assays.

Smoking induces placental mono-oxygen-
ase activity, alters placental morphology,
and seems to increase the risk of malignant
and benign gestational trophoblastic disease
(I, 7). In addition to responding to smok-
ing, placental tissue was appropriate for
these studies because a large amount of fresh
tissue was available from healthy subjects,
which facilitated replicate analyses of each
specimen by multiple assays. Women who
donated placental specimens also provided
multiple blood specimens and interview data
concerning smoking and other exposures.
These samples and data allowed a study of
relations among measures of smoking expo-
sure and the formation of adducts; they also
provide materials for further studies of the
effect of metabolism or DNA repair on these
relations as well as for correlations with
clinical end points such as birth weight.

Healthy pregnant voluhteers receiving
care from the obstetrical service of the Uni-
versity of North Carolina Memorial Hospi-

tal in Chapel Hill were selected on the basis
of their smoking history. Informed consent
and a maternal blood specimen were ob-
tained during a clinic visit at about the 32nd
week of pregnancy. A second specimen of
maternal blood, a sample of cord blood, and
the placenta were obtained at delivery.
Blood specimens were analyzed for three
biochemical markers of smoking exposure—
cotinine, thiocyanate, and carboxyhemoglo-
bin (8). Subjects were interviewed within a
few days after delivery. Smoking data were
collected separately for each trimester and
the last 2 weeks of pregnancy; 17 of the 31
subjects reported active smoking during
pregnancy and were classified as smokers.
Shortly after delivery, placentas were frozen
at —80°C. Laboratory personnel conduct-
ing the assays had no knowledge of the
exposure status of the subjects. DNA was
analyzed for adducts by a competitive en-
zyme-linked immunosorbant assay (ELISA)
with antibodies to  DNA modified with
7B,8a.-dihydroxy-9a,10a-epoxy-7,8,9,10-
tetrahydro-benzo-[a]-pyrene (BPDE-I} (5),
and by the 32P-postlabeling assay (Fig. 1).
The antibodies used in the ELISA cross-
react with several other polycyclic aromatic
hydrocarbons containing a diol-epoxide re-
gion similar to BPDE-I (9), so that inhibi-
tion of antibody binding may have resulted
from adducts other than BPDE-I derjva-
tives, In the ELISA, human placental DNA
comipetitively inhibited antibody binding to
an extent equivalent to BPDE-I adduct lev-
els ranging from nondetectable to 5.8 fmol
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of adduct per microgram of DNA with the
monoclonal antibody (5) and from nonde-
tectable to 2.1 fmol of adduct per micro-
gram of DNA with the polyclonal antibody
(10) (Table 1). Limits of detection were
estimated to be about 0.06 fmol of adduct
per microgram of DNA (one adduct in
5 x 107 normal nucleotides) but depended
on the cross-reactivity of the antibody for
adducts actually present (9). Although the
mean adduct level was about 50 percent
higher for smokers than nonsmokers as mea-
sured by cither antibody, differences be-
tween smokers and nonsmokers were not
statistically significant (Table 1) (11).

The 32P-postlabeling assay revealed the
presence of several chromatographically dis-
tinct adducts in human placental DNA (Fig.
1). One adduct was observed most frequent-
ly and with the highest autoradiographic
intensity (adduct 1 in Fig. 1). Its presence in
placental DNA was strongly related to ma-
ternal smoking: only 3 of the 14 nonsmok-
ers tested showed evidence of this spot 4t a
low intensity (12), whereas the adduct was
present in all but 1 of the 17 smokers tested
(Wilcoxon rank sum test, P < 0.0001) (Fig.
2). The sirigle exception was a woman who
reported she started smoking an average of
four cigarettes per day during the second
trimester of pregnancy; her serum cotinine
value (9) during the last trimester was 145
and at delivery was 80, however, suggesting

at least moderate cigarette consumption. In
contrast, adduct 1 was found in the DNA of
a woman who reported she started to smoke
four to seven cigarettes per day during the
last trimester of pregnancy and had lower
cotinine and thiocyanate values. The highest
adduct value estimated (12) for a nonsmoker
was 1.5 (Fig. 2); this woman reported the
heaviest exposure to passive smoking among
nonsmokers in the study, averaging more
than 16 hours per day throughout pregnan-
cy. Of the two other nonsmokers showing
adduct levels of 0.5 (Fig. 2), one was ex-
posed to passive smoking less than 1 hour
per week and one was not aware of exposure
to passive smoking.

Since the procedure used was selective for
nucleotides substituted with aromatic car-
cinogens (6), adduct 1 was presumably a
derivative of an aromatic carcinogen. In an
attempt to identify adduct 1, human placen-
tal DNA samples were mixed with test DNA
preparatiors containing known aromatic
carcinogen—DNA adducts and then subject-
ed to the 32P-postlabeling assay. The test
DNA’s were isolated from livers or lungs of
mice 24 hours after a single injection with
the comipound of interest (6). In these ex-
periments the adduct did not seem to be
derived from several aromatic genotoxic
chemicals in cigarette smoke: benzo[a]-
pyrene, benz[a]anthracene, dibenz[a,b]-
anthracene, pyrene, chrysene, fluoranthene,

Fig. 1. Autoradiograms of placental DNA adduct
maps obtained by the 32P-postlabeling assay. Ra-
dioactivity (32P) was incorporated into mononu-
cleotides in enzymatic digests of placental DNA,
and evidence for the presence of adducts was
provided by the appearance of extra spots on
autoradiograms of thin-layer chromatograms of
32D-labeled DNA digests (6). Placental DNA (4
ng) was digested to deoxyribonucleoside 3’-mo-
nophosphates in 10 pl of 20 mM sodium succi-
nate, 10 mM CaClz, pH 6.0, containing 0.054
unit of micrococcal endonuclease and 0.45 pg of
spleen exonuclease per microliter, at 38°C for 3'2
hours. The labeling reaction led to the formation
of deoxyribonucleoside 3',5’-bisphosphates of ad-
ducts and normal nucleotides labeled at the 5’
location; it was conducted at pH 9.5 in a total
volume of 15 pl containing digest equivalent to
800 pM DNA-phosphate, 1.65 pM [y—32P]
adenosine triphosphate (9120 Ci/mmol), and

0.12 unit of polynucleotide kinase per microliter. Incubation was at 38°C for 45 minutes. Two-
dimensional DNA-adduct chromatography was carried out on polyethyleneimine-cellulose thin layers
(6), except that labeled normal nucleotides were removed by an initial development with LM sodium
phosphate (pH 6.8) and that solvents for the resolution of adducts were 3.6M lithium formate, 6.4M
urea (pH 3.5) (from bottom to top) and 0.6M LiCl, 0.37M tris-HCI, 6.4M urea (pH 8.0) (from left to
right). Residual radioactive background was reduced by a final development (from left to right) with
1.7M sodium phosphate (pH 6.0). Intensifying screen-enhanced autoradiography was performed at
-80°C for 4.5 days. Adduct quantitites were estimated from the intensity of their autoradiographic
image (12). (A) DNA from a nonsmoker; (B) DNA from a woman smoking an average of 20 cigarettes
per day during pregnancy, adduct 1 = 6 count/min; (C) DNA from a woman smoking an average of 19
cigarettes per day during pregnancy, adduct 1 = 9 count/min; a second adduct (2) was also present;
(D) DNA from a woman smoking an average of 25 cigarettes per day during pregnancy, adduct 1 = 14
count/min; three additional adducts (2 to 4) were also present. Furthermore, the spot marked x
appeared exceptionally strong, suggesting that an adduct (5) cochromatographed with background spot

Xin this sample.
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Fig. 2. Autoradiographic intensity of adduct 1 in
relation to smoking status during pregnancy. For
estimation of intensity values, see (12).

benzo[g,4,i]perylene, 4-aminobiphenyl, 2-
naphthylamine, or the isomeric methyl or
ethyl derivatives of aniline. It is possible that
this adduct was specifically formed in hu-
man or placental tissue from one of the
chemicals tested, or resulted from a chemical
not tested, such as one of the carcinogenic
nicotine-derived tobacco-specific N-nitrosa-
mines [recently reviewed by Hoffmann and
Hecht (2)]. Recent experiments have dem-
onstrated the formation of DNA adducts
when mouse skin was painted with cigarette
smoke condensate (13). One of these ad-
ducts appeared to cochromatograph with
adduct 1. Isolation of subfractions of con-
densate yielding this adduct may provide
materials to facilitate its identification.
Because adduct 1 was associated with
maternal smoking, data for active smokers
were examiined for quantitative relations be-
tween questionnaire and biochemical indi-
ces of smoking exposure and adduct intensi-
ty (Table 1). Among the 17 smokers there
was a weak positive association between the
intensity of adduct 1 and the number of
cigarettes women reported smoking during
the three trimesters and the last 2 weeks of
pregnancy; none of these reached statistical
significance. Values for the biochemical
markers of smoking exposure in maternal
and cord blood also were not strongly asso-
ciated with the intensity of adduct 1. An
exception was the strong association be-
tween adduct 1 levels and maternal carboxy-
hemoglobin values obtained about week 32
of pregharicy (Table 1); this association was
not observed for carboxyhemoglobin values
obtained at delivery (1 = 0.30, P = 0.24
for maternal; and 13 = 0.10, P = 0.76 for
cord blood). The weak correlations between
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Table 1. Assay residts comparing nonsmokers and smokers and, for smokers only, correlations between
levels of adduct 1 in the postlabeling assay and results of other assays.

Nonsmokers

Smokers Correlation with

Adduct level or measure adduct 1
of smoking exposure . .
’ N Mean = SEM N Mean = SEM g P
ELISA assays
Monoclonal antibody 14 0.96 + 0.34 17 1.65 = 0.46 042  0.02
(fmol adduct/ug DNA) ‘
Polyclonal antibody 14 0.37 = 0.07 16 0.56 = 0.14 -0.06 075
(fmol adduct/pg DNA)
Intensity of adduct 1* 14 0.18 £ 0.11 17 47 + 1.08+
Cigarettes per day
during third trimester
of pregnancy 14 0+ 0.00 17 l6£21 0.32 0.10
Cotinine (ng/ml)# 12 0.17 £ 0.11 14 155 = 18.8+ ~-0.05 0.82
Thiocyanate (pmol/liter)+ 13 446 + 47 14 127+94 + 0.25 0.22
Catboxyhemoglobin (%)% 14 0.69 £ 0.13 17 49 + 0.67t 0.50  0.007

*See (12) for scale.

TWilcoxon rank sum test comparing active smokers with nonsmokers, P < 0.0001.

tVa-

lues for maternal plasma or blood obtained at about week 32 of pregnancy.

levels of adduct 1 and intensity of smoking
exposure may indicate intervention by indi-
vidual susceptibility factors such as differ-
ences in mono-oxygenase and other meta-
bolic activity, or DNA repair.

In addidon to adduct 1, several other
adducts were detected (Fig. 1). Adduct 2
was present in five specimens; adduct 3 in
four, adduct 4 in only one, and a heavy X
spot suggesting adduct 5 in two. These
spots were detected only in DNA from
smokers. An additional adduct (number 6,
not shown), which chromatographed to the
left of adduct 1, was observed only in speci-
mens from two nonsmokers. The single
noteworthy exposure shared by these two
subjects was the use of portable kerosene
heatérs during their pregnancy. Because 6 of
27 women without adduct 6 for whom
questionnaire data were available also re-
ported some exposure to kerosene stoves,
this finding was riot significant (P = 0.07;
Fisher’s). The presence of adducts in DNA
specimens from nonsmokers indicates that
the postlabeling assay may be able to detect
DNA damage from exposures unrelated to
smoking. The postlabeling assay appears
particularly well suited for the analysis of
DNA adducts of unknown chemical origin
and structire and for detecting genotoxic
components in complex environmeéntal mix-
tures (13).

Inconsistencies between estimates for lev-
els of adducts measured by the immunologic
assays (which ranged as high as the immu-
nologic equivalent of about 2 BPDE-I ad-
ducts in 10% nucleotides) and estimates of
adduct 1 identified by postlabeling (which
ranged up to 1.4 adducts per 10° nucleo-
tides) may relate to differences in the chemi-
cal forms of adducts each assay measures,
errors in quantitation by either of the proce-
dures, or both of these factors. The ELISA
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assays would measure not only the BPDE-I
adduct used to produce the antibodies but
other cross-reacting materials as well (9).
Materials or assay conditions causing degra-
dation of antibody could also cause false
positive values in a competitive ELISA as-
say. The possibility cannot be excluded that
some material measured by immunologic
assays may not be detected by the postlabel-
ing assay. Likewise, especially because post-
labeling analyses were run under carrier-free
conditions (12), the absolute quantitation of
adducts identified by this assay is uncertain.
Since assays for all individuals were done
under identical conditions, these difficulties
should not affect interpretation of associa-
tions between adduct levels and exposure
histories. :

While postlabeling identified smoking-
related DNA adducts, the immunologic as-
say may be responding to as yet unidentified
environmental exposures. Among active
smokers only, however, a significant associa-
tion was observed between values for immu-
nologic assays using the morioclonal anti-
body and levels of adduct 1 (Table 1), which
suggests that the monoclonal antibody and
postlabeling assays responded to high levels
of a similar or related exposure. These rela-
tionships will be explored further as more
data become available and would be clarified
by comparisons with other assays for DNA
adducts (14) or approaches to measurement
of biologically effective exposure (15). The
preliminary nature of clinical and other asso-
cidtions generated from the small database
available for this repoit should be empha-
sized: larger and more corhprehensive stud-
ies are néeded to establish genetic and envi-
ronmental determinants of the formation of
DNA adducts in human tissues.

Two previous studies have reported the
presence of BPDE-I DNA adducts in hu-

man white cells (14) or white cells and lung
specimens (16) by enzymatic radioimmuno-
assays or ELISA. Shamsuddin ¢t al. found
similar frequencies of positive assays among
specimens of white cells from roofers (7 of
28 specimens), foundry workers (7 of 20),
and control volunteer laboratory personnel
(2 of 9) (14). Except for noting that the
controls with positive assays were smokers,
the data presented did not indicate a clear
relationship between exposures and assay
results. Perera et al. reported that lung tissue
from 5 of 27 patients contained significant
levels of adducts, but their presence was not
related to current smoking (16). The five
subjects were, however, former or passive
smokers. In contrast, our data directly link
an environmental exposure and DNA ad-
ducts in human tssue.

Lu e al. recently reported that the pres-
ence of DNA adducts in the placenta of
animals exposed to the environmental car-
cinogens  safrole, 4-aminobiphenyl, ben-
zo[a]pyrene, and dibenzo{cg]carbazole pre-
dicted the presence of adducts in both fetal
and maternal tissues including brain, liver,
lung, heart, kidney, skin, intestine, and uter-
us (17). These and other data (18) suggest
that adducts found in the placenta of smok-
ers will also be found in other maternal and
fetal tissues and may be associated with
initiation of malignancy or other adverse
effects in the mother or her progeny. The
approach used here should contribute to a
definition of chemical components of ciga-
rette smoke as well as other environmental
exposures that most severely damage human
DNA.
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Human Monoclonal Antibodies to Pf 155, a Major
Antigen of Malaria Parasite Plasmodium falciparum

RAacHANEE UDOMSANGPETCH, KATARINA LUNDGREN, KLAVS BERZINS,
BIrGrTTA WAHLIN, HEDVIG PERLMANN, MARITA TROYE-BLOMBERG,
JaN CARLSSON, MATS WAHLGREN, PETER PERLMANN,

ANDERS BJORKMAN

Pf 155, a protein of the human malaria parasite Plasmodium falciparum, is strongly
immunogenic in humans and is believed to be a prime candidate for the preparation of
a vaccine. Human monoclonal antibodies to Pf 155 were obtained by cloning B cells
that had been prepared from an immune donor and transformed with Epstein-Barr
virus. When examined by indirect immunofluorescence, these antibodies stained the
surface of infected erythrocytes, free merozoites, segmented schizonts, and gameto-
cytes. They bound to a major polypeptide with a relative molecular weight of 155K
and to two minor ones (135K and 120K), all having high affinity for human
glycophorin. The antibodies strongly inhibited merozoite reinvasion in vitro, suggest-
ing that they might be appropriate reagents for therapeutic administration in vivo.

UE TO THE RAPID RESURGENCE
of malaria in many parts of the
world and its enduring prevalence
in tropical Africa, major efforts are being
made to develop vaccines against the dis-
ease. Since the asexual erythrocytic stages of
the parasite are the cause of the morbidity
and mortality of malaria, interest has been
focused on the identification and character-
ization of antigens expected to be instru-
mental in inducing protective immunity
against these stages. Among the major can-
didates for a vaccine are antigens present on
the merozoites or on the surface of infected
erythrocytes. Antibodies to these antigens
have been shown to mediate (or amplify)
killing of the parasites, to block merozoite-
erythrocyte interactions, or to block or re-
verse sequestration of parasitized erythro-
cytes, thereby preventing the parasites from
escaping destruction in the spleen (1-4).
Of the four species of Plasmodinm that
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cause malaria in humans, P. falciparum is the
most malignant. Recently, we identified a P.
falciparum antigen, Pf 155, which is deposit-
ed in the erythrocyte membrane at mero-
zoite invasion. Pf 155 is a heat-stable poly-
peptide (molecular weight, 155K) associat-
ed with merozoites and present in the super-
natants of P. falciparum cultures (5). By
means of a modified immunofluorescence
assay (IFA), Pf 155 is casily detected on
erythrocytes infected with ring-stage para-
sites (3, 5, 6). Antibodies to Pf 155 efficient-
ly inhibit merozoite reinvasion in P. falci-
parum cultures in vitro (3, 0). They are
present in patients with acute P. falciparum
infection as well as in clinically immune
individuals (3, 5, 6). In residents of a ho-

loendemic area of Africa (7), a good correla- -

tion was found between serum titers of
antibodies to Pf 155 and acquisition of
clinical P. falciparum immunity (6). Al-
though the existence of an antigenic varia-

tion within or between P. falciparum strains
has not been ruled out, some of the major
antigenic structures of Pf 155 are present in
all strains and clones investigated thus far (5,
8). Hence, Pf 155 appears to be a suitable
candidate for a P. falciparum vaccine.

The use of rodent monoclonal antibodies
(MAb’s) has contributed to much of the
progress in the characterization of P. falei-
parwm antigens achieved thus far (1). How-
ever, in human disease, MAD’s from B cells
of malaria-immune donors should offer sev-
eral advantages over mouse MAb’s, includ-
ing the possibility of assessing the antibody-
forming potential of patients’ B cells and a
more direct identification of antigenic epi-
topes relevant for protection. In this report
we describe the production of human
MAD’s specific for Pf 155. These antibodies,
which efficiently inhibited merozoite reinva-
sion in vitro, were further used to establish
the relation of Pf 155 to similar P. falci-
parum antigens (9-11).

Cell cultures producing human monoclo-
nal antibodies were obtained by repeated
cloning by limiting dilution early after im-
mortalization of B lymphocytes transformed
with Epstein-Barr virus (12). The B lym-
phocytes were from a donor hyperimmune
to P. falciparum, who had a very high serum
titer of antibodies to Pf 155 (1:15,000) as
detected by IFA on glutaraldehyde-fixed
and air-dried erythrocytes infected with P.
Salciparum (3, 5). This IFA procedure was
also used to screen the cultures for produc-
tion of antibodies to Pf 155. Twelve immu-
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