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Presence of CD4* SP and DP (8, a3) T-Cells Expressing
BPDE-DNA Adducts in Progeny of Mouse Dams Exposed
to Benzo(«) pyrene at Mid-Gestation

Pamela J. Moolenaar-Wirsiy

Department of Biology, Clark-Atlanta University, Atlanta, Georgia, USA

Yungri G. Wirsiy and Paul Urso

Department of Microbiology and Immunology, The Morehouse School of Medicine, Atlanta,

Georgia, USA

After one exposure of C3H/HeJ pregnant females (at mid-
gestation) to B(a)P (at 150 ug/g BW), their progeny evidenced
suppression of both humoral and cell-mediated immunity, as well
as quantitative deficiencies in the levels of Lyt1™ and Lyt2*cells,
and CD4+ CDS8™, V;, Vf/r&, and VIBT-cells. We hypothesized that
these conditions could be a result, in part, of covalent binding of
BPDE to DNA within these cells. To test this, antiserum to BPDE-
DNA was generated in rabbits; after multiple purification steps, an
anti-BPDE-DNA (rendered ~99.5% specific for BPDE-DNA and
did not react with free BPDE or DNA antigens at dilutions even of
<1:50) antiserum was isolated. Flow cytometry and immunoflu-
orescence analyses showed the adduct was present in CD4* cells
of progeny fetal and in both post-natal thymus and spleen tissues.
Using a [**P]-post-labelling method, adduct was also detected in
samples of fetal liver during the period from Day 15 to 18 gestation.
Surprisingly, it was found that thymus cells from B(a)P-exposed
mice not exhibiting the adduct could severely suppress allogeneic
mixed lymphocyte responses, while those in which the adduct was
detected caused had a more pronounced suppression. We suspect
from the findings here that the presence of BPDE-DNA adducts
in T-cells contributes to, but is not necessarily the causa sola for,
the immunosuppression that develops in the offspring of pregnant
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mothers who are exposed to B(a)P (among many other agents) via
smoking, ingestion, or inhalation of environmental pollution.
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INTRODUCTION

It has been known for many years (i.e., see reviews from
Searle, 1984 through Feng et al., 2007) that a major carcinogenic
constituent of coal tar, soot, coal pyrolysis, coke oven residues,
and petro-products (e.g., engine exhaust) is benzo(w)pyrene
[B(x)P]. Like other members of the polycyclic aromatic hy-
drocarbon (PAH) family, B(«)P is a ubiquitous pollutant in at-
mospheres of various industrial and commercial environments.
Domestic B(«)P exposure also arises due to its generation in a
variety of sources, including cigarette smoking and combustion
of wood and other organic substrates for heating and cooking
(Li et al., 2003; Kuo et al., 2006; Lu and Zhu, 2007). In several
Third World nations, it is known that pregnant women or infants
held in their mothers’ arms are routinely repeatedly exposed
from 3—6 hr/day to high amounts (equal to or greater than those
of coke oven or foundry workers) of B(«)P in the smoke gener-
ated from burning biomass during cooking (Smith et al., 1983;
deKoning et al., 1985; reviewed in Naeher et al., 2007). Even
certain cooking methods can lead to an increased presence of
B()P on consumed foodstuffs themselves (reviewed in Simko,
2005). As aresult, both adults and children are potentially exten-
sively [non-occupationally] exposed each day to this dangerous
carcinogen.

Like many PAHs, B(«x)P exerts its carcinogenic activity
through binding to genomic DNA. Most of the current the-
ories of chemical carcinogenesis involving initiation, promo-
tion, and progression, interrelated with metabolic oxygenation
and the formation of reactive metabolites, are applicable to
B(a)P. Specifically, B(«)P is metabolized via the cytochrome
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P4so system (collectively termed aryl hydrocarbon hydroxy-
lase [AHH]) to a variety of reactive derivatives such as di-
hydrodiol epoxides (reviewed in Luch, 2005). More precisely,
the initial step in B(«)P metabolism is its oxygenation by the
CYP1A1 and/or CYP1B1 mixed function oxidases into arene
oxides (see Luch and Baird, 2005). The latter then undergo en-
zymatic hydrolysis via the activity of epoxide hydrolase (EH)
so as to yield trans-dihydrodiols; these, in turn, are then oxi-
dized by CYP enzymes into dihydrodiol-epoxides. The latter
cause somatic cell damage since the intermediate binds with
DNA to form covalent adducts—a key event in chemical car-
cinogenesis (reviewed in Baird et al., 2005). For B(«)P, the re-
active metabolites (+)- and (—)-(B(«)P-7,8-dihydrodiol-9,10-
epoxides (BPDE) have been deemed the ultimate carcinogens
formed during this metabolism (see Luch and Baird, 2005) as
their covalent binding to DNA results in possible base changes
and DNA rearrangements (Stevenson, 1990; Luch, 2005).

The BPDE metabolite adducts to the DNA (and cellular pro-
teins) of many cell types, including peripheral blood lympho-
cytes, monocytes, and macrophages (Ng et al., 1998; Phillips,
2002, 2005; van Grevenynghe et al., 2003, 2004; Tochigi et al.,
2005). The presence of these adducts in these cell types has been
documented in occupationally-exposed individuals (i.e., see ex-
amples of Haugen et al., 1986; Santella et al., 1993) and in smok-
ers (extensively reviewed in Phillips, 2002, 2005). For example,
coke oven workers exposed to 1—4 or 7-9 ;1g B(a)P/m? air (val-
ues dependent on use of air-filtering masks; Haugen et al., 1986),
and foundry workers exposed to < 5, 5-12, or 12-60 ug B(w)
P/m3 air (Santella et al., 1993), were shown to bear BPDE-DNA
adducts in their white blood cells at levels that corresponded to
the amounts of B(«)P available and/or length of exposure at a
given concentration. Among the foundry workers, average lev-
els of 5.2, 6.1, and 9.6 adducts/10® nucleotides were detected
in blood samples taken from members in the 3 respective ex-
posure groups. Among the oven workers, a mere 3-wk respite
from daily exposure led to a near-complete disappearance of the
adduct presence (i.e., from >13.7 down to 0.15 fmol/ug DNA)
in lymphocytes. Because of this good correlation between expo-
sure (dose/time) and adduct levels, the presence of BPDE-DNA
adducts within various circulating immune cells has been in-
creasingly accepted as a good biomarker for B(«)P exposure in
general (Reddy and Randerath, 1990; Castanzo-Vinyals et al.,
2004; Perera et al., 2004; Luch and Baird, 2005; Shantakumar
et al., 2005). It is important to note that exposure to B(«)P need
not only occur by inhalation or ingestion to attain these same
outcomes in immune system (or other type) cells. As shown
by several other investigators, injection(s) of the starting B(«)P
leads to formation of BPDE that covalently binds to DNA and
proteins (Bolognesi et al., 1985, Baird et al., 2005; Luch, 2005).

Malmgren et al. (1952) were the first to show the immunosup-
pressive action of PAHs. Other investigators have since demon-
strated both carcinogenic and immunosuppressive effects of
PAHs (including B(«)P) in adult animals, including mice. Of
even greater significance were findings that exposure to B(«)P
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during fetal life induced a more severe carcinogenic effect than
when it was introduced into adults (Bulay and Wattenberg, 1971;
Urso and Gengozian, 1980). Several investigators have reported
that a presence of epoxide hydrolase (EH) in fetal liver and other
tissues (e.g., Pacifici and Rane, 1983; Rouet et al., 1983, 1984;
Borlakoglu et al., 1993) as well as in various cell types (e.g.,
endothelial and dendritic cells, monocytes and macrophages)
might, along with AHH (Uziel et al., 1985; Neubert and Tap-
ken, 1988), also be mediating the biotransformation of B(«)P in
the progeny exposed in utero.

Building upon the findings of the increased carcinogenic
effect of B(«)P in progeny that were exposed in utero, Urso
and Gengozian (1982, 1984) then showed that there was also
a greater sensitivity to immune suppression in these progeny.
More precisely, these offspring evinced both increased severities
of suppression of humoral immunity and increased deficiencies
in host T-cell-mediated immunity. In later reports (Urso and
Johnson, 1987; Urso et al., 1992, 2007), it was also demon-
strated that there were quantitative changes and qualitative dys-
function within T-cell subsets and that some of their significant
molecules may have been involved in altered positive and neg-
ative selection and signal transduction events. Furthermore, it
was shown that B(«)P rendered T-cells, such as CD5% (Lytl™),
CD8" (Lyt2") (Urso and Johnson, 1987) and the T-cell receptor
(TCR) molecule-bearing V)f3, V%, Viﬁ, and CD4*t (L3T4%)
cells, defective in the progeny. More recent studies have at-
tempted to correlate these changes with those in fetal liver BPDE
levels, and in turn, with increased tumorigenesis in these progeny
(Urso et al., 2007).

The work here was prompted by preliminary studies from this
laboratory on the detection of BPDE-DNA adducts in lymphoid
tissues of B(a)P-exposed progeny after intraperitoneal (IP) in-
jection of dams on Day 12 of pregnancy (see Moolenaar et al.,
1996; Urso et al., 1996). It has been well documented that B(«)P
given to a dam at mid-gestation can enter the fetus where it is
then metabolized to BPDE that is toxic not only to fetal lympho-
cytes, but also to cells (e.g., dendritic, epithelial, macrophages)
of the fetal liver and thymus (Santellaet al., 1992; Ngetal., 1998;
Shultz et al., 2001). Our intentions here were two-fold, i.e., to
show that in mice exposed to B(«)Pin utero: (1) BPDE adducts
to the DNA of T-cells of the thymus and spleen, as well as of cells
in the fetal liver—events that could impact on the total numbers
of T-cells available for maintaining immunocompetency; and,
(2) BPDE adduction to the DNA of a variety of thymic (imma-
ture and mature) cells can reduce cross-talk between developing
CD47CD8™" double positive (DP) T-cells and Class II (or Class
I) stromal cells, resulting in functionally immuno-incompetent
T-cells among any survivors of positive or negative selection.

MATERIALS AND METHODS

Animals and Treatments
C3H/HeJ mice (5-6-weeks-old, Jackson Laboratories, Bar
Harbor, ME) were separated by gender and housed 5 mice per
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cage (until 11-12 weeks-of-age), and provided food and water
ad libitum. Sets of 2 females were then housed with one male,
and the females were observed daily for vaginal plugs. When a
plug was noted (Day O of gestation), the female was housed by
itself (>90% of plugged females become pregnant). At Day 12
of gestation, the female was injected intraperitoneally (IP) with
150 pg B()P (Aldrich Chemical Company, Milwaukee, WI)
per gram body weight (BW).

While it may appear that 150 ug/g BW has little clinical rel-
evance, this dose was chosen based on its wide use in numerous
other investigations examining effects of B(« )P in the progeny of
exposed dams (i.e., Lummus and Henningsen, 1995; Rodriguez
et al., 1999, 2002). Interestingly, some other investigators have
used much higher doses (Shum et al., 1979; Mattison et al.,
1980; Wang and Lu, 1990; Holladay and Smith, 1994), and oth-
ers slightly or much lower ones (i.e., Welch et al., 1972; Adler,
1983; Legraverend et al., 1984; Bolognesi et al., 1985; Ross
et al., 1991; Lu et al., 1993) to successfully induce expression
of BPDE-DNA adducts in various tissues of different species,
including mice. As such, the dose used here can be characterized
as mid-range in comparison to these other studies.

Isolation and Preparation of Cells from Progeny

Fetuses were removed for use at Days 15 to 18 of gestation;
offspring were also used at 1 wk post-birth. Thymus, spleen,
and fetal liver cells were then isolated and prepared for use in
various assays as described by Urso et al. (1987, 2007). The
Day 18 thymuses were pooled from 3—5 pups, while 2 thymuses
were pooled from the 1-week-old pups and kept on ice in a petri
dish containing phosphate-buffered saline (PBS) until use. Two
spleens from post-natal progeny were pooled, as were 2 fetal
livers from mice collected at Days 15 to 18 gestation. Atall times,
care was taken to prevent blood spillage from the surrounding
thymus. If blood contamination did occur, the thymus cells were
layered over Ficoll-Hypaque (F-H; specific gravity = 1.089),
as were the spleen and fetal liver cells. After centrifugation, the
buffy coat (interface) was recovered and kept on ice until use.
It was noted that cell loss after F-H separation was minimal
relative to that encountered if red blood cell lysing media was
employed.

Preparation of BPDE-DNA and Generation of
Anti-BPDE-DNA Antibody

Normal DNA was isolated from pooled thymuses of 6-week-
old naive C3H/HeJ mice following protocols provided in a non-
organic extraction kit (Oncor, Gaithersburg, MD). After teasing
the organs apart, liberated thymus cells were placed in 9 ml wash
solution, incubated 15 min at 25°C, and then centrifuged (1000 x
g, 20 min, 25°C). Ethanol (2 vol) was added to the recovered
supernatant. After the DNA present precipitated it was spooled
on a Pasteur pipette, air-dried, dipped in 70% ethanol, and air-
dried again. The DNA was placed in buffer and incubated at
50°C overnight. After vortexing, the DNA (now in solution) was
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diluted 1:50 with buffer and total DNA content then quantified
spectrophotometrically.

To allow for the reaction of BPDE with DNA, the harvested
DNA (at 2 mg/ml) was first mixed with an equal volume of
acetone. One mg BPDE (anti-7,8-dihydrodiol-9,10-epoxide; IIT
Research Institute, Chicago, IL) in 1 ml ethanol was then com-
bined with 1 ml DNA:acetone solution (i.e., 1 mg DNA), and
the mixture incubated 18 hr at 37°C in the absence of light.
Unbound BPDE was then removed and the nucleic acids pre-
cipitated with 0.1 vol 2 M sodium acetate and 2.5 vol ethanol.
After overnight incubation at —20°C, precipitate was recovered
by centrifugation at 5000 RPM (~3350 x g) and dissolved in
0.1 ml distilled water. Adduct presence was then determined
(post-acid hydrolysis; Vahakangas et al., 1988)) by synchronous
fluores-cence spectrophotometry (SFS; emission at 300 nm, ex-
citation at 337 nm), with peak adduct detection expected from
347-382 nm. Increased detection of tetraol moieties (B(x)P
tetraols acid-liberated from parent DNA gave a peak spanning
a 355-375 nm emission (Figure 1) corresponded to increases
in levels of adduction between BPDE and DNA (Vahakangas
et al., 1988). According to these Authors, SFS is likely more
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specific for BPDE-DNA adducts than [**P]-post-labelling and
ultra-sensitive enzyme radioimmunoassay (USERIA).

In preparation for immunizing, BPDE-DNA was dissolved
in 0.1 M NaCl, and the DNA then denatured by boiling and then
rapidly chilling in water. One percent (1%) methylated BSA (in
water) was then added until the final weight ratio was 1.0. This
complex was emulsified in Titermax (Sigma, St. Louis, MO) and
then injected into White New Zealand rabbits (=2 kg; Charles
River, Wilmington, MA) to raise anti-BPDE-DNA antibody-
bearing serum. Specifically, equal volumes were injected intra-
muscularly into the right and left gastrocnemius, and subcu-
taneously into the left and right inguinal regions. Ten to 14
days post-immunization, 10-35 ml blood was collected from
the marginal ear vein of each rabbit. After clotting, the serum
was removed, centrifuged at 2000 RPM (x550 x g) for 30 min
in the cold, and then stored at —70°C until assayed for the anti-
BPDE-DNA antibody.

Precipitation and Purification of Rabbit Anti-BPDE-DNA
Antibody

To detect antibody against carcinogen-DNA adducts, the an-
tiserum was precipitated with 30-40% ammonium sulfate (1:1
v/v) and the subsequent precipitate then dissolved in water
(yielding mostly rabbit IgG). The solution containing IgG (pro-
tein in serum was 85-90% globulin rich) was then added to
an EZ-Sep polyclonal antibody purification kit (Sigma). Anti-
body protein levels in the final resolved product were determined
spectrophotometrically at 280 nm. If any further purification
of antibody was necessary, BPDE was coupled with cyanogen
bromide-activated Sepharose 6B gel and column chromatogra-
phy was performed. In all cases, column eluates were tested for
presence of anti-BPDE-DNA IgG by enzyme-linked immuno-
sorbent assay (ELISA). An ELISA kit was purchased from
Kirkgaard and Perry Laboratories (Gaithersburg, MD) and the
procedures used were those recommended by the manufacturer.
Mouse serum antigen (MSA), BSA, BPDE, DNA, or BPDE-
DNA were placed in designated triplicate wells in the test plate
and served as potential antigens for antibodies in each eluate.
Preliminary studies already showed that the rabbit anti-BPDE-
DNA did not cross-react with MSA, and only very weakly with
BSA.

[32P]-Post-Labelling Procedure to Detect BPDE-DNA

A slight modification of the procedure of Reddy and
Randerath (1990) was used. Briefly, mouse DNA was isolated,
and then 50 pug samples (in a 1 ml total volume) were then
digested at 37°C for 5 hr with 16 U microccocal mononucle-
ase (1 U/ml) and 16 ng spleen phosphodiester-ase (1 pg/ml).
The mixture was then added to 30 pg P1 nuclease and incu-
bated 45 min; it was then labeled for 30 min at 37°C with 3.5
U T4 polynucleotide kinase and 50 pCi [**P]-ATP (Amersham,
Arlington Heights, IL). The material was then applied to a PEI-
cellulose thin layer chromatography plate to separate adducted
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nucleotides. The plate was sequentially developed, then placed
with X-ray film to localize adducts. Confirmation of the loca-
tion of the specific BDPE-DNA adducts on the plate was based
on comparison to results with a plate spotted with BPDE-DNA
adduct standard (prepared from the same material used to gener-
ate antibodies [see above]) and then processed in parallel. Spe-
cific spots corresponding to those on the film were removed
from the plate, mixed with scintillation cocktail, and analyzed
(in terms of cpm in adducted nucleotides and relative adduct
levels [RAL]).

Magnetic-Activated Cell Sorting (MACS)

This procedure followed the manufacturer’s instructions
(Miltenyi Biotec, Auburn, CA); specifics of the MACS protocol,
as well as the monoclonal antibodies used herein have recently
been outlined in detail in Urso et al. (2007).

Immunofluorescent Staining and Flow Cytometry

As an example of one series of studies, 3—4 ml of thymus cells
(at 1-50 x 10%/ml) were layered over an equal volume of F-H
and centrifuged at 3500 RPM (/1650 x g) and 20°C for 20 min
(note: thymus cells not contaminated with red blood cells were
not treated with F-H). Interface cells were then combined with
rat or mouse anti-CD4 monoclonal antibodies (Pharmingen, San
Diego, CA) and incubated in the cold for ~15 min. After gentle
washing with PBS, the cells were then treated with fluorescein
isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated) goat
anti-rat or FITC- or PE-rat anti-mouse antibody. The mixture was
again washed gently with PBS to remove unbound antibody and
the cells counted. Dilution of the cell preparation was necessary
when the count was suspected of being >10°-10°.

After the last incubation in the staining, the cells were washed
twice, resuspended in 0.5 ml PBS, and an aliquot removed and
immediately placed in a Becton Dickinson (BD) flow cytome-
ter for analysis. The results obtained with the BD system were
further compared against those from a Coulter Flow Cytometer
in the Flow Cytometry Laboratory in The Winship Cancer Cen-
ter at Emory University. Overall, the data obtained from both
systems (for matched samples) were consistently highly simi-
lar. Cell viabilities were verified by forward-angle scatter and
exclusion of trypan blue. In all samples, viability of cells was
found to be >90%. In each analysis, a total of 10,000 sample
events were obtained to generate the data used for analyses.

Functional Capacity of B(a)P-Exposed Thymus Cells

The ability of CD4 ™ thymus cells (C3H/HeJ B(a)P-exposed
responder thymic cells bearing BPDE-DNA adduct) to prolif-
erate in the presence of stimulator cells was assayed by the
allogeneic mixed-lymphocyte response (MLR) as outlined pre-
viously (Urso et al., 1992, 2007). The thymic cells contained
CD41CDS8™ surface molecules and had been isolated using
mini-macs column (beads conjugated with rat anti-mouse CD4)
after initial removal of CD8-bearing cells via MACS. To further
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select for adduct-containing cells from both sets of progeny,
saponin was added to the CD4" SP cells followed by rabbit anti-
BPDE-DNA and goat anti-rabbit IgG FITC. Using flow cytom-
etry, fluorescent (i.e., CD4"BPDE-DNA™) and non-fluorescent
(i.e., CD4TBPDE-DNA") cells were segregated and isolated,
and these responder cells were then assayed for proliferative
capacity in the MLR.

Briefly, allogeneic stimulator spleen cells [(Balb/c x DBA/2)
F;] were first inactivated with 1000 Rads of y -radiation. Tripli-
cate samples of thymic cells from 1-week-of-age B(«)P-exposed
or corn oil-exposed control (CO) progeny were then placed [at
107/ml] in RPMI-1640 containing 5% fetal calf serum and then
added to designated wells along with an equal volume and num-
ber of allogeneic splenic cells (Balb/cXDBA/2) F1. After 72 hr
incubation, cultures received 0.5 uCi [3H]-thymidine (DuPont
Chemicals, Wilmington, DE) and cells were recovered 24 hr
later on glass fiber filters using a Skatron harvester. The fil-
ters were placed in vials, scintillation cocktail was added, and
the vials incubated at 37°C overnight. Radioactivity in each
sample was then counted in a Beckman LS 5801 scintillation
counter (Fullerton, CA) and proliferation expressed in terms of
counts/min (CPM).

Statistics
Tests for significance were determined by Student’s 7-test for
small samples of equal or unequal size.

RESULTS

General Observations on Progeny

Though the actual data is not included in this report, as re-
peatedly observed in earlier studies (i.e., Urso and Gengozian
1982; Wolisi et al., 2001) that employed identical regimens to
those used here, fetal viability, litter size, and pup survival at
birth from B(«)P-exposed pregnant dams were not significantly
different from that seen with the dams (or their progeny) in
the corn oil-treatment groups. Furthermore, as also seen earlier
(Urso and Johnson, 1987), exposure of the pregnant dams to
the 150 g B(x)P/g dose led to a significant decrease in body
weight as well as in the thymus, spleen, and liver weights of
progeny on post-natal days 3 though 5; fetal parameters were
not significantly altered over the period of gestation day 15 to
birth. Thereafter, the status of all experimental and control off-
spring appeared normal (until about 9 mo post-partum when the
B(a)P-exposed progeny began to suffer the same increased mor-
tality as noted in our earlier studies; see Urso and Gengozian,
1984).

Detection of BPDE-DNA

Following addition of the rabbit anti-serum to the EZ-Sep
polyclonal rabbit purification kit, the recovered antibody in
PBS was tested against BPDE, BPDE-DNA-BSA, BPDE-DNA,
BSA, and DNA antigens at a 1:25 dilution. The rabbit anti-
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serum reacted with all antigens (there was a very low reaction
against BSA [data not shown]). Since it was further necessary
to purify the rabbit anti-BPDE-DNA antiserum, immunoaffinity
purification columns were employed. The adherent antiserum
of this column reacted against DNA, BPDE, and BPDE-DNA,
BSA, or MSA at a dilution of 1:100 or less. On the other hand,
the antiserum eluant containing rabbit anti-BPDE-DNA reacted
well against BPDE-DNA at 1:100 and lower dilutions (i.e., di-
lutions >1:1000), but did not react with the other antigens, and
most importantly, against either BPDE or DNA alone (data not
shown). This strongly indicated that the eluant containing rabbit
anti-BPDE-DNA was specific for BPDE-DNA, although it may
cross-react with DNA adducts formed by other B[a]P metabo-
lites that could not be examined in the present study.

Detection of BPDE-DNA in CD4"CD8" Thymic and
Spleen Cells

Thymus cells of Day 18 gestation and 1-week-old progeny
were applied to MACS containing rat ant-mouse CD4; the cells
recovered from the beads (i.e., CD4TCD8" DP [double positive]
and CD4"CD8" SP [single positive] cells) were then permeabi-
lized with saponin and incubated with rabbit anti-BPDE-DNA
antibody. After blocking with non-cross-reactive rat anti-F, an-
tibody, the cells were mixed with goat anti-rabbit IgG FITC
(green) antibody and propidium iodide (PI, to stain DNA red)
and analyzed by flow cytometry.

Among the thymus cells of 1-week-old progeny, BPDE-
DNA was shown to be present in the CD4tCD8" DP and/or
CD4"CD8™ SP cells that localized to Quadrant 2 (18%) as green
[anti-adduct] and red (DNA) dual fluorescence (Figure 2D). In
control progeny samples (Figure 2C), as expected, BPDE-DNA
was not detected. This is borne out by comparisons of their
Quadrant 2 values to those seen in Figure 2E that reflected lev-
els of dual fluorescing cells after binding of a non-specific 1°
antibody (i.e., also reflects background non-specific binding of
2° antibody in the reaction system). Although the values were
not the same, the Quadrant 2 data for the Day 18 fetal thymus
was comparable to that of the thymus of a 1-week-old pup (data
not shown). As expected, neither cell population displayed sig-
nificant shifts beyond Quadrant 3 (analogous to double negative
cells) in the absence of primary/secondary antibodies (Figures
2A and 2E).

As the data in Figure 2D was intriguing, double immunoflu-
orescence studies were under-taken with spleen cells of the 1-
week-old mice. Again, cells were passed through MACS con-
taining rat anti-mouse CD8. The effluent containing (among
many cells present) putative CD4TCD8~ SP cells was then ap-
plied to a mini-macs column containing biotinylated rat ant-
mouse CD4 and strepavidin. Bead-associated cells recovered
were subjected to double staining, (i.e., first treated with rat
anti-mouse CDS8 followed by PE-conjugated goat anti-rat Ig,
then with rat anti-mouse CD4 followed by FITC-goat anti-rat
Ig) and then analyzed by flow cytometry.
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FIG. 2.

Rabbit IgG + Goat Anti-Rabbit FITC + PI
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rabbit anti-BPDE-DNA FITC (green), indicating presence of BPDE-DNA in progeny cells.

Rabbit Anti - BPDE - DNA + Goat Anti-Rabbit FITC

Detection of BPDE-DNA adducts in MACS-isolated CD4*CD8" DP and CD4* CD8~ SP cells from thymus of B(a)P- and corn oil (CO)-exposed
progeny (1-wk-of-age). Data shown are representative of 4 experiments. X-axis: Intensity of Green Fluorescence. Y-axis: Intensity of Red Fluorescence. Results
presented are from: (A) CO thy cells only; (B) B(«)P thy cells only; (C) CO cells + propidium iodide (PI) + rabbit anti-BPDE-DNA 1° Ab + FITC-goat anti-rabbit
1gG 2° Ab; (D) B(«)P cells + PI + 1° Ab + 2° Ab; and (E) B(x)P thy cells + PI + non-specific rabbit IgG + 2° Ab (to reflect non-specific binding of 2° Ab).
Numbers in Quadrant 2 are percentage of cells detected containing BPDE-DNA adducts. For example, in Figure 2D, 18% of cells stained with PI (DNA-red) and
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FIG. 3. Detection of BPDE-DNA adducts in splenic CD4*CD8~ spleen
cells. Mini-macs-isolated cells were treated with saponin + PI + rabbit anti-
BPDE-DNA IgG + FITC-goat anti-rabbit IgG. Data shown are representative
of 3 experiments.

Repeated experiments indicated that >97% of the MACS
effluent cells were CD4TCD8~ (data not shown). The recovered
CD41tCD8 cells were mixed with saponin and PI, and then
with rabbit anti-BPDE-DNA IgG and FITC-goat anti-rabbit IgG,
before the mixture was subjected to flow cytometry. As before,
the data in Figure 3, Quadrant 2, represents the dual fluorescence
obtained from the PI (for DNA) and FITC (for BPDE), indicating
that these CD4TCD8~ SP cells expressed BPDE-DNA (a portion
of these adduct-bearing cells may also express y§ —see Urso
et al., 2007).

Presence of BPDE-DNA in Fetal Liver as Determined by
[32P]-Post-Labelling

Preliminary reports on the detection of BPDE-DNA in fetal
liver by a [3?P]-post-labelling method were given by Moolenaar
et al. (1996) and Urso et al. (1996). Here, CD4"CD8~ fetal
liver cells were isolated as described above for spleen cells.
Although BPDE-DNA adduct was evident in livers of B(a)
P-exposed progeny as early as Day 15 of gestation (data not
shown), maximal levels (determined based on total radioactiv-
ity and relative adduct levels) were reached on Day 17 (i.e., 10 x
10® nucleotides; Figure 4). Furthermore, BPDE-DNA analysis
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CO Fetal Liver - 17 Day Gest))

BaP Fetal Liver - 17 Day Gest

FIG. 4. Detection of BPDE-DNA in CD4+CD8" fetal liver cells via [*2P]-
post-labelling. Data are representative of 3 experiments. Arrow #1 points to
BPDE-DNA complex and Arrow #2 to origin. Fetal liver samples of (A) Corn
oil (CO) control and (B) B(«)P-exposed progeny collected at Day 17 gestation.

showed a strong spot in the same region as the 17-day gestation
fetal liver (data not shown). In livers of fetuses from dams that
had been exposed to corn oil, no adduct was present at these
time points. In each case, that the adduct isolated and analyzed
was attributable to BPDE rather than by other B[« ]P metabolites
was based upon the localization of the adduct to the same spot
as that with a BPDE-DNA adduct standard (data not shown).

Functional Assay of CD41 BPDE-DNA Adduct-Bearing
Thymus Cells

The allogeneic MLR was used to assay functionality of the
responder thymic cells from B(«)P-exposed progeny. Cells that
contained (i.e., BPDE-DNA™) or lacked (i.e., BPDE-DNA™)
adduct each evinced very poor proliferative responses (16 and
22% of control mouse cell levels, respectively) (Figure 5). How-
ever, the response by BPDE-DNA™ cells was significantly (p <
0.001) worse than that by the BPDE-DNA™ cells. The mean
values obtained were 5.70 x 103 (£0.14, SD) and 3.90 x
103 (£0.06) for the BPDE-DNA~ and BPDE-DNA cells,
respectively. Thus, the presence of the BPDE-DNA adduct ap-
peared to have exerted some influence on an already subnormal
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FIG. 5. One-way allogeneic MLR by isolated SP CD4™" thymus cells that do
or do not express the BPDE-DNA adduct. Values shown represent mean percent
of corn oil mouse [control] MLR activity (& SD) from 4 experiments. Control
thymus cell MLR CPM = 25 x 103, Difference between relative activities of
BPDE-DNA™ and BPDE-DNA ™~ cells was significant (p < 0.001).

MLR in cells from these exposed progeny. These results with
BPDE-DNA™ cells bolster earlier observations that thymic cells
from B(«)P-exposed progeny are markedly disabled in support-
ing responses to allogeneic antigens (Urso and Gengozian, 1984;
1992; 2007).

DISCUSSION

In this report, the presence of BPDE-DNA adducts in CD4*
(both CD4"CD8" DP and CD4*tCD8~ SP) cells of the post-
natal thymus and spleen, as well as in cells (as yet, undefined) in
the fetal liver, of progeny from B(«)P-exposed dams was demon-
strated. These represent the first in vivo studies detecting the ul-
timate carcinogenic intermediate of B(«)P metabolism, BPDE,
in specific subsets of T-cells from both of these lymphoid or-
gans in exposed progeny. Although the fundamental mechanism
underlying the immunosuppression seen here is still obscure,
it seems clearer that the reactive intermediate BPDE plays an
important—albeit not exclusive—role as previously suspected
(White and Holsapple, 1983; Wojdani et al., 1983; Holladay and
Smith, 1994; Holladay and Luster, 1996; Lee et al., 1996; Lee
and Urso, 2007).

It has been long-postulated that the BPDE-DNA adduct is
ultimately responsible for the genotoxicity (as well as carcino-
genicity and teratogenicity) of B(«)P; as such, any genotoxic
effects within lymphocytes and/or stromal cells (i.e., dendritic
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cells, macrophages/monocytes, epithelial cells) residing in lym-
phoid organs could be especially critical to the development
of immunomodulation. Although fetal tissue can metabolize
B(«)P into various products damaging to the developing im-
mune system, metabolic activation can also occur in the dams.
It is possible that the BPDE can cross the placenta into the fetus;
BPDE has been detected in the placenta (Lu et al., 1993).

Based on finding of other investigators, it can also be inferred
that maternal BPDE crosses into the fetus itself, covalently binds
to fetal DNA, and, causes immune damage and other genotoxic
injuries in the fetus (i.e., carcinogenic outcomes) (Lu et al.,
1993). Even with no or limited BPDE transplacental transfer,
it is already known that after injection into a dam, B(«)P crosses
the placenta and enters the fetus wherein it is metabolized (via
AHH/EH) to BPDE (Lu and Wang, 1990). It appears that the fe-
tal liver represents a strong source of reactive metabolites (like
BPDE) that could then initiate toxicities in the fetus (Pedersen
etal., 1985; Blake etal., 1979; Lu and Wang, 1990). Stromal cells
in the thymus and other tissues also have the AHH capability
to generate BPDE; local lymphocytes, and perhaps their T-class
components, in the fetus might also directly metabolize B(«)P
through the AHH system (Kouri et al., 1982; Uziel et al., 1985;
Haugen et al., 1986) to also generate the BPDE.

Although not specifically studied for this report, it is highly
likely that macrophages (i.e., dendritic cells) also play a promi-
nent role in the induction of the observed immunodeficiency.
These ubiquitous cells, which include alveolar and peritoneal
macrophages, liver Kupffer cells, and splenic macrophages (in-
cluding other sites) (Ladics et al., 1992; Tochigi et al., 2005)—
also contain the mixed function oxidase P450 enzymes CYP1A1
and CYP1B1 among other CYP compounds (Luch and Baird,
2005). Upon encountering B(«)P, these cells will metabolize the
PAH into intermediate metabolites including BPDE (Dehnen,
1975; Ng et al., 1998; Shultz et al., 2001; van Grevenynghe
et al., 2004) that is then, in turn, toxic to them. Therefore, even
if DP cells were present and unaffected by the B(«)P or BPDE,
the macrophages would likely be dysfunctional (or at least fewer
in number), and thus positive and negative selection would be
severely hampered.

Because stromal cells present in the newborn thymus and
spleen are able to metabolize B(«)P to its reactive intermedi-
ates, even in the absence of any adducts or associated genetic
modulation among lymphocytes there could be potential shifts
induced in the normal immune function in the exposed progeny.
For example, changes in the genomes of the various stromal cell
types could potentially lead to abnormal maturation and differ-
entiation, and changes in surface marker expression (Laupeze
et al., 2002). These types of alterations could then lead to re-
duced interactions between major histocompatibility complex
(MHC) molecules on dendritic cells/macrophages and TCR sites
on the “normal” T-cells. Similarly, because development of im-
munological efficiency requires interactions between functional
stromal cells and histocompatible CD4TCD8DP T-cells to ul-
timately establish functional CD4" (and CD8*) SP T-cells, the
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cross-talk for these events between both cell types could poten-
tially become minimal or negligible if the stromal cells develop
aberrant surface marker expression(s). Of course, if BPDE-DNA
adducts are also present within one or more of the T-cell sub-
types, then each of the scenarios above can occur with greater
potential frequency (i.e., if both stromal and T-cells are affected)
or even in the absence of any changes in any “unaffected” (i.e.,
adduct-deficient) macrophages/dendritic cells.

Another major significance of the findings here is that the fe-
togenic developing immune system was compromised by B(«)P.
As noted in earlier studies by this and other laboratories, this ef-
fect lasts for almost the entire lifespan of the prenatally exposed
mouse. Building upon earlier findings of others using B(«)P (or
other PAHs; Holladay and Smith, 1994; Holladay and Luster,
1996; Holladay and Smialowicz, 2000), a presence of BPDE-
DNA adducts in neonate lymphoid organ cells, as well as cells
of the fetal liver, could suggest that this persistent immune de-
ficiency likely arises from a failure to fully repair this initial
damage to the immune system. Moreover, it seems that any re-
pair of this damage may be of little consequence; B(«)P-exposed
progeny remain immunodeficient for at least 18 mo and also de-
velop tumors (beginning at 9 mo-of-age) that leads to mortality
rates of >80% (Urso and Gengozian, 1982, 1984). It is intrigu-
ing that these animals exposed in utero appeared normal for at
least 9 mo post-birth. This initial finding of “normal” may have
been more a product of the fact that the progeny were housed in
extremely clean/aseptic conditions all their lives.

While a linkage between damage to lymphoid organ cells
to development of immunodeficiencies in the progeny could
appear to be somewhat straightforward, the relationship to this
same damage in liver cells is less direct. Holladay and Smith
(1994) found a reduction in levels of pro-lymphocytic cells bear-
ing CD44%and terminal deoxynucleotidyl transferase (TdTY)
cells in GD18 fetal liver after in utero B(a)P exposure. Holladay
and Luster (1996) later noted studies (Gregoire et al., 1977) that
showed that among the TdT* cells in fetal liver were prothy-
mocytes, the immediate precursors of thymocytes. The Authors
also cited a study by Fine et al. (1989) in mice exposed to TCDD
at GD14 that suggested that a reduced fetal liver capacity to
synthesize TdT could ultimately result in a failure to supply a
developing thymus with prothymocyte stem cells. It would not
then be implausible to surmise that a presence of BPDE-DNA
adducts in fetal liver cells could cause impairments that would
lead to a reduction of progenitor (prothymocyte) cells that could
migrate to the developing thymus (i.e., pro-T-cells).

In conjunction with the potential changes in overall T-cell
numbers induced by in utero B(«)P exposure, effects upon the
processes involved in the normal development of those T-cells
evolving in the thymus might also become a part of this im-
munomodulatory response. Although the precise abundance of
the various forms of TCR molecules on CD4* SP or CD4TCD8™*
DP cells containing the BPDE-DNA adduct was not directly de-
termined here, it is highly likely that at least some of these SP/DP
not only contained the adduct but also bore TCR y 6 and/or o8
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markers (Urso et al., 2007). Whether there are shifts in the rel-
ative expression of either/both molecules overall in the exposed
progeny thymic cells remains to be determined in our ongoing
studies. These shifts could arise from effects induced by the
presence of the adduct (i.e., base changes and aberrant gene re-
arrangements) upon the normal gene rearrangements required
for fetogenic T-cell development and for positive and negative
selection of T-cells in the thymus.

Normally, DP «af-bearing cells must successfully undergo
positive and negative selection before they leave the thymus.
Positive selection occurs when DP cells bind cortical epithe-
lial cells expressing Class I (or II) MHC-self-peptide complexes
with sufficiently high affinity to receive a cell survival signal. In
turn, some cells that survive selection may migrate further into
the cortico-medullary junction where they encounter (marrow-
derived) macrophages and dendritic cells expressing MHC-self
peptide complexes. Those cells that bind self peptide-MHC with
high affinity at this stage undergo negative selection and die (by
apoptosis). Of course, other cells that have successfully rear-
ranged TCRag but fail to bind MHC-self complexes at all within
~4 days die in the cortex even prior to selection processes. As a
result, any changes in expression of TCR molecules would ulti-
mately mean that interactions between thymic stromal cells and
DP/SP cells would be reduced. In these scenarios, thymic T-cell
development would not progress adequately enough to supply
functional immunoresponsive cells to, and there would also be
increased levels of dysfunctional T-cell subsets in, the exposed
host (Urso and Johnson, 1987; Urso et al., 2007).

Still, even with the results presented here regarding the dis-
turbances in allogeneic MLR (in conjunction with results from
some of our previous studies) with the cells from the B(«)P-
exposed progeny, it cannot yet be firmly established that BPDE-
DNA adducts are the key factors in the immunosuppression
induced in progeny by B(«)P. For example, here, even BPDE-
DNA™ CD4* SP cells gave rise to suppressed MLR. It may be
that immunosuppression after B(«)P exposure includes deleteri-
ous effects by other intermediate reactive metabolites that do not
bind to DNA yet have profound effects on the immune system
(i.e., 3-OH-B(«)P and B(«)P-7,8-dihydrodiol; Lee et al., 1996;
Lee and Urso, 2007).

In conclusion, this study documents the presence of BPDE-
DNA adducts in CD4+*CD8~SP and/or CD4"CD8*DP T-cells
in the lymphoid organs of progeny exposed to B(«)P in utero.
However, while a true cause-and-effect mechanism for BPDE
relative to immunosuppression has not been fully established
here, the effects of B(«)P strongly implicate this agent and
its varied metabolites in impacting on the fetal ontogenesis of
the immune system, ultimately leading to immunodeficiency
in these progeny. Though the adducts may not be the key fac-
tors in the immunosuppressive effects induced by B(«)P, they
could lead to genotoxic changes (such as gene rearrangement)
that render immune cells (i.e., CD4TCD8* and CD4+tCD8~
lymphocytes and/or macrophages) disabled in carrying out their
interactions with histocompatible cells.
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While the generalized immune deficiency that exists in the
progeny may not completely depend on the effect of BPDE-DNA
adducts, the latter’s presence appears to exacerbate the already-
altered functional capabilities of the T-cells. Ultimately, it is
most likely that the greatest impact of dam exposure to B(«)P
is two-fold, i.e., genetic damage is induced in their progeny that
allows for the expression of neoplastic changes in the cells of
various tissues and the cancer cells that are created are now no
longer able to be recognized adequately (i.e., killed/removed)
by the concurrently-disabled immune system.
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