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Abstract

We recently observed an autoimmune profile in 24-week-old C57BL/6 mice that received a 2.5 or
5.0 png/kg mid-gestation dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Mustafa et al.,
2008). The clinical signs were consistent with a lupus-like syndrome and included: increased
autoantibody levels, renal IgG and C3 immune complex deposition with associated inflammation,
and increased peripheral VB* T cells. No studies currently exist following the progression of such
disease into middle or advanced ages, when human autoimmune diseases may manifest. Therefore
in the present study, littermates of mice from the previous 24 week prenatal TCDD study were
allowed to age to 48 weeks, considered early geriatric in mice. Similarities and differences in the
disease profile based on age and sex were observed. Peripheral autoreactive V™ T cells were
increased in both sexes at 48 weeks, in contrast to males only at 24 weeks. Activated T cells from
48-week-old prenatal TCDD females over-produced the proinflammatory cytokine IFN-y while
males over-produced IL-10, effects again not seen at 24 weeks. Splenic transitional-2 B cells
(CD21/nMCD24M) were increased in males while transitional-1 B cells (CD23"¢9 CD1"9) were
increased in females at 48 weeks. Autoantibodies to cardiolipin and CD138* spleen plasma cells
were significantly increased in the aged males but not females. Anti-1gG and anti-C3 immune
complex renal deposition were also significantly increased in the prenatal TCDD males but not
females. These selective changes in the aged male mice may be noteworthy, in that the prevalence
of SLE in humans shifts dramatically toward males with aging. The collective findings in aged
mice suggest that prenatal TCDD permanently biases the postnatal immune response in C57BL/6
mice toward autoimmunity, and support a significant B cell component to the induced renal
autoimmune disease.
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Prenatal TCDD altered the postnatal immune system, and differently so based on sex.

Immune dysregulation affected both T and B cells, phenotypically and functionally.

Prenatal TCDD caused a lupus-like autoimmune phenotype.
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Introduction

Prenatal TCDD exposure affects thymus biology and T cell maturation, manifested
perinatally by severe but transient thymic atrophy and changes in proportions of thymocyte
subpopulations (Camacho et al. 2005; Fine et al. 1990a; Kamath et al. 1997). TCDD may in
part elicit such thymic toxicity by altering transcription of genes controlling proliferation
and trafficking in the most immature thymocyte phenotypes, specifically TN2 (CD44",
CD25%) and TN3 (CD44-, CD25™) (Frericks et al. 2006; McMillan et al. 2007). The majority
of available prenatal TCDD studies have focused on the suppressive effects of this agent on
cell-mediated immunity, which may be permanent (Gehrs and Smialowicz 1997; Holladay
and Smialowicz 2000).

In the thymus, generating a repertoire of T cells capable of recognizing a diverse and broad
array of MHC-restricted antigens is critical for survival. Yet, to avoid autoreactivity, the
diversity of MHC-restricted antigen recognition is limited through the process of negative
selection (Palmer 2003; Sebzda et al. 1999). TCDD appears to alter the dynamics of thymic
selection in part through dysregulation of coreceptors, MHC expression and costimulatory
molecules that are believed to play an important role in thymic selection (Fisher et al. 2004).
Beginning in the developing thymus, MHC molecules act as thymic self-antigen-presenting
molecules in a process whereby thymocytes expressing T-cell receptors (TCRs) with high
affinity to self-antigen are eliminated. Prenatal exposure of mice to TCDD produced long-
term alterations in thymic MHC antigen expression (Holladay et al. 2011), an effect that
predictably may contribute to an altered postnatal T cell repertoire.

In addition to potentially facilitating the escape of autoreactive thymocytes during negative
selection, TCDD enhanced extrathymic production of T cells in compartments where
negative selection is absent or less stringent compared to thymus. Silverstone et al. (1994)
showed that TCDD induced T cell differentiation in the liver of young adult mice. These
extrathymic-derived T cells expressed elevated levels of CD4*VB172 and VB3*TCR. Such
TCR variable B (\VVB) chains are usually deleted in the thymus by reaction with self-MHC
and minor lymphocyte stimulatory antigens (Okuyama et al., 1992; Hanawa et al., 1993) and
have been associated with autoimmunity in experimental mouse models (Rocha et al. 1992).
Thus, multiple effects of TCDD on T-lineage cells suggest the potential for increased
autoreactivity.

There is a deficit of information about effects of early TCDD exposure on postnatal B cell
development and function, particularly involving enhanced immune reactivity (Holsapple et
al. 1991; Luster et al. 2003). Recent adult mouse studies suggest the disruption of normal B
cell function may precipitate autoimmune responses by events other than production of
autoantibodies, including altered antigen presentation and shifts in cytokine production that
cause modulation of other immune cell types. For these reasons, B cells may play a more
diverse and important role in autoimmunity than previously proposed (Fujimoto and Sato
2007; Martin and Chan 2006).

We recently detected altered B lymphopoiesis and B cell subpopulations in the spleens of
C57BL/6 mice at 24 weeks following a single prenatal dose of TCDD (Mustafa et al. 2008).
These studies suggested that prenatal TCDD exposure caused at least a highly persistent
change in differentiation and activation of B cells, possibly shifting the maturation of naive
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B cells toward the marginal zone in the spleen. Similar expansion of these B cell clones into
the marginal zone has been associated with autoimmune disease (i.e. murine lupus) (Carnrot
et al. 2011; Grimaldi et al. 2001). The prenatal TCDD-exposed 24-week-old mice also
exhibited increased autoantibody titers to dsSDNA, ssDNA, cardiolipin and glomerular
substrate in kidneys, suggesting a collection of altered humoral responses that may
contribute to the lupus-like syndrome.

Aging of the immune system is associated with gradual deterioration of its function, or
immunosenecence, and exerts significant effects on both innate and adaptive immune cells
as well as the precursor cells. Aging decreases the responsiveness of B cells to antigens
(Klinman and Kline 1997; Zharhary and Klinman 1983), diminishes immature splenic B cell
numbers (Kline et al. 1999), reduces costimulatory molecules (LeMaoult et al. 1997;
Weksler and Szabo 2000; Zheng et al. 1997), dysregulates B-cell receptor signaling
(Souvannavong et al. 1998; Van der Put et al. 2003), but at the same time enhances T-cell-
independent immunoglobulin and low-affinity auto-antibody production (Cancro and Smith
2003; Dunn-Walters and Ademokun 2010; Johnson et al. 2002). Furthermore, age-
modulated dysregulation of T-cell/B-cell interactions in mice and humans has been related
to defective humoral immunity with enhanced autoantibody levels and chronic inflammatory
status (Krabbe et al. 2004; Lazuardi et al. 2005; Yang et al. 1996). Aging is also associated
with expression of certain autoimmune diseases, which may significantly impact the quality
of life in the elderly (Klinman and Kline 1997). It was therefore important to follow prenatal
TCDD mice that showed an autoimmune signature at 24 weeks-of-age (Mustafa et al., 2008)
into more advanced ages.

The present study was conducted to determine if a lupus-like syndrome induced by prenatal
TCDD in C57BL/6 mice, would continue to progress as the animal approached the geriatric
stage. We also evaluated how aging influenced the prenatal TCDD--mediated disease
progression across sex. A more detailed analysis of bone marrow B lymphopoiesis and renal
pathology was included based on changes in these endpoints that were detected at 24 weeks.
Selected parameters of cell-mediated and antibody-mediated immunity were also examined
in both primary and secondary lymphoid organs. We hypothesized that immune-mediated
renal disease would continue to progress with aging and that the immune modulation in
these late-adult mice would continue to be differentially expressed based on sex.

Methods and Materials

Mice and TCDD exposure

C57BL/6 mice were obtained from Charles River Laboratories (Portage, MA) at 4-5 weeks-
of-age. Mice were acclimated to the animal care facility for at least 2 weeks prior to
breeding. Briefly, 80 female C57BL/6 mice were bred overnight using one C57BL/6 male
per two females, and plug positive mice the next morning were designated gestation day
(gd) 0. Pregnant C57BL/6 mice were orally gavaged on gd 12 with 0, 2.5 or 5.0 pg/kg
TCDD dissolved in corn oil (n=12 pregnant mice/treatment). The F; offspring remained
with dams until weaning, and then were separated by treatment and sex, and a randomly
selected group of mice from each treatment group was allowed to mature to 48 weeks-of-
age. All animals were fed a commercial pelleted diet and provided water ad libitum, and
were housed under controlled conditions of temperature (22°C), humidity (40-60%), and
lighting (12:12 light:dark cycle). Animal maintenance, care and use were at all times in
accordance with Institutional Animal Care and Use Committee (IACUC) guidelines at
Virginia Tech, and approved prior to initiation of experiments.
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Body weights and tissue collection

Mice were euthanized by cervical dislocation and weighed. The thymus, spleen, bone
marrow and axillary and inguinal lymph nodes (LN) were immediately collected post-
euthanasia under aseptic conditions, using dissection scissors and curved forceps. Axillary
and inguinal LN were pooled for flow cytometry. Non-LN organs were weighed and then
placed individually into pre-labeled sterile Petri dishes (Corning, Corning, NY), containing
8 ml of RPMI-1640 culture medium (Mediatech, Herndon, VA). Dishes were placed on ice
until tissue dissociation.

Cell dissociation and enrichment

Each organ was gently dissociated over a stainless steel sieve screen (Sigma, St. Louis, MO)
using curved forceps. Cells were then pipetted through the sieve screen following
dissociation to remove debris. Cells were washed in RPMI-1640 for 10 min, 240%g, and
23°C. The supernatant was discarded and, with the exception of spleen, the cell pellet was
resuspended in 8 ml of RPMI-1640. Spleen cells were resuspended in 1 ml incomplete
RPMI-1640. To each tube, 2 ml of 0.83% ammonium chloride lysis buffer (ACK, pH 7.29)
were added, to lyse red blood cells, and tubes were incubated for 5 min at 23°C. After the
lysis incubation, the cells were resuspended in 5 ml of incomplete RPMI-1640 and washed
twice (7 min, 290xg and 7°C). The splenic leukocyte-rich cells were then resuspended in 5
ml complete RPMI-1640 media containing 10% heat-inactivated FBS (Atlanta Biologicals,
Atlanta, GA), 2 mM L-glutamine (ICN, Costa Mesa, CA), 50 IU/ml penicillin (ICN), and 50
mg/ml of streptomycin (ICN), and maintained at 7-10°C. For bone marrow isolation, femurs
were removed and the bone marrow cavities flushed with 2% FBS-PBS, washed once (7
min, 290xg and 7°C), resuspended in 1 ml incomplete RPMI-1640 media and stored at 4°C.

Cell enumeration

Cells were enumerated and size-analyzed using a Beckman Multisizer 3® cell counter
(Beckman Coulter, Fullerton, CA) according to the manufacturer's protocol. Briefly, a 10 uL
aliquot of enriched cell suspension was transferred to a plastic counting-chamber containing
10 ml of PBS (Mediatech). Plastic chamber was capped, mixed by repeated gentle inversion,
and counted. Cells were adjusted to 5.0x106 cells/ml in complete media.

Flow cytometric evaluation of cell-surface markers

Cell suspensions (5 x 10%/100 pl) from the thymus, spleen, lymph node, and bone marrow
were dispensed into individual wells of a 96-well round-bottom tissue culture plate
(Corning). Monoclonal antibodies (mAbs) with phycoerythrin (PE) fluorescent labels were
used according to manufacturer's (BDPharmingen; San Diego, CA) recommendation at a
concentration of 0.2 ug/ul; mAbs with fluorescein isothiocyanate (FITC) fluorescent labels
were similarly used at the recommended concentration of 0.5 ug/ul. Cells were stained as
previously described for 24-week-old littermates of the present mice (Gogal et al. 2001;
Klein et al. 2006). Briefly, lymphocyte aliquots (5%10° cells/ 100 ul) from thymus, spleen,
lymph node and bone marrow were incubated with the following primary mAbs: PE-anti
CD4, FITC-anti CD8, FITC-anti CD25, FITC-anti CD19, PE-anti CD5, PE-anti CD3, PE-
anti CD45/B220, PE-Cy5 anti CD45/B220, PE-Cy5 anti CD93 (AA4.1) (eBioscience, San
Diego, CA); FITC-anti VB3 TcR (KJ25), FITC-anti VB172 TcR (KJ23), FITC-anti CD45/
B220, PE-anti CD24 (HSA), FITC-anti CD1, PE-anti CD23, PE-anti CD138
(BDPharmingen). For double or triple staining protocols, mAbs with different fluorescent
labels were simultaneously added to the sample. For bone marrow analysis, aliquots of
5x10° cells were pre-blocked with anti-FcyllI/IIR (clone 2.4G2, Rat 19G2y,). Following
staining, cells were washed and evaluated on a Coulter Epics XL flow cytometer (Beckman
Coulter). From each sample, 10,000 events were collected and analyzed using the FlowJo
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software program (Tree Star, San Carlos, CA). Dead cells, clumps, and debris were
excluded electronically by gating on forward scatter (FSC) versus side scatter (SSC). The
distribution of B cell subsets gating was as previously described (Grimaldi et al. 2001).

ELISA for autoantibodies to double-stranded DNA, single-stranded DNA and cardiolipin

To detect the presence of dsDNA antibody, 96-well medium-binding microtiter plates
(Corning) were coated with heat-denatured calf thymus DNA (100 ug/ml; Sigma). For
ssDNA antibody titers, DNA from calf thymus was used (10 pug/ml; Sigma), and for
autoantibodies to cardiolipin a solution from bovine heart was used (10 ug/ml; Sigma). All
pre-coated plates were incubated at 4°C overnight. Plates were washed three times with 300
ul PBS/0.05% Tween20 (Mediatech), blocked with 1% BSA (Sigma) for 2 h at 23°C,
washed and then incubated with diluted serum samples collected via retro-orbital bleeding
prior to euthanasia. For all three ELISA assays, serial dilutions of each mouse serum were
performed to optimize optical density readings. Serum diluted 1/100 was determined to be
the optimal dilution for reading the optical density among the samples. After 3 h at 23°C, the
serum-coated plates were washed three times with 300 ul of PBS-0.05% Tween 20. To each
well, 0.2 ml of diluted alkaline phosphatase-conjugated anti-1gG antibody (1/3000) (Sigma)
were added and the plates were incubated for 60 min at 23°C. Plates were then washed three
times with 300 ul of PBS-0.05% Tween20. To each well, 0.2 ml prepared substrate for
alkaline phosphatase conjugated secondary antibody (SIGMA FAST™ p-Nitrophenyl
phosphate tablets) was added and allowed to develop for 45 min at 23°C before adding 50
uL of 3 M NaOH stop solution (Sigma). The absorbance (A4gs) of the initial dilution was
measured. Optical density (OD) readings represent the average from sera from each mouse
performed in duplicate.

Histology of the kidneys

Kidneys were collected at the time of euthanasia and immediately fixed in 10% formalin
(Fisher Scientific, Pittsburgh, PA). After 48 h in formalin, the tissues were removed,
routinely processed and embedded in a paraffin block. Following embedding, 5 um sections
were cut from each tissue block, and stained with hematoxylin and eosin (H&E, Richard-
Allen Scientific, Kalamazoo, MI) using standard histologic methods. The prepared slides
were then evaluated, with a light microscope, in a blinded-manner by a veterinary
pathologist (co-author PS). For each kidney, 100 consecutive renal cortex glomeruli were
evaluated. Each glomerulus was scored for the presence of fibrinoid necrosis or crescents
and extent of lymphocytic infiltration. The perivascular scores were evaluated at 40x.
Number of inflammatory foci and their relative size were evaluated and scored together in
the following manner; a score of “0” indicated no inflammation associated with vessels
(these include both arteries and veins, though usually the veins appear to be the main
structure associated with these), a score of “1” indicated small foci and only one or two in
the section, a score of “2” indicated more than two, and of a size that was obvious and a
score of “3” indicated widespread, large foci around several vascular structures.

Immunohistochemistry of the kidneys: C3 and IgG deposition

Frozen kidneys were cut into 5 um sections and stained with FITC conjugated antibodies
(Mustafa et al. 2008). Briefly, tissue sections were thawed at room temperature and dried for
30 min. Slides were fixed in acetone for 10 min and then washed with PBS thrice for 3 min/
wash. Goat anti-mouse IgG diluted 1:100 (MPBiomedicals, Santa Ana, CA) or goat anti-
mouse C3 diluted 1:100 (MP Biomedicals) were incubated with tissues sections in a humid
chamber for 60 min at 23°C. The sections were then rinsed thrice for 5 min/wash with PBS.
The slides were mounted using Vectashield™ mounting media (Vector Labs, Burlingame,
CA) and then examined using an Olympus BX-60 fluorescence microscope (Center Valley,
PA). The severity of glomerulonephritis and immune complex deposition was scored using a
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range from 0 to 3+, where 0 corresponded to a non-autoimmune healthy mouse and 3+ to
the maximal alteration observed in the study. All slides were scored in a blinded manner
independently by two investigators with previous experience (co-authors CR and RG) and
averaged for the final score.

Lymphocyte proliferation assay

Splenocytes were plated into each well (5 x 10° cells/ 100 pL per well) of a 96-well round-
bottom tissue-culture plate (Corning Cell Wells™, Corning). Cells were exposed to
mitogens as follows: 100 ul of: ConcanavalinA (ConA, 10 ug/ml, Sigma),
lipopolysaccharide (LPS, 50 ug/ml, Sigma), or phorbol myristate acetate (PMA, 10 ng/ml,
Sigma) plus ionomycin (0.5 pug/ml, Sigma) in complete media. Non-stimulated control
cultures contained 100 ul of complete media alone. Triplicate wells were used for each
stimulant. Following 48 h incubation, 20 ul of Alamar Blue™ dye (Serotec, Raleigh, NC)
(10% of incubation volume) were added to each well of the culture plates. At 24 and 48 h
post addition, degree of absorbance was determined under dual wavelength (570 and 600
nm) using a Molecular Devices plate reader (Menlo Park, CA) (Klein et al. 2006; Mustafa et
al. 2008).

Cytokine ELISA Assays

Splenocytes were plated into each well (1 ml in complete media; 5x106 cells per well) of a
24-well tissue-culture plate (Corning). Cells were co-cultured with 1 ml ConA (10 pg/ml)
and incubated at 37°C, 5% CO,, for 48 h. The plates were centrifuged (7°C, 250xg, 7 min),
and the supernatants were transferred to sterile 12x75 mm cultured tubes (Fisher).
Supernatants were stored at -80 °C until use. Levels of interleukin-2 (IL-2), IL-4, IL-10,
IL-12, and interferon-gamma (IFN-y) were determined using ELISA Kits (Ready-to-use;
eBioscience) according to the manufacturer's instructions.

Statistical analysis

Results

Data were expressed as arithmetical mean £ SEM. Analysis of variance (ANOVA) was used
with Dunnett's test to establish significant differences between treatment groups and control.
The pregnant dam was maintained as the statistical unit in all cases such that each offspring
analyzed represented a separate dam. Group size was six C57BL/6 offspring per sex for all
experiments (n=6). Results described as different in this report indicate significantly
different at p <0.05.

Body and organ weights, and organ cellularity

Body weight was reduced relative to controls in 48-week-old female, but not male offspring
of TCDD-treated dams, at the 5.0 pg/kg dose. Thymus weights and thymus cellularity were
significantly decreased in the 5.0 pg/kg TCDD females but not males. Thymic weight/body
weight ratios showed a numerical trend toward increase in males and decrease in females, at
5.0 ug/kg TCDD. Spleen weight/body weight ratios were near a significant increased
(p=0.054) at 48 weeks, in the 5.0 ug/kg TCDD females. Additionally, spleen weight and
cellularity also showed numerical trends toward increase in the 5.0 ug/kg TCDD females
(Table 1).

B lymphoid progenitors in bone marrow

At 48 weeks-of-age, the 5.0 pg/kg TCDD females showed a near significant decrease
(p=0.053) and the 5.0 pg/kg TCDD males showed a significant decrease in total B220 cells
(B220*). The percentage of these B220* cells that were B220", representing small pre-B
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cells and immature B lymphocytes, was significantly decreased while the percentage that
were B220°, representing B lineage committed progenitors, pro-B cells and large pre-B
cells, was significantly increased in 5.0 ug/kg TCDD females. The percentage of
B220!°CD24" cells that expressed AA4.1 (B2201°CD24°AA4.1%), representing B lineage
committed progenitors, was near significantly (p=0.054) increased in the 5.0 pg/kg TCDD
females and significantly increased in the 2.5 and 5.0 pg/kg TCDD males. The percentage of
B220 IgM*, representing immature B cells, was significantly decreased in 5.0 pg/kg TCDD
males (Table 2). Figure 1a shows a schematic summary of the effect of prenatal TCDD on
adult bone marrow B cell maturation.

Thymic T cell differentiation

Both female and male offspring of dams dosed with 5.0 pg/kg TCDD exhibited marginal but
significant thymic phenotypic changes at 48 weeks-of-age. The percentage of CD4"CD8"
double negative thymocytes was increased by gd 12 TCDD in 5.0 pg/kg females. In 5.0 pg/
kg males, the percentage of CD4*CD8* double positive thymocytes was significantly
decreased and the percentage of CD4*CD8- was near significantly increased (p=0.54) (Table
3).

Phenotype of spleen B and T cells, and migration of mature B cells in the spleen

The relative percentage of spleen leukocytes that expressed B220 did not differ across
treatment or sex compared to controls (Table 4). However, there was a significant difference
within B cell subsets expressing CD21/CD24 and CD1/CD23 phenotypes. The 5.0 ug/kg
TCDD males showed a significantly increased relative percentage of B transitional-2 cells
(CD21hcD24M). In females, the B transitional-1 cells (CD23M9 CD1"¢9) were significantly
increased while other B cell subsets expressing CD1/CD23 did not differ from control
groups. The percentages of splenic immature B220*CD24"i transitional B cells and
B220*CD24!%Int mature B were unchanged; however, there was a significant decrease in
mature IgD"i splenic B cells and a significant increase in IgD"¢9-1° splenic B cells at 5.0 pg/
kg TCDD regardless the gender. Additionally, CD138* plasma cells were significantly
increased in 5.0 ug/kg TCDD males. The relative percentage of CD19*CD5* B cells
(representing B-1a cells, a B cell subset of fetal origin only, rather than bone marrow) was
unchanged. Figure 1b shows a schematic summary of these effects of prenatal TCDD on
adult spleen B cell populations. The relative percentage of spleen T cells expressing CD4/
CD8 markers did not change in any treatment group or by sex (Table 5).

T cell subset expression in lymph nodes

Prenatal TCDD at 5.0 pg/kg caused a significant decrease in the percentage of CD4CD8*
cells in the lymph nodes of both male and female 48-week-old mice. The percentage of
CD3" cells expressing VB3*TcR showed numeric (non-significant) and dose-related
increasing trends in female mice, and were significantly increased in 5.0 pg/kg males. The
percentage of CD4* T cells expressing VB173*TcR was significantly increased in both
sexes. CD4*CD8" cells in lymph nodes of male, but not female, 5.0 pg/kg mice were
significantly increased. The CD4* T cells expressing CD25, which includes T regulatory
and activated T cells, showed a numeric (non-significant) trend toward decrease in both
females and males by 5.0 ug/kg prenatal TCDD (Table 6).

Mitogen-stimulated splenic lymphocyte proliferation

Mitogen stimulation of enriched, cultured splenic lymphocytes was employed to assess the
influence of prenatal TCDD on lymphocyte functionality in the adult mouse. There was a
trend toward decreased spontaneous proliferation in 5.0 ug/kg TCDD males at 48 hr that
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became significant at 72 hr, where a minimal (14%) decrease in spontaneous proliferation
was observed (data not shown).

Antibody titers to ssDNA, dsDNA and cardiolipin

The detection of dsDNA, sDNA and cardiolipin autoantigens was performed with ELISA
assays to assess the autoreactive functionality of B cells in mice prenatally exposed to
TCDD. Anti-ssDNA and anti-dsDNA anti-cardiolipin titers showed numeric but non-
significant increasing trends in both the male and female offspring. Anti-cardiolipin
antibodies were significantly increased in male offspring by 5.0 ug/kg TCDD (Figure 2).

Kidney pathology

Since previous C57BL/6 mice treated with TCDD in a manner identical to the present mice
showed immune complex deposition in the kidney at 24 weeks-of-age (Mustafa et al. 2008),
suggestive of an early stage autoimmune response, histopathologic examination of the
kidney was performed at 48 weeks-of-age. Such immune complex deposition in kidneys is
also a common clinical signalment in human lupus patients, thus clinically relevant.
Glomeruli evaluated for evidence of fibrinoid necrosis (N) or crescents (C) showed an
increasing non-significant trend by treatment and sex. The mean number of parenchyma
mononuclear inflammatory foci (1) also numerically increased, non-significantly, by
treatment and sex turning significant by 5.0 ug/kg TCDD males (Figure 3).

Deposition of anti-lgG and anti-C3 immune complexes in the kidney

Immunofluorescent staining was performed to elucidate 1gG and C3 involvement in immune
complex deposition. Kidney sections from the 48-week-old 5.0 pg/kg TCDD-treated males
were significantly increased for both anti-1gG and anti-C3. A TCDD dose-dependent
increasing trend in deposition of immune complexes, for both anti-1gG and anti-C3 probes,
was present in the other treatment groups (Figure 4).

Th1/Th2 cytokine balance

Female mice showed increased IFN-y production relative to controls as a consequence of
prenatal 5.0 ug/kg TCDD. The 5.0 ug/kg TCDD mice also showed increased IL-10
production (Figure 5).

Discussion

Comparing the present mice to high-exposure human cohorts is difficult beyond total
exposure estimates during early life. The low-dose mice received a bolus dose of 2.5 ug
TCDD/kg/day on gd 12. Approximately 0.5% of gavaged TCDD crosses the rodent placenta
(Weber and Birnbaum 1985; Weber et al. 1985), indicating TCDD exposure to the fetal
mice was approximately 2.5 pug/kg x 0.005 = 0.0125 pg/kg or 12.5 ng/kg. Gehrs and
Smialowicz (1999) used a similar single gestational TCDD exposure as low as 0.1 pg/kg in
rats, and found suppressed T cell function at 18 months of age. This exposure was 25 times
lower than the present mice and would translate to about 0.5 ng/kg exposure to the fetal rats.
In either rodent scenario, the transplacental exposure would be increased postnatally via
undefined lactational transfer.

Human TCDD exposure has been estimated at about 0.2-1.0 pg/kg per day (predominantly
via food) and for infants, up to 30 pg/kg per day via mothers' milk (Neubert et al. 1990).
Human infant exposure to 30 pg/kg TCDD via lactation for the first 6 months of life of the
child would translate to a total dose of 30 pg/kg/day x 182.5 days = 5475 pg/kg TCDD, or
about 5.5 ng/kg. Neubert et al. (1990) further indicated that in certain geographic and
occupational human populations, the actual TCDD exposure to the infant could be 200-300
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fold higher. This would translate to 5.5 ng/kg x 200-300= 1.10-1.65 pg/kg TCDD exposure.
Such postnatal (lactational) exposure would be additive to the transplacental TCDD
exposure that would have occurred in these infants, but is yet to be quantitated. Based on
these data, it appears that human infant cohorts may exist where early-life total exposure to
TCDD is in the range of or greater than rodent studies that demonstrated persistent postnatal
immunotoxicity. As such, concerns over the effects of TCDD exposure during critical stages
of human immune development appear to be justified.

Thymic development in rodents is highly sensitive to TCDD. Prenatal TCDD induces severe
but typically transient perinatal thymic atrophy and reduced thymocyte numbers, however
causes less dramatic but highly persistent postnatal alterations in thymocyte subpopulations
(Blaylock et al. 1992; Esser 1994; Holladay et al. 1991; Lundberg et al. 1992; Oughton et al.
1995). For instance thymocyte subpopulations in offspring from female F344 rats exposed to
TCDD (0.1-3.0 ng/kg) on gestational day 14 (gd14) showed increased y§TCR™ cells, and
decreased ySTCR*/CD4-CD8" and MHCI- MHCII" cells at 4-5 months of age (Gehrs and
Smialowicz 1997). These rats also showed depressed delayed-type hypersensitivity (DTH)
responses that did not correlate with altered thymic subpopulations, lasted until 4 months of
age in the females and until 19 months of age in males, and were more inhibited in both
sexes at 14 months than at 4 months. These DTH results suggest possible worsening of
immune functional lesions caused by prenatal TCDD, with aging, and emphasize the
importance of immunologically following such rodents to later life stages. Similar to the
aged rats, the present C57BL/6 mice continued to show altered thymocyte populations at 48
weeks-of-age, in the form of increased CD4-CD8" cells in females and decreased
CD4*CD8* cells in males. Peripheral VB*T cells were increased in both sexes at 48 weeks-
of-age, in contrast to only in the males at 24 weeks-of-age. Very limited similar data are
available for humans, however perinatal exposure of Japanese infants to dioxin-like
contaminants through lactation markedly enhanced peripheral CD8* and CD3* T
lymphocytes, as well as CD4*/CD8* T cell ratios (Nagayama et al. 2007). These results
suggest possible similar alteration of T cell production in humans who receive early TCDD
exposure.

Cytokine production and signaling play key roles in immune system regulation. The extent
and postnatal duration to which cytokine pathways may be impaired by developmental
exposure to TCDD remain largely undefined, however a few available reports suggest
postnatal cytokine effects. In BALB/c mice, perinatal TCDD inhibited IL-4 production in
OVA-sensitized young post-pubertal (6-week old) mice (Tarkowski et al. 2010). Using an
influenza virus infection model, prenatal TCDD enhanced IFN-y levels in the lungs of adult
(6-10 weeks old) male and female C57BL/6 mice, and depressed IL-12 levels in the female
mice (Vorderstrasse et al. 2006). Our previous 24-week-old C57BL/6 mice showed
decreased 1L-12 production by con-A stimulated T cells collected from females, and
decreased 1L-10 production in males after prenatal TCDD exposure (Mustafa et al. 2008).
This profile changed in the 48-week old early geriatric prenatal TCDD mice. Activated T
cells from female mice that were exposed to 5 ug/kg TCDD during gestation produced 2.3
times more IFN-y than controls, while males produced 2.8 times more IL-10 than controls.
Increased IFN-y in the aged females suggests a proinflammatory cytokine profile and is
noteworthy, in that this cytokine has been associated with pathogenesis of various
autoimmune diseases including systemic lupus erythematosus (SLE) (Haas et al. 1997),
autoimmune insulitis (Campbell et al. 1991), Sjogren's syndrome (Hayashi et al. 1996), and
autoimmune arthritis (Billiau 1996).

It was recently noted that elderly human females may display increased IL-4, 1L-10 and
IFNy production by T cells (Pietschmann et al. 2003), in a chronic subclinical inflammatory
profile defined as inflamm-aging (Finch and Crimmins 2004). Franceschi et al. (2000)
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suggested that inflamm-aging could be caused by early- or late-life exposure to various
inflammatory factors including environmental chemicals, viral, or bacterial antigens.
Reports of increased IFN-y in adult mice after prenatal TCDD may support an
environmental contribution to inflamm-aging in elderly individuals, due to altered cytokine/
immune homeostasis. The increased 1L-10 production by T cells from male mice that
received prenatal TCDD may also be noteworthy. This cytokine has been considered the
hallmark human SLE disease marker. Serum levels of 1L-10 are elevated in SLE patients
and increased IL-10 correlates with SLE disease activity (Hagiwara et al. 1996; Horwitz et
al. 1998; Park et al. 1998). A possible correlation between increased IL-10 levels in the 48-
week prenatal TCDD males and the observed phenotypic and histopathologic shifts toward
enhanced lupus-like autoimmune disease has not yet been examined, and represents an
important direction for future experiments.

Bone marrow cells, the progenitors for lymphocytes, are sensitive targets of prenatal TCDD
(Fine et al. 1990b; Fine et al. 1990a; Mustafa et al. 2009; Mustafa et al. 2008). Luster et al.
(1980) showed that 5 pg/kg prenatal TCDD diminished bone marrow cellularity/femur by
4% in male and 3% in female B6C3F1 mice on postnatal day 14 (Luster et al. 1980). The
terminal deoxynucleotidyl transferase (TdT)-synthesizing fetal liver and bone marrow
population, representing lymphocyte stem cells, was also found to be reduced by TCDD at
concentrations as low as 200 fg/mg tissue (Fine et al. 1990b). The present mice showed
multiple TCDD-related differences in B cells at 48 weeks-of-age including an increase in the
earliest bone marrow B progenitor (B220!°CD24"AA4.1*) and a decrease in total bone
marrow-derived lymphoid cells expressing B220. The increase in the earliest B progenitor
cells may agree with an increase in pre-pro-B cells detected in a S17 stromal line exposed to
TCDD (Wyman et al. 2002). Functional or other changes in bone marrow B-lineage cells
that may accompany these alterations in phenotypic distribution have not been studied but
may be important. The molecular pathways controlling B cell lymphopoiesis, B-cell receptor
(BCR) positive and negative selection processes, and B cell trafficking from bone marrow
are mediated by several different bone marrow-level signal-transduction pathways (Monroe
et al. 2003) and related proteins (e.g., NFkB, CD22, and CD19), which are affected by
inappropriate activation of the aryl hydrocarbon receptor (AhR) (Masten and Shiverick
1995; Tian et al. 1999). It is not yet known if these B cell pathways may be altered by
prenatal TCDD and contributes to the observed autoimmune phenotype.

In addition to altered B lymphopoiesis in bone marrow, prenatal TCDD caused changes in
spleen transitional B cell numbers and shifted B cell differentiation toward the marginal
zone (M2Z) in the 48-week-old mice, effects not detected at 24 weeks (Mustafa et al. 2008).
In particular, the 48-week mice showed increased CD23-CD1" transitional 1 (T1) B cells in
females and increased CD21MCD24M T2 B cells in males. During the transitional stage,
autoreactive B cells that have not encountered self-antigen in the bone marrow are likely to
be targets for negative selection in the spleen (Monroe et al. 2003; Sandel and Monroe
1999). Transitional 1 B cells represent recent immigrants from the bone marrow and are
believed to be direct precursors of T2 B cells (Loder et al. 1999). Signaling through the BCR
initiates signal transduction events that direct the differentiation of transitional B cells into
the mature marginal zone or follicular B subset or B1 cell subset (Allman and Pillai 2008;
Martin and Kearney 2000). Over-expression of B cell-activating factor of the TNF family
(BAFF) in transgenic (Tg) mice correlates with a lupus phenotype as well as decreased T1 B
cells and expansion of T2 and marginal zone B cell compartments, similar to the phenotypes
of the present prenatal TCDD mice (Batten et al. 2000). This appears to be the result of
impaired negative selection of the autoreactive B cells leading to an increased number of
marginal zone B cells (Batten et al. 2000). Prenatal TCDD exposure also enhanced the
presence of CD138* plasma cells in the spleens of 48-week-old male mice but not female
mice, which correlated well with the increased autoantibody production detected in the
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males but not females. Finally, histopathologic scoring of kidneys from the male but not
female mice showed increased inflammatory foci and immune complex deposition. These
collective observations suggest a B cell component to the increased kidney autoimmune
response detected in the 48-week-old mice, and driven by prenatal TCDD exposure.

The SLE prevalence in premenopausal females is about 10:1 compared to men of the same
age, and characterized by increased autoantibody levels (dASDNA, anti-ribosomal P and anti-
chromatin) (Boddaert et al. 2004; Cervera et al. 1993; Cooper et al. 2002; de Carvalho et al.
2010; Formiga et al. 1999; Hashimoto et al. 1987; Voulgari et al. 2002). The ratio of female
to male lupus patients then decreases to 1.1:1 by 65 years-of-age (Pu et al. 2000), after
which immune-mediated renal pathology is present in most male SLE human patients
(Cervera et al. 1993; Chang et al. 1998; Hashimoto et al. 1987; Kaufman et al. 1989;
Maddison 1987) as well as in lupus mouse models (Bagavant et al. 2004). Plasma estradiol
and testosterone levels are altered with age, and likely explain this shifting in human disease
prevalence by sex. Elderly men (82+12 of age) have higher mean estradiol levels compared
to elderly women (85+7 of age) and about half of the testosterone levels observed in young
males (3115 of age) (Pietschmann et al. 2003). With increasing age, the decrease in naive T
cell populations and the shift towards a Th2 profile upon activation could enhance the B cell
mediated autoreactive antibody production seen in elderly lupus patients (i.e. RF, anti-Ro,
and anti-La, anti-dsDNA antibodies) (Belostocki and Paget 2002; Boren and Gershwin
2004; Catoggio et al. 1984; Ho et al. 1998; Maddison 1987; Padovan et al. 2007; Stacy et al.
2002). This dysregulation in immune homeostasis during aging could lead to central
alterations in immune function, thus favoring the pathogenesis of autoimmune diseases in
elderly males. It will be important to determine if prenatal TCDD leads to increased
autoimmune renal disease in 48-week-old male but not female mice due to endocrine
changes that have occurred in the males by this age.

To summarize, developmental exposure to TCDD appears to result in a fundamental
disruption in the establishment and function of both T and B cells, including possible effects
in both cell types on central tolerance. The disruption of the immune system is long-lasting
in high AhR affinity C57BL/6 mice, reaching into the early geriatric stage. Such immune
dysregulation could potentially contribute to increased incidence of autoimmune disease and
infections observed in older individuals (Miller 1996; Prelog 2006). Factors contributing to
the risk for and severity of such environmental exposure-driven autoimmune disease may
then include: the individual's AhR affinity for TCDD and related ligands, genetic
predisposition to autoimmune disease, and sex.
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increase and arrows pointed down indicate a significant decrease from controls (n=5 mice/
treatment/sex, p < 0.05, Dunnett's test).
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Sera from 48 week-old C57BL/6 mice that were prenatally exposed to 0.0, 2.5 and 5.0 pg/kg
TCDD were analyzed for the presence of autoantibodies to dSDNA (A), ssSDNA (B) and

cardiolipin (C), (n=5/gender; *=p < 0.05, Dunnett's t-test).
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Page 19

The kidneys from 24-week-old SNF; mice that were prenatally exposed to 0, 2.5 or 5.0 pg/
kg TCDD were collected, fixed, sectioned and stained with H&E. Images are representative
of renal sections by treatment and sex. All sections were scored for number of fibrinoid

necrosis cells or crescents/100 glomeruli and number of inflammatory foci in the
parenchyma. The data are based on 5 mice/treatment/sex (Bold=p < 0.05, Dunnett's test).
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Figure 4.

The kidneys from 24 week-old C57BL/6 mice that were prenatally exposed to 0.0, 2.5 and
5.0 ng/kg TCDD were collected, fixed, section and stained with FITC-labeled anti-1gG. The
above figures are representative of kidneys stained with FITC-anti-IgG from control female
(A) and male (D) or 2.5 pg/kg TCDD-exposed female (B) and male (E) mice or 5.0 pg/kg
TCDD-exposed female (C) and male (F) mice. The table data show the mean+ SEM of the

IgG and C3 disposition scores of 5 mice/treatment/gender.
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Figure 5.

Supernatants were collected from splenocytes, of 24 week-old mice that were prenatally
exposed to 0.0, 2.5 and 5.0 pg/kg TCDD, cultured for 48 hr with Con A (10 pg/mL). The
levels of IL-2, IL-4, IL-10, IL-12 and INF-y were determined using murine cytokine ELISA
kits. The data are presented in a scatter-plot analysis with mean bars (n = 5 mice/treatment/
gender, *= p < 0.05, Dunnett's t-test).
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Body and organ weight and organ cellularity at 48 weeks of age

Table 1

sex 0 ng/kg 2.5 ng/kg 5.0 ng/kg
mean + SEM | mean £ SEM | mean + SEM
Body weight (g) 30.2+0.6 30.7+18 273+07F
3 445+28 416+3.3 445+0.5
Spleen weight (g) Q 0.14 +0.02 0.13+0.03 0.18 +0.02
3 0.11+0.01 0.09 +0.01 0.10+0.01
Spleen/body weight ratio Q 0.45+0.07 0.50 + 0.04 0.64 + 0.05
3 0.25+0.01 0.23+0.03 0.22+0.01
Spleen cellularity (x 10) Q 57.7+438 54.4+9.2 75.2+34
3 89.9+5.4 82.1+55 91.0+4.7
Thymus weight (g) Q 0.06 £ 0.01 0.06 £ 0.01 0.05+0.01
3 0.06 + 0.01 0.07 £ 0.01 0.08 +0.01
Thymus/body weight ratio Q 0.19+0.01 0.19+0.01 0.17 £0.01
3 0.14 +0.01 0.16 + 0.01 0.19+0.03
ThmeS ceIIuIarity (>< 106) 9 76.2+£9.7 67.2+7.0 49.2 + 6.1*
3 72.0+6.5 63.5+7.2 713126
Bone marrow cellularity (x 10%) | ¢ 127£13 152+26 144+10
3 93+17 115+1.0 78+11
Lymph node cellularity (x 106) Q 50+05 33+06" 49+14
3 78+18 71+0.6 71+1.1

N>6 mice/treatment/sex;

*
p<0.05, Dunnett's test.
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B lymphoid progenitors in the bone marrow at 48 weeks of age

Table 2

Bone Marrow sex 0 ng/kg 2.5 ng/kg 5.0 ng/kg
mean £ SEM | mean £ SEM | mean + SEM

Total B220* (%) Q 118+ 15 9.1+1.0 84+0.6
3 10.2+0.6 8908 6.7+04"
B220' (% of B220%) ? 475%15 537+19° | 582%24"
3 46.6 0.7 48523 47.3+0.6

B220/°CD24* (% of B220'0) 67.8+4.4 66.4+3.1 69.7 +2.1
71928 61.7+3.3 55.5 + 3.6*

B220'°CD24" (% of B220'°) Q 26.7+25 276+32 33.0%24
3 32.8+3.7 U417 29.2+2.0

B220/°CD24" (% of B220'°) ? 73.3%25 724+32 67024
8 67.2+3.7 75.6 + 1_7* 70.8+2.0

B220/°CD24"9 (% of B220'°) Q 322+44 33.6%3.1 30321
I 28.1+28 38.3+3.3 44.6 + 3.6*

B220°CD24'AA4L* (%B220°CD24) | 2 68.2+2.1 713+5.0 80.4 +3.0
4 | 73364 908+16" | 917+16"
B220h (% of B220%) ? 525+15 464+19° | 418+24"
3 53.4+0.7 51.5+2.3 52.7+0.6

B220MCD24* (% of B220") ? 90.9+1.4 926+0.8 93.5+0.5
3 707+ 16 612+ 44" 575+ 1.6

B220MCD24" (% of B220M) Q 30.6+3.7 353+25 359+24
6\ 28.0+3.1 246+24 19.2 + 1.6*

B220MIgM* (% of B220") Q 86.5+ 1.6 87.4+1.4 86.9+1.0
3 91.6+0.5 925+0.6 91.8+0.5

B220'°IgM* (% of B220'°) Q 324+5.0 35.0+4.9 33729
6\ 404 +1.0 36.7+25 349+ 0.7*
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N>6 mice/treatment/sex;

*
p<0.05, Dunnett's test.
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Thymic T cell differentiation at 48 weeks of age

Table 3

Thymus sex 0 ng/kg 2.5 ng/kg 5.0 ng/kg
mean £ SEM | mean £ SEM | mean £ SEM
CD4°CD8" (%) 17.1+0.6 18.6+1.2 218+1.2%
I 13.2+0.8 122+0.8 150+£1.2
CD4*CD8* (%) | @ 67.8+1.6 63314 62.3+2.0
3 650+ 1.1 64.7+1.3 58.8+1.4%
CD4-CD8" (%) Q 51+1.0 3.9+0.3 3.6+0.2
3 7.7+03 84+06 9.4+0.7
CD4*CD8 (%) Q 10.0+1.0 142+1.7 124+1.3
I 142+04 147105 16.8+1.2

N>6 mice/treatment/sex;

*
p<0.05, Dunnett's test.
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Table 4

Spleen B cell populations at 48 weeks of age

Spleen sex 0 ng/kg 2.5 ng/kg 5.0 pg/kg
mean £ SEM | mean £ SEM | mean £ SEM
B220* (%) Q 35415 36.5+3.1 332+21
3 27.3+0.8 25.0+14 259+15
B220*CD24" (%) Q 78923 76.8+2.8 799+18
3 749+20 704+24 795+13
B220*CD24" (%) Q 21.1+23 23.2+28 20.1+1.8
1) 251+20 29624 205+1.3
CD19*CD5" (%) Q 57+24 9.0+1.9 47+15
3 6.6+0.6 76+0.7 7.4+0.8
CD23"9CD1"™9 (%) Q 235+23 22.1+26 336+ 3_1*
3 258+1.8 27210 256+1.2
CD21ncp24lo-int (9) | @ 60.7+2.9 64.7+0.5 66.7 + 3.6
1) 60.8 1.5 58.0 3.0 58.6 1.3
CD21MCD24in (%) Q 13.6+£0.8 11.9+09 11.3+13
I 11.8+0.8 11.6 £ 0.6 109105
CD21-CD24" (%) Q 124+1.0 13111 11.7+£16
3 16.2+1.0 170+13 144+04
CD21MCD24 (%) Q 13.0+15 9.9+04 99+19
(? 10.7+14 13.0+15 153 + 1.0*
B220*1gD" (%) ? 69.3+2.4 62.8+3.2 60.2+1.4%
3 58.5%0.5 58.6+1.5 532+ 1.3
B220*IgD"%1° (%) 30.8+24 37232 209+ 14%
6\ 415+0.9 41.4+15 46.8 + 1.3*
CD138pos Q 9.0+1.1 11.3+18 127+11
6\ 38138 57+£20 13.0 + 3_5*

N=6 mice/treatment/sex;

*

p<0.05, Dunnett's test.
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Spleen T cell populations at 48 weeks of age

Table 5

Spleen sex 0 ng/kg 2.5 ng/kg 5.0 ng/kg
mean £ SEM | mean £ SEM | mean £ SEM
CD4*CD8 (%) Q 169+15 17.7+15 16.9+2.0
3 29.1+1.0 315+15 31.3+1.2
CD4°CD8* (%) Q 7.7+0.7 6.8+1.0 6.1+0.8
3 12.4+0.8 129+05 11.0+£0.6
CD4°CD8" (%) Q 75.1+19 75.1+22 76.7+2.6
3 61.2+15 579+17 59.2+14

N>6 mice/treatment/sex;

*
p<0.05, Dunnett's test.
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Lymph node T cell populations at 48 weeks of age

Table 6

Lymph node sex 0 ng/kg 2.5 ng/kg 5.0 ng/kg
mean £ SEM | mean + SEM | mean + SEM
CD4*CD8 (%) Q 27.7+31 273+1.2 244+19
& 284+1.1 320+23 377+ 1_1*
CD4°CD8" (%) Q 20.1+34 13.7+15 11.1+09%
5 244 +20 246+15 19.3 + 1_0*
CD4°CD8" (%) Q 51.4+6.4 58.3+25 63.9+22
3 43.2+2.6 40029 39.7+13
CD4*VBI7TcR* (%) | 9 36203 49%10 54205
3 6.1+0.3 7.3+0.9 87+08
CD3*VB3TcR* (%) 5204 6.4+1.0 81+10"
8 5.1+04 6.4+10 8.4+ 1.2*
CD4*CD25* (%) Q 8710 6.8+1.0 6.1+0.4
3 102+1.2 13.0+2.0 72+18

N>6 mice/treatment/sex;

*
p<0.05, Dunnett's test.
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