








Figure 5.1. PARP activity in primary mouse thymus cells treated with PAHs in vitro.
Primary thymus cells isolated from C57BL/6J male mice were exposed to different PAHs
at 100 nM for 18 h in vitro. PARP activity was measured using Trevigen ELISA Kkits.

*Significantly different compared to control (p<0.05). Results are Means + SD.
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Table 5.1. Cell recovery and viability of 2 x 10° (Viability at plating: 88.7%) of primary

thymus cells following exposure to different PAHs at 100 nM in vitro for 18 h; Viability

was measured by AO/PI staining and Cellometer'.

Treatments (100 nM) Cell Counts (10° cells) Viability (%)
Control (no treatment) 1.84 +£0.07 84.2+ 1.1
BaP 1.89+0.11 83.5+0.8
BeP 1.81 £0.12 829+1.2
3-MC 1.77 +0.09 814 +1.1*
DMBA 1.78 £0.15 809 +1.2*
DAC 1.76 £ 0.09 83.2+1.3
DAH 1.75+0.14 82.7+1.1
DMA 1.76 £ 0.11 84.1+£0.9
ANTH 1.81 £0.03 84.5+0.8
BA 1.83 +£0.09 829+ 1.1
DBC 1.55+0.08* 79.9 + 1.7*
BP-diol 1.75+0.13 83.2+0.9
BPDE 1.60 + 0.05%* 789 +1.2*
DMBA-diol 1.69 £0.08 80.1 +0.8*
DBC-diol 1.43 +£0.12%* 72.6 £1.5%

ITriplicate samples were analyzed for each PAH treatment. Results are Means + SD.
*Significantly different from Cont (p<0.5)
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Interactive genotoxicity induced by low concentrations of As** and BP-diol/BPDE
In order to examine the interactions between BaP/BP-diol/BPDE and As*?,
primary thymus cells were treated in vitro with 100 nM BaP, BP-diol or BPDE, 5 or 50
nM As™ and in combinations for 18 h. A Comet assay was used to detect the DNA
damage induced by different treatments. A synergistic increase in DNA damage was
observed with the combined treatments of 5 nM As™ + 100 nM BP-diol and 50 nM As "
+ 100 nM BPDE (Fig. 5.2A). A significant decrease in PARP activity was also seen with
the same treatments (Fig. 5.2B). Thus, As* at very low concentrations interacts with BP-
diol and BPDE leading to inhibition of PARP and to a synergistic increase in DNA
damage. However, since BaP, did not cause an interactive effect with As™, the two

metabolites, BP-diol and BPDE we focused on these PAHs in the subsequent studies.
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Figure 5.2. DNA damage and PARP activity in primary thymus cells treated with As™,
BaP/BP-diol/BPDE and the combinations in vitro. Primary thymus cells isolated from

C57BL/6J male mice were exposed to 5 or 50 nM As™, 100 nM BaP, BP-diol or BPDE
and the combinations of As*> and BaP/BP-diol/BPDE for 18 h in vitro. A, Comet assay
images were scored by CometScore. B, PARP activity measured with Trevigen ELISA
kits represented by absorbance at 450 nm. *Significantly different compared to control
(p<0.05). # Synergistic effect compared to 5 nM As™ and 100 nM BP-diol (CDI > 1).

$ Synergistic effect compared to 50 nM As*™ and 100 nM BPDE (CDI > 1). Results are

Means + SD.
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Co-exposure to As™ and BP-diol/BPDE induced apoptosis in thymus cells

Annexin V staining and flow cytometry were used to see if the interactive
genotoxicity induced by the combined treatments caused an increase in apoptosis.
Primary thymus cells were treated with 5 or 50 nM As", 100 nM BP-diol or BPDE, and
their combinations in vitro for 18 h. A decrease in Annexin V-positive and PI-negative
cells (e.g. viable cells), and an increase in Annexin V-positive cells (e.g. early and late
apoptotic cells) was seen with treatments of 5 nM As*> + 100 nM BP-diol and 50 nM
As"™ + 100 nM BPDE (Fig. 5.3A and 5.3B). Again, an apparent effect was observed with
combination treatments, as neither As** or BP-diol cause any decrease in viability when
present as single agents. The increase in the percentage of apoptotic cells was correlated
with the decrease of cell viability (Fig. 3A and 3C). Therefore, the co-exposure of low
concentrations of As™ and BaP metabolites not only induced significant genotoxicity, but
also caused cell apoptosis in primary thymus cells.
Co-exposure to As** and BP-diol/BPDE did not induce superoxide production in
thymus cells

In order to see if the interactive effects observed were caused by an induction of
reactive oxygen species (ROS), primary thymus cells were treated with 5 or 50 nM As™,
100 nM BP-diol or BPDE, and their combinations in vitro for 18 h. DHE staining by flow
cytometry was performed to see the superoxide levels in these treatments. As there was
no significant change in superoxide production in these treatments (Fig. 5.4), the
interactive effects observed in As™ and BP-diol/BPDE combined treatments were not

caused by superoxide production.
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Figure 5.3. Annexin V and Propidium Iodide staining in primary thymus cells treated

with As™, BP-diol/BPDE and the combinations in vitro. Primary thymus cells isolated

from C57BL/6J male mice were exposed to 5 or 50 nM As*®, 100 nM BP-diol or BPDE

and the combinations of As™ and BP-diol/BPDE for 18 h in vitro. A. flow cytometry

results showing cells which are Annexin V-PI- (LL), Annexin V+PI- (LR), Annexin V-

PI+ (UL), or Annexin V+PI+ (UR). B, viability (% of Annexin V-PI- cells). C. % of early

and late apoptotic cells (% of Annexin V+ cells). *Significantly different compared to

control (p<0.05). # Synergistic effect compared to 5 nM As™ and 100 nM BP-diol

(CDI > 1). $ Synergistic effect compared to 50 nM As™ and 100 nM BPDE (CDI > 1).

Results are Means + SD.
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Figure 5.4. . DHE staining in primary thymus cells treated with As*?, BP-diol/BPDE and
the combinations in vitro. Primary thymus cells isolated from C57BL/6J male mice were
exposed to 5 or 50 nM As*3, 100 nM BP-diol or BPDE and the combinations for 18 h in
vitro. A, flow cytometry results showing unstained cells and positive control (100 pM

H202 for 10 min). B, DHE mean channel fluorescence.
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Interactive effects on DNA damage were induced by As*? direct PARP inhibition
To further test our hypothesis that As** induced interactive genotoxicity with BP-
diol/BPDE by PARP inhibition, we utilized a potent specific PARP inhibitor, DPQ (Suto
et al., 1991), to treat primary thymus cells together with BP-diol/BPDE in vitro for 18 h.
A significant increase in DNA damage was observed in cells treated with 1 uM DPQ +
100 nM BP-diol and 1 uM DPQ + 100 nM BPDE (Fig. 5.5), indicating that PARP
inhibition is associated with a synergistic increase in DNA damage produced by BP-

diol/BPDE.
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Figure 5.5. DNA damage in primary thymus cells treated with DPQ (a known PARP
inhibitor), BP-diol/BPDE and the combinations in vitro for 18 h. Primary thymus cells
isolated from C57BL/6J male mice were exposed to 1 uM DPQ, 100 nM BP-diol or
BPDE and the combinations for 18 h in vitro. DNA damage was measured by percentage
of DNA in tail using alkaline Comet assay *Significantly different compared to control
(p<0.05). # Synergistic effect compared to 1 uM DPQ and 100 nM BP-diol (CDI > 1).

$ Synergistic effect compared to 1 uM DPQ and 100 nM BPDE (CDI > 1). Results are

Means + SD.
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CYP1A1 and CYP1B1 RNA expressions and activities were altered by As** and BP-
diol/BPDE co-exposures

The metabolism of BaP and BP-diol is dependent on CYP1A1 and CYP1B1. In
order to see if the co-exposures might affect the metabolism of BaP, primary thymus cells
were treated with As*?, BP-diol/BPDE and the combinations for 18 h in vitro. Expression
of CYP1A1 and CYP1B1 was analyzed by gPCR. We found that As*? increased the
expression of CYP1A1 and CYP1B1 only when combined with BP-diol (Fig. 6A and
6B). Interestingly, BPDE (100 nM) decreased the expression of CYP1A1 and CYP1BI
when combined with 50 nM As*?® (Fig. 5.6A and 5.6B). The induction of CYP1A1 and
CYP1BI suggests that As** may also increase BPDE adduct formation by BP-diol
through enzyme induction, which is also supported by a trend of increase of BPDE
adduct formation measured by a chemiluminescence immunoassay in As** and BP-diol
18 h co-treatment. In order to confirm the activities of CYP1A1l and CYP1B1 were
altered by these combined treatments, a luminescent CYP1A1/1B1 activity assay was
performed using a prolyciferin CYP1A1/1B1 common substrate-Luciferin-CEE. Again,
significant increase of CYP1A1/1B1 activity was observed in 5 nM As*® and 100 nM BP-
diol combined treatments, and 50 nM As*> + 100 nM BPDE decreased the activity (Fig.
5.7), indicating the alteration of CYP1A1 and CYP1B1 mRNA expression did affect their

activities.
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Figure 5.6. mRNA expression of CYP1A1 and CYP1BI1 in primary thymus cells treated
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with As*®, BP-diol/BPDE and the combinations in vitro. Primary thymus cells isolated

from C57BL/6J male mice were exposed to 5 or 50 nM As™, 100 nM BP-diol or BPDE

and the combinations of As™ and BP-diol/BPDE for 18 h in vitro. Expression of

CYP1A1l and CYP1BI1 were examined by RT-qPCR. A, CYP1A1 expression. B,

CYPI1BI1 expression. *Significantly different compared to control (p<0.05). # Synergistic

effect compared to 5 nM As*™ and 100 nM BP-diol (CDI > 1). $ Synergistic effect

compared to 50 nM As*? and 100 nM BPDE (CDI > 1). Results are Means + SD.
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Figure 5.7. CYP1A1/1B1 activities in primary thymus cells treated with As**, BP-
diol/BPDE and the combinations in vitro. Primary thymus cells isolated from C57BL/6J
male mice were exposed to 5 or 50 nM As**, 100 nM BP-diol or BPDE and the
combinations of As™ and BP-diol/BPDE for 18 h in vitro. CYP1A1/1B1 activities were
examined using a Luciferin substrate. After 3 h incubation, the Luciferin substrate was
added and luminescence was measured. Data was presented as % of changes in

luminescence compared to Cont. *Significantly different compared to control (p<0.05).
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DISCUSSION

Environmental exposures to As*> and PAHs such as BaP are common and are
known to produce adverse health effects in millions of people throughout the world. The
interactions between these chemicals and related family members have not been well
studied. BaP and its metabolites are known to cause DNA damage through DNA adduct
formation that induce strand breaks (Hockley et al., 2007). Our previous reports indicated
that As™ induces genotoxicity in mouse primary thymus cells at environmentally relevant
levels through PARP inhibition associated with DNA repair which may lead to
immunotoxicity (Xu et al., 2016). Since many people are co-exposed to PAHs and
arsenic, it is important to understand their potential mechanism(s) of interaction.

Previous studies on the interactions between BaP and As* have shown that As™
potentiates BaP toxicity (Lewinska et al., 2007; Maier et al., 2002). However, these
studies were conducted at high concentrations that exceeded those expected to result from
environmental exposures. Our previous studies demonstrated that DBC is a strong
immunosuppressant of murine spleen cells (Lauer et al, 2015), and that As™ interacts
with DBC at extremely low concentrations to suppress mouse bone marrow pre-B cells
(Ezeh et al., 2015). In the present study, the interactions between As™ and the
metabolites of BaP on genotoxicity in mouse thymus cells were analyzed within the
nanomolar range of exposure, which are more representative of environmental exposures.

PARP is the initiator of base excision repair of DNA damage. Inhibition of PARP
is known to cause DNA damage during cell replication (Dale Rein et al., 2015). Based

on our previous findings on genotoxicity of arsenic and PAHs (Harper et al., 2015; Li et
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al., 2010; Xu et al., 2016 ), we proposed that As*> potentiates the DNA damage induced
by PAHs through PARP inhibition. Our preliminary experiments revealed that certain
PAHs did not interact with low concentrations of As™, which might have been due to
their ability to inhibit PARP activity on their own (data not shown). Therefore, we
screened different PAHs for their ability to inhibit PARP, and the results indicated that
some PAHs (such as DBC, 3-MC, DMBA, and DAC) can inhibit PARP activity (Fig.
5.1). We selected the BaP family in subsequent studies based on the lack of PARP
inhibition by its two metabolites (BP-diol and BPDE) and their environmental relevance.
The inhibition of PARP by DBC, 3-MC, DAC and DMBA confounds the ability to see
their interactive effects based on DNA damage alone. We did not investigate the
mechanism(s) of inhibition of PARP by these PAHs in the present study. Further
mechanistic studies need to be conducted in order to form a complete picture of the
genotoxicity induced by certain PAHs and their potential interactions with As*>,
CYP1AIl and CYPI1BI are essential for the metabolism of BaP and BP-diol to
BPDE. Previous studies on the effect of arsenic on CYP1A1 and CYP1B1 expression
have yield mixed results. Some studies showed that As™ diminished CYP1A1 and
CYPI1BI induction in breast cancer cells in vitro (Spink et al., 2002), while others
revealed that As™ could increase their expression by AhR induction in lung cells after in
vivo exposure (Wu et al., 2009). In our study, we showed differential effects of As™ +
BP-diol and As** + BPDE (Fig. 5.6A and 5.6B). It is very interesting that As™
potentiated CYP1A1 and CYP1B1 expression following the co-treatment with 100 nM
BP-diol at 5 nM As*®. BP-diol is known to be an agonist of the AhR (Chen et al., 2003),

but the mechanism by which As** increases CYP1A1 and CYP1B1 in thymus cells is
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unknown and needs to be identified in future studies. Also, we found a trend of increase
in BPDE adduct formation in thymus cells treated with low concentrations of As*® and
BP-diol (Supplementary Fig. 1), using a highly sensitive chemiluminescence
immunoassay (Divi, et al., 2002). Therefore, it is likely that low concentrations of As*
induce interactive genotoxicity with BP-diol not only by inhibiting DNA repair, but also
by increasing the formation of DNA adducts resulting from the conversion of BP-diol to
BPDE.

The decrease in expression of CYP1A1 and CYP1BI1 that occurred following co-
treatments with As™> and BPDE may be the result of apoptosis. We found that low
concentrations of As™ and BP-diol/BPDE produced apoptosis following co-treatments,
which correlated with an increase in DNA damage (Fig. 5.2A and 5.3A). The
concentrations of As™ and BP-diol/BPDE used in our study were very low and had
limited cytotoxicity on their own. However, the fact that As*> and BP-diol/BPDE co-
treatments induced significant apoptosis in primary thymus cells at such low
concentrations is significant.

In summary, As™ potentiates the DNA damage induced by the metabolites of BaP
at environmentally relevant concentrations through PARP inhibition. Interactive
genotoxicity and apoptosis were observed at low concentrations of As* in combination
with BP-diol/BPDE. The induction of CYP1A1 and CYP1B1 expression by As™ and BP-
diol may play a partial role in the synergistic genotoxicity found in these studies. These
findings show that As*® and certain PAHs may interact with thymus cells at extremely
low concentrations. These interactions should be considered in the assessment of risk

associated with human exposures.
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ABSTRACT

Arsenite (As™) exposure is known to cause immunotoxicity in human and animal
models. Our previous studies demonstrated that As™ at low concentrations induced both
genotoxicity and non-genotoxicity in mouse thymus cells. Developing T cells at CD4-
CDS8- double negative (DN) stage, the first stage after early T cells are transported from
bone marrow to thymus, were found to be more sensitive to As*? toxicity than the T cells
at CD4+CD8+ double positive (DP) stage in vitro. Induction of Mdrl (Abcb1) and Mrp1
(Abccl), two multidrug resistance transporters and exporters of As™, was also associate
with the reversal of As™ induced double strand breaks and DNA damage. In order to
confirm the differential sensitivities of thymic cell populations to As*? in vivo, male
C57BL/6J mice were exposed to 0, 100 and 500 ppb As*? in drinking water for 30 d. A
significant decrease in DN cell percentage was observed with exposure to 500 ppb As*?.
Low concentrations of As™ were also shown to induce higher genotoxicity in sorted DN
cells than DP cells in vitro. Calcein AM uptake and Mdr1/Mrpl mRNA quantification
results revealed that DN cells not only had limited As™ exporter activity, but also lacked
the ability to activate these exporters with As™ treatments, resulting in a higher
accumulation of intracellular As™. Knockdown study of As™ exporters in the DN thymic
cell line, D1 using siRNA, demonstrated that Mdrl and Mrpl regulate intracellular As™
accumulation and genotoxicity. Taken together, the results indicate that transporter
regulation is an important mechanism for differential genotoxicity induced by As™ in

thymocytes at different developmental stages.
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INTRODUCTION

Arsenic (As) contamination of food and drinking water affects millions of people
world-wide. Arsenite (As*?) is a prevalent trivalent inorganic form of As in the
environment. As*® exposure has been associated with multiple diseases such as diabetes,
cardiovascular diseases and cancers (Argos et al., 2010; Schuhmacher-Wolz et al.,
2009;Vahter et al., 2008). The immunosuppression caused by As*? exposure in humans
and animal models has been reported by multiple groups (Gonsebatt et al., 1994; Soto-
Pena et al., 2006; Biswas, et al., 2008; Kozul et al., 2009). Many studies have
demonstrated that As*> has detrimental effects on different types of immune cells (Ezeh
et al., 2015; 2016; Sakurai et al., 2006). The thymus is the primary immune organ for the
development of T cells, which are key in both humoral and the cell-mediated immunity.
During development in thymus, T cells undergo changes in surface marker expression
that allow us to recognize distinct subsets: double negative (CD4-CD8-, DN), double
positive (CD4+CD8+, DP) and single positive (CD4+ or CD8+, SP) (Germain, 2002).
Epidemiological studies have indicated that children exposed to low levels of As™ in
utero have impaired thymic function and reduced numbers and types of peripheral T cells
(Ahmed et al., 2012).Thymic atrophy and cell cycle arrest have also been observed in
mice exposed to As™ in vivo (Nohara et al., 2008; Schulz et al., 2002). These studies
highlight the necessity for gaining an understanding of the mechanisms of As™ induced

toxicities in the thymus.
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Our previous studies have demonstrated that As*? at environmentally relevant
concentrations can induce DNA damage in mouse thymus cells through the inhibition of
poly ADP ribose polymerase (PARP) activity as well as the generation of oxidative stress
(Xu et al., 2016d). PARP has a DNA binding domain that contains two zinc (Zn) fingers.
As™ is known to cause functional impairment of PARP by replacing the Zn on the Zn
fingers (Qin et al., 2012; Sun et al., 2014; Zhou et al., 2011, 2014). Studies have indicated
that the dual actions of As** also include the induction of oxidative stress at higher
concentrations (Ding et al., 2009; Qin et al., 2008), which was confirmed in our mouse
thymic cell model in vitro at a 500 nM As™ concentration (Xu et al., 2016d). Previous
studies in our laboratory have also demonstrated that immune cells are extremely
sensitive to As*> treatments (Burchiel et al., 2014; Ezeh et al., 2014; Li et al., 2010; Xu et
al., 2016b). We have also described the differential sensitivities of mouse peripheral
lymphoid organs and tissues to As™ (Xu et al., 2016c). Therefore, understanding the
mechanism of the differential sensitivity of different types of immune cells is important
for evaluating As™ induced immunotoxicity.

As™ enters cells via the aquaglyceroporins (AQP3, AQP7, AQP9, AQP10), the
glucose permeases (GLUT1, GLUT2, GLUTS), and the organic anion transporting
polypeptides (OATP1B1, OATP2B1) (Maciaszczyk-Dziubinska et al., 2012). Multidrug
resistance protein, Mdrl (ABCB1, P-glycoprotein 1), and multidrug resistance-associated
proteins, Mrp1l (ABCC1) and Mrp2 (ABCC2), are the known exporters of As™ in
eukaryotic cells. Many studies have indicated that the over-expression of Mdrl, Mrpl
and Mrp2 is responsible for As™ resistance in certain type of cells (Liu et al., 2001; Liu

et al., 2002). In our previous studies, we demonstrated that up-regulation of Mdrl and
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Mrpl in a thymic T cell line, D1, decreased oxidative DNA damage (Xu et al., 2016d).
Therefore, these ATP binding cassette subfamily transporters may be the key factors that
regulate the toxicity induced by As*.

Our previous studies demonstrated that DN cells are more prone to As*® induced
toxicity than DP cells in vitro (Xu et al., 2016a). In the present study, the genotoxicity
induced of As™ in DN and DP cells was analyzed and compared. We also examined
differences in the expression of As** exporters between DN and DP cells and studied the

roles of these exporters in the regulation of As™ induced genotoxicity in thymus cells.
p g g y y
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MATERIALS AND METHODS

Chemicals and reagents

Sodium arsenite (CAS 774-46-5, Cat. No. S7400, Purity > 90%), Dulbecco’s
phosphate buffered saline w/o Ca*? or Mg*? (DPBS"), RPMI 1640 HEPES modified
medium , dimethylsulfoxide (DMSO, Cat. No. D2650) and B-Mecaptoethanol (2-ME,
Cat. No. M3148) were purchased from Sigma-Aldrich (St. Louis, MO). Hanks Balanced
Salt Solution (HBSS) was purchased from Lonza (Walkersville, MD). Fetal Bovine
Serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA).
CometAssay® 20 well ES starter kit (Cat. No. 4252-040-ESK)) was purchased from
Trevigen (Gaithersburg, MD). RNeasy Mini Kit™ and QIAshredder™ were purchased
from Qiagen (Valencia, CA). Penicillin/Streptomycin 10,000 (U/ml and 10,000
(ng/mL)), 200 mM L-Glutamine, Dihydroethidium (DHE, Cat. No. D11347), high
capacity cDNA reverse transcription kit (Cat. No. 4368814), Gapdh (Mm99999915 g1),
Mdrla (Mm00440761 m1), Mdrlb (Mm00440736_m1), Mrpl (Mm00456156 _m1),
Mrp2 (Mm00496899 m1), Nrf2 (Mm00477784 ml), Hmox1 (Mm00516005 m1)
TagMan® gene expression assays and TagMan® universal PCR master mix (Cat. No.
4304437) were purchased from Life Technologies (Grand Island, NY). Recombinant
murine IL-7 (Cat. No. 217-17) was purchased from Peprotech (Rocky Hill, NJ). Mdr1
(Cat. No. sc-35891), Mrp1 (Cat. No. sc-35961), scrambled negative control (Cat. No. sc-
37007) and FITC-conjugated positive control (Cat. No. sc-36869) siRNAs were
purchased from Santa Cruz Biotechnology (Dallas, TX). Accell siRNA delivery media

(Cat. No. B-005000-500) was purchased from Dharmacon (Lafayette, CO). FITC rat anti-
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mouse CD8a (Cat. N0.553031), PE rat anti-mouse CD8 (Cat. N0.553033), PE rat anti-
mouse CD4 (Cat. No. 553730) and APC rat anti-mouse CD4 (Cat. No.553051) antibodies
were purchased from BD Biosciences (San Jose, CA). EasySep™ PE positive selection
kit (Cat. No. 18557) was purchased from STEMCELL Technologies (Cambridge, MA).
Cellometer staining solution, acridine orange/propidium iodide (AO/PI) staining (Cat.
No. CS2-0106-5ML) was purchased from Nexcelom Bioscience (Manchester, UK).
Calcein acetoxymethyl ester (Calcein AM, Cat. No.14948), Verapamil (Cat. No. 14288),
and MK-571 (Cat. No. 10029) were purchased from Cayman Chemical (Ann Arbor, MI).
Animal exposures and primary mouse thymus cells isolation

C57BL/6J male mice were purchased from Jackson Laboratory (Bar Harbor, ME)
at 8-10 weeks age. Experiments or treatments were performed after at least one week of
acclimation in our animal facility. All animal experiments were performed following the
protocols approved by the Institutional Animal Use and Care Committee at the University
of New Mexico Health Sciences Center. For in vivo experiments, 2-3 mice (5 per group)
were housed per cage and exposed to As* at 0 (control), 100 or 500 ppb via drinking
water for 30 d. Mice were fed with 2020X Teklad global soy protein-free extruded rodent
diet (Envigo, Indianapolis, IN) throughout the experiment. As** doses were prepared
fresh weekly by weighing each water bag and determining the appropriate amount of
As™ stock to add to each bag. Water bags were weighed after each weekly collection and
the change in weight was used to estimate the amount of water consumed by mice in each
cage. Concentrations of As™ in drinking water bags were verified using Mass
Spectrometry by Dr. Abdul-Mehdi S. Ali at Department of Earth and Planetary Sciences,

University of New Mexico. Mice were euthanized after 30 d exposure or on the day of in
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vitro experiment. Thymuses were harvested and transferred to the laboratory on ice in
HBSS on ice. Single cell suspensions of spleen and thymus cells were prepared by
homogenizing the organ between the frosted ends of two sterilized microscope slides
into a dish containing 5 mLof cold mouse medium (RPMI 1640 with 10% FBS, 2 mM L-
glutamine, 100 units/mL penicillin and 100 pg/mL streptomycin). For in vitro
experiments, cell suspensions from 3 mice were pooled. Cells were then centrifuged at
200 x g for 10 min and resuspended in fresh mouse medium. Cell numbers and
viabilities were determined by AO/PI staining and counting using the Nexcelom
Cellometer 2000.
CD4, CD8 and DHE staining

DHE was resuspended with 158 ul DMSO and diluted to a final concentration of
5 uM with DPBS". 1 x 10° cells were washed with DPBS", resuspended in 100 pl of 5 uM
DHE solution and stained with 0.5 pg of APC-conjugated anti-CD4 and FITC-conjugated
anti-CD8 antibodies for 30 min in a 37 °C incubator. Cells were washed twice with
DPBS" before analysis on an AccuriC6 Flow Analyzer (BD Bioscences).
DN cell enrichment and cell sorting

In order to yield enough DN cells for our experiments, an aliquot of the isolated
thymus cells were concentrated to 1 x 10® cells/mL in mouse medium and stained with 2
ug/mL PE-conjugated anti-CD4 and PE-conjugated anti-CD8 antibodies for 15 min at
RT. 100 pl of PE selection cocktail was then added to 1 mL of cell suspension. After 15
min RT incubation, 50 pl of magnetic nanoparticles was added to the cell suspension and
mixed by pipetting followed by a 10 min incubation at RT. Then cell volumes were

brought up to 2.5 mL by adding DPBS" containing 2% FBS and 1 mM EDTA. Tubes

141



were then placed into the magnet for 5 min and cells that remained in suspension (DN
cells) were collected into a fresh tube. Enriched DN cells and the remaining total thymus
cells were stained with 2 pg/mL FITC-conjugated anti-CD8 and APC-conjugated anti-
CDS8 in mouse medium and DN and DP cells were sorted on an iCyt SY3200 cell sorter
(Sony, San Jose, CA) at 15,000 events/s to achieve >99% purity. The enrichment step
with magnetic nanoparticles increased the efficiency of getting DN cells by
approximately twenty times.

The single cell gel electrophoresis assay (Comet assay)

Cells were washed with DPBS" and resuspended at 1 x 10° cells/mL in DPBS". 30
ul of cells were placed into a 1.5 mL microcentrifuge tube containing 250 pl low melting
point agarose at 37 °C and then each sample was applied to a one well of a 20-well
CometSlide™ (Trevigen). After the agarose was solidified, cells were lysed overnight
with Lysis Solution + 10% DMSOI The following day the slide was electrophoresed in
ice cold alkaline buffer with | mM EDTA (pH>13) at 21 volts for 30 min. Slides were
dried, stained with Sybr Gold and imaged with an Olympus IX70 inverted fluorescence
microscope. 50 cells from each well of the slides were scored using CometScore (TriTek
Corp., Sumerduck, VA).

Oxidation state specific Hydride Generation- Cryotrapping- Inductively Coupled
Plasma- Mass Spectrometry

The analysis of As species by HG-CT-ICP-MS was performed as previously
described (Currier et al., 2014; Matousek et al., 2013). Briefly, cell pellets were lysed in
ice-cold deionized water. The trivalent species were measured in an aliquot of cell lysate

directly. Another aliquot was treated with 2% cysteine and analyzed for total inorganic
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As (As™ and As™), total methyl-As (MMA™** and MMA*), and total DMAs (DMA*? and
DMA ). Cysteine-treated pentavalent As standards were used for calibration as
previously described (Herndndez-Zavala et al., 2008). The LODs for As species analyzed
by HG-CT-ICP-MS ranged from 0.04 pg As for methylated arsenicals to 2.0 pg As for
inorganic arsenicals. All values were expressed as pg of As in an arsenic species.
RNA isolation and qPCR

RNA isolation was performed on mouse thymus cells following the manual of the
RNeasy Mini Kit ™ and QIAshredder™ from the manufacturer. An Agilent Nanodrop
spectrophotometer (Santa Clara, CA) was used to quantify the concentrations of extracted
RNA in each sample. 60 pul mixed solution containing a minimum of 1080 ng RNA was
reverse transcribed (RT reaction) on SimpiAmps thermal cycler (Life Technologies)
using the high capacity cDNA reverse transcription kit. Samples were then diluted to ~6
ng/ ul with RNase, DNase free water and stored at -20 °C. Real time PCR (qPCR)
reactions were performed in 10 pl per reaction in a 384-well plate with TagMan® gene
expression assays of GAPDH, Mdrla, Mdrlb, Mrpl, Mrp2, Nrf2 and Hmox1 probes on a
Applied Biosystems ViiA™ 7 Real-Time PCR System (Life Technologies). Comparative
Cr (first amplification cycle exceeding threshold) was applied for quantification, and
GADPH was used as the endogenous control. The method to calculate the comparative
Cr is described in detail in the manual from Life Technologies.
Calcein AM uptakessay

The calcein AM assay was performed according to the uptake assay procedures
previously described (Bircsak et al., 2013; Olson et al., 2001; Udasin et al., 2016).

Briefly, calcein AM was added into 1 x 10° mouse thymus cells in 1 mL of 37 °C pre-
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warmed mouse medium to a final concentration of 50 nM. Samples were incubated at 37
°C in the dark for 30 min with or without 20 pM Verapamil (Mdr1 inhibitor) or 50 pM
MK-571 (Mrps inhibitor). For cell subset differentiation, cells were then washed and
resuspended in 100 pl cold DPBS-, stained with 0.5 pg of APC-conjugated anti-CD4 and
PE-conjugated anti-CD8 antibody for 30 min on ice in the dark. After two washes with
cold DPBS-, cells were analyzed on an AccuriC6 Flow Analyzer (BD Bioscences).
Mdr1, Mrp1 siRNA knockdown in D1 cells

The D1 cell line was a gift from Dr. Scott K. Durum (Center for Cancer Research,
NIH, Frederick, MD). The D1 cell line is a CD4-CDS8-, IL-7 dependent early T cell line
established from p53 knockout mouse thymocytes (Kim et al., 2003). As previously
described, cells were maintained in mouse medium with 55 uM 2-ME and 50 ng/mL IL-7
and sub-cultured every three days (Xu et al., 2016a). For siRNA knockdown experiments,
D1 cells were resuspended in siRNA delivery medium (Accell siRNA delivery media +
2% FBS + 50 ng/mL IL-7) at 2 x 10° cells/mL with mouse Mrp1, mouse Mdrl,
scrambled or FITC-labeled scrambled control siRNA at 20 nM concentration and
incubated in 37 °C, 5% CO:2 humidified incubator for 52 h as previously described
(Ruppert et al., 2012). Cells were then re-plated into a 6 well plate in mouse medium with
55 uM 2-ME and 50 ng/mL IL-7, treated with As** at 50 and 500 nM concentrations for
18 h.
Statistics

Excel 2010 and Sigma Plot 12.5 software were used for data analysis. One-way
analysis of variance (ANOVA) followed by a Dunnett’s Method (multiple comparisons

versus control group) were used to determine differences between control and treatment
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groups. For the in vivo As*? experiments, 5 animals (n=5) were assigned to each group.
Three independent experiments were conducted and comparable results were acquired.

For the in vitro experiments, three replicates were performed and analyzed for each dose.
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RESULTS

Selective toxicity in DN cells population after in vivo As™ exposure

Previous studies in our lab demonstrated As™ treatments selectively decreased
DN cell percentage in vitro (Xu et al., 2016a). In order to see whether DN cells are more
sensitive to As*? in vivo, 9-week old male C57BL/6J mice were exposed to 0, 100 and
500 ppb As™ for 30 d via drinking water. Thymus cells were isolated and stained with
CD4 and CDS cell surface markers and analyzed on a flow cytometer. A significant
decrease in DN cell percentage was observed at 500 ppb (Fig. 6.1A). There was no
change in DP cell percentage (Fig. 6.1B). We also calculated the total cell number of
each population using the total thymus cell recovery from each individual mouse to
determine if the absolute cell numbers in the DN and DP populations were affected.
Although significant decreases in total cell numbers were observed in both DN and DP
cells (Fig. 6.1C and 6.1D), the decrease in DN cells was higher than in DP cells. These
results indicated that As™® exposure in vivo selectively reduced DN cell percentage,

which resulted in an overall decrease of the cell numbers at later stage.
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Figure 6.1. DN and DP percentage of cells and cell numbers from 30 d As™ drinking
water-exposed mice. 9-week old male C57BL/6J mice were exposed to 0, 100 and 500
ppb As™ through drinking water for 30 d. Thymus cells were isolated, stained with CD4
and CDS8 surface markers, and analyzed on a flow cytometer. A, % of DN cells in thymus
cells. B, % of DP cells in thymus cells. C, total DN cell numbers (% of DN cells x total
cell recovery). D, total DP cell numbers (% of DP cells x total cell recovery). *

Significantly different compared to control (p<0.05, n=5). Results are Means = SD.

147



DN cells were more sensitive to As™ induced genotoxicity and oxidative stress than
DP cells in vitro

The selective reduction of DN cell percentage was observed both in vitro and in
vivo. In order to see if As* induces higher genotoxicity in DN cells than DP cells,
primary thymus cells from fourl2-week old male C57BL/6J mice were isolated, pooled
and sorted into the DN and DP cell populations (Fig. 6.2A). DN, DP and un-sorted
thymus cells were treated with 0 (control), 50 and 500 nM As™ for 18 h in vitro. Cell
viability was examined using AO/PI staining, and DNA damage was analyzed by Comet
assay. A significant decrease in cell viability was only observed at 500 nM As*?
treatment for DN cells (Fig. 6.2B). A dose-dependent increase of DNA damage was
observed in DN cells starting at 50 nM (Fig. 6.2C), indicating that DN cells are more
prone to As™ induced DNA damage. Oxidative stress in sorted DN and DP cells was
measured by DHE staining on a flow cytometer and Hmox1 mRNA expression by qPCR.
Dose-dependent increases in both DHE fluorescence and Hmox1 expression were
observed in DN cells after 18 h in vitro treatments with As**(Fig 6.3A and 6.3B), which
was more significant than in DP cells. The expression of Nrf2, the oxidative stress
regulator, was also analyzed by qPCR. Up-regulation of Nrf2 was observed in both DN
and DP cells only at 500 nM (Fig. 6.3C).

Previous studies in our lab indicated that higher genotoxicity was associated with
greater intracellular As (Xu et al., 2016¢). Therefore, we used HG- CT- ICP- MS system
to determine the intracellular As™ accumulation in DN and DP cells after in vitro

treatments. More intracellular As™ was observed in DN cells than DP cells with 18 h
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treatments of 50 and 500 nM As*? (Fig. 6.4), suggesting that the selective genotoxicity in

DN cells may be the result of higher intracellular As*® accumulation.
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Figure 6.2. Viability and DNA damage in DN and DP cells after 18 h in vitro treatments
with As™. Thymus cells were isolated from three 12-14 week old male C57BL/6J mice
and pooled. Cells were enriched with STEMCELL EasySep™ PE positive selection kit,
stained with CD4 and CD8 surface markers and sorted into DN and DP cell populations.
Sorted cells were treated with 50 and 500 nM As™ for 18 h in vitro. A, thymus cells were
sorted into DN and DP cells. B, cell viability were measured by AO/PI staining. C, DNA
damage was measured by alkaline Comet assay. * Significantly different compared to

control (p<0.05). Results are Means + SD.
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Figure 6.3. Oxidative stress in DN and DP cells treated with As™ for 18 h in vitro.
Thymus cells were isolated from three 12-14 week old male C57BL/6J mice, pooled,
sorted into DN and DP populations and treated with 50 or 500 nM of As*™ for 18 h. A,
superoxide production was measured by DHE mean channel fluorescence. B, Hmox|1
mRNA expression was measured by qPCR. C, Nrf mRNA expression was measured by

qPCR. * Significantly different compared to control (p<0.05). Results are Means + SD.
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Figure 6.4. Intracellular As™ concentrations in DN and DP cells treated with As* in
vitro for 18 h. Thymus cells were isolated from three 12-14 week old male C57BL/6]
mice, pooled, sorted into DN and DP populations and treated with 50 or 500 nM of As™
for 18 h. Intracellular As™ accumulation was measured by HG-CT-ICP-MS. ND, not
detected. * Significantly different compared to control (p<0.05). # Significantly different

compared to the relative dose in DN cells (p<0.05). Results are Means + SD.
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As*3 exporter mRNA expressions and activities in DN and DP cells after in vitro As™
treatments

Mdr1 and Mrpl1 are the exporters of As* in eukaryotic cells. Previous findings in
our lab suggested that the up-regulation of Mdrl and Mrp1 in mouse thymus cells treated
with 500 nM As*?® decreased the oxidative stress and double strand breaks (Xu et al.,
2016d). To examine whether the DN and DP cells have differential Mdr1 and Mrpl
expressions, sorted DN and DP cells were treated with 0, 50, and 500 nM As* for 18 h in
vitro. Mdrl (a and b) and Mrpl expressions were analyzed by qPCR. Significant increase
of Mrpl expression was observed in DP cells starting from 50 nM (Fig. 6.5C). Although
there was no significant increase in both Mdrla and Mdr1b expression in DP cells, a
slight decrease in both Mdrla and Mdrlb expression was observed in DN cells at 500 nM
(Fig. 6.5A and 6.5B). We also performed qPCR analysis on Mrp2 and did not see any
amplification, indicating that Mrp2 is not expressed in early T cells (data not shown).
These results suggested that DN and DP cells express different levels of the two As™
exporters, especially with the treatments of As™.

The Calcein AM assay has been used to measure Mdr1 and Mrpl activities
(Evseenko et al., 2006; Oslon et al., 2001). We used the Calcein AM uptake assay to
compare exporter activities in DN and DP cells and optimized the staining concentration
to make it compatible with the surface marker staining. The Calcein mean channel
fluorescence was higher in DN cells than in DP cells with or without As*? treatment,
suggesting that DN cells have lower exporter activities in general (Fig. 6.6). Treatment
with 500 nM As*® for 18 h significantly increased calcein fluorescence in DN cells and

decreased calcein fluorescence in DP cells (Fig. 6.6B), indicating the differential patterns
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of exporter activation in DN and DP cells with As** treatments. Overall, these results
supported our hypothesis that Mdrl and Mrpl expressions and activations are different in
DN and DP cells, which may be the reason for differential sensitivities to As*® induced

genotoxicity in the DN and DP cells.
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As*3 in vitro for 18 h. Thymus cells were isolated from three 12-14 week old male
C57BL/6J mice, pooled, sorted into DN and DP populations and treated with 50 or 500
nM of As™ for 18 h. A, Mdrla mRNA expression was measured by qPCR. B, Mdrlb
mRNA expression was measured by qPCR. C. Mrpl mRNA expression was measured
by qPCR. *Significantly different compared to control (p<0.05). # Significantly different

compared to the relative dose in DN cells (p<<0.05). Results are Means + SD.
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Figure 6.6. Calcein AM uptake in DN and DP cells treated with As™ in vitro for 18 h.
Thymus cells were isolated from three 12-14 week old male C57BL/6J mice, pooled, and
treated 500 nM As*. Calcein AM uptake assay was used to measure the activity of
exporters in DN and DP cells separated by CD4 and CDS surface marker staining. A,
Histogram of unstained and calcein stained cells. B, Calcein mean channel fluorescence
in DN and DP cells after As*™ treatments. *Significantly different compared to control
(p<0.05). # Significantly different compared to the relative dose in DN cells (p<0.05).

Results are Means + SD.
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Knockdown of Mdr1 and Mrp1 increased As™ induced genotoxicity in vitro

A mouse thymic DN T cell line, D1, was utilized to confirm whether the
decreases in Mdr1 or Mrpl expression affect the genotoxicity. D1 cells were cultured in
siRNA delivery medium with Mdrl or Mrp1 siRNA and the successful delivery of
siRNA was confirmed (Fig. 6.7A). Significant increases calcein fluorescence was
observed with both Mdrl and Mrp1 siRNA knockdown (Fig 6.7B), indicating a
suppression of exporter functions. Cells were also treated with As** for 18 h in vitro.
Significant increase of intracellular As™ was observed in both knockdowns (Fig. 6.7C),
and there was no methylated forms of As in these cells. Interestingly, Mrp1 knockdown
increased the intracellular As** accumulation more significantly than Mdr1 knockdown.
These results suggested that the successful delivery of the siRNAs decreased the
activities of exporters and lead to increased intracellular As™* accumulation in D1 cells.

The siRNA knockdown of Mdr1 and Mrpl at mRNA levels was analyzed by
qPCR. A significant decrease in Mdrl and Mrpl mRNA expression was observed with
Mdrl and Mrp1 siRNA, and Mrp1 siRNA achieved a higher percentage of knockdown
than Mdrl siRNA (Fig. 6.8A, 6.8B and 6.8C). The knockdowns also confirmed the
activation of both genes by As*? treatments. Interestingly, a slight increase in Mrp1
expression was observed with the knockdown of Mdr1 (Fig. 6.8A and 6.8B). Hmox1 was
also analyzed by qPCR in the siRNA knockdown samples and Mrpl showed a much
higher increase in Hmox1 expression than Mdrl with As*™ treatments. These results were
in agreement with the increase of intracellular As™ levels after the siRNA knockdown

(Fig. 6.7C).
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The effects of the Mdrl and Mrp1 knockdowns in D1 cells on viability and
DNA damage induced by As™ were also examined. Decrease in cell viabilities and
increase in DNA damage were observed in Mdrl and Mrp1 knockdowns (Fig. 6.9). Mrp1
siRNA knockdown had stronger effects on viability and DNA damage than Mdrl siRNA
knockdown, which correlated with the intracellular As™ accumulation (Fig. 6.7C).
Collectively, these results indicate that differences in Mdr1 and Mrpl expression and

activity could result in differential cellular sensitivities to As™ induced genotoxicity.
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Figure 6.7. Mdr1 and Mrp1 siRNA knockdowns in D1 cells. D1 cells were cultured in

As™in 1 x 10° cells (pg)

Dharmacon Accell siRNA delivery system with Mdrl and Mrp1 siRNAs for 52 h and
treated with As™ for 18 h. siRNA-A was a scrambled siRNA as a control for delivery. A,
flow cytometry result to compare FITC fluorescence of siRNA-A with/without FITC
label after 52 h of culture in delivery medium. B, calcein fluorescence in D1 cells
transfected with Mdr1, Mrpl siRNAs and siRNA-A. C, As™ accumulation in D1 cells
transfected with Mdr1, Mrpl siRNAs and siRNA-A. *Significantly different compared to

no siRNA or siRNA-A (p<0.05). Results are Means = SD.
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Figure 6.8. Mdrla, Mdrlb, Mrpl and Hmox1 mRNA expression in D1 cells transfected

with Mdrl and Mrp1 siRNA and treated with As* in vitro for 18 h. D1 cells were

transfected with Mdr1, Mrpl siRNAs or siRNA-A. Transfected cells were then treated

with As™ for 18 h and mRNA expressions were measured by gPCR. A, Mdrla mRNA

expression. B, Mdr1b mRNA expression. C, Mrpl mRNA expression. D, Hmox] mRNA

expression. *Significantly different compared to Control (p<0.05), # Significantly

different compared to the relative dose in no siRNA (p<0.05). Results are Means + SD.
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Figure 6.9. Viability and DNA damage in D1 cells after 18 h in vitro treatment with As*?

in Mdrl and Mrp1 knockdowns. D1 cells were transfected with Mdrl, Mrpl siRNAs or

siRNA-A. Transfected cells were then treated with As™ for 18 h. A, cell viability were

measured by AO/PI staining. B, DNA damage was measured by alkaline Comet assay.

*Significantly different compared to Control (p<0.05). # Significantly different compared

to the relative dose in no siRNA (p<0.05). Results are Means + SD.
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DISCUSSION

As* is known to cause detrimental effects on multiple types of cells and systems
(Argos et al., 2010; Biswas et al., 2008; Gonsebatt et al., 1994; Cooper et al., 2009; 2013;
Soto-Pefia et al., 2006). Our previous results demonstrated that As™ induced both
genotoxicity and non-genotoxicity in mouse thymus cells (Xu et al., 2016a; 2016d).
Although immune cells in general have high sensitivities to As*?, the early T cells at DN
stage were shown to be selectively targeted by low concentrations of As™ in vitro (Xu et
al., 2016a). In this study, we confirmed that the selective decrease of DN cells also
occurred in mice exposed to As™ via drinking water. The percentage of the DN cells, but
not the DP cells, was decreased in 500 ppb As* exposed mice (Fig. 6.1A and 6.1B). The
absolute DN and DP cell numbers were also decreased in 500 ppb As*® exposed mice
(Fig 6.1C and 6.1D), indicating that the As** effects on cells at early stage resulted in a
decrease in later stage cell numbers. The study suggested that the reduction of thymus
cell number in 500 ppb As™ exposed mice was the result of the selective toxicity on early
DN cells.

Mdr1, Mrp1 and Mrp2 are important As™ efflux proteins in eukaryotic cells.
While Mrp2 is mainly expressed by hepatocytes, Mdrl and Mrp1 are known to be
expressed in human immune cells (Jedlitschky et al., 2006; van der Kolk et al., 2001).
Our previous study demonstrated the induction of Mdr1 and Mrp1, which correlated with
the decreases of As™, induced oxidative stress and double strand breaks in thymus cells
(Xu et al., 2016d). Therefore, we measured Mdrl and Mrpl mRNA expression and

activity to see if the differential sensitivities of DN and DP cells to As™ induced toxicity
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were due to As*™ export. Our results demonstrate that the exporter activity in DN cells
was lower than in DP cells (Fig. 6.6B). Also, Mdrl and Mrpl mRNAs were not
significantly induced in DN cells after 18 h 50 and 500 nM As ™ in vitro treatments in
contrast to the DP cells. These results suggested that the high As** genotoxicity in DN
cells was due to increased exposure resulting from limited exporter induction.

In order to confirm that the high sensitivity of DN cells to As™ was due to As™
export, we measured the intracellular As™ in sorted DN and DP cells treated with As*
in vitro. The accumulation of intracellular As*? levels was significantly higher in DN
cells than in DP cells at 18 h (Fig. 6.4), which may be the result of limited exporter
activity. Since we already confirmed from in vivo studies that intracellular As
accumulation was responsible for differential genotoxicity in cells from multiple immune
organs (Xu et al., 2016¢), the higher As™ accumulation in DN cells observed in this study
provided an explanation for why DN cells are more sensitive to As** induced toxicity
than DP cells. DN cells are also highly IL-7 dependent cells. Our previous findings
indicated that As™ can suppress the IL-7 signaling pathway which cause cell cycle arrest
(Xu et al., 2016a). Therefore, the selective decrease in DN cell population after As*
exposure may be the result of a combination effect of both genotoxicity and non-
genotoxicity.

Mdrl and Mrpl, also known as Abcb1 and Abccl, are two ATP-dependent multi-
drug resistant proteins. As* is often used in the form of arsenic trioxide (ATO) to treat
different types of malignant diseases such as leukemia and cancers. Many studies have
demonstrated that certain malignant cells with high expressions of Mdr1 and Mrp1 were

resistant to ATO therapy (Seo et al., 2007; Sertel et al., 2012). In this study, we
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performed siRNA knockdown for both Mdr1 and Mrpl in a mouse DN -T cell line to
confirm the association between Mdr1/Mrp1 expression and the genotoxicity. The
knockdown of Mdrl and Mrpl not only increased the DNA damage induced by As* in
D1 cells, but also decreased the cell viability after 18 h As*? treatment (Fig. 6.9). These
results study show that the inhibition on these exporters specifically may enhance the
As™ toxicity in certain type of cells. The effect of Mrp1 knockdown was much greater
than Mdr1 knockdown. Since Mrpl export GSH-conjugated As™3, and Mdr1 export
unconjugated As*, it is possible that most of the intracellular As* are GSH-bound and
need to be transported by Mrpl.

In summary, the study confirmed that As™ selectively target DN thymus cells.
The greater sensitivity of DN cells compared to DP cells was a result of more
intracellular As** accumulation and therefore exposure. The expressions and induction of
two major As™* exporters after As* treatments, Mdrl and Mrp1, were found to be
responsible for the differential intracellular As** and genotoxicities. This is the first study
that clearly demonstrated a relationship between intracellular As* level and As*?
exporter activities and expressions, which suggested an explanation of how As™

exporters regulate the As™ induced toxicity in thymus cells at different stages.
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CHAPTER 7

GENERAL DISCUSSION AND SIGNIFICANCE

GENERAL DISCUSSION

Many studies revealed that arsenic induces immunotoxicity (Ahmed et al., 2014;
Biswas et al., 2008; Gonsebatt et al., 1994; Nadeau et al., 2014; Soto-Pen™ a et al., 2006;
Vahter, 2008). However, few studies have ever addressed the toxicity induced by arsenic
in thymus cells from a mechanistic perspective. Early T cells in thymus are developing
from early DN stage to CD4 or CDS8 SP cells. Most of the cells will die through apoptosis
during the positive and negative selections (Klein et al., 2014). Studies have indicated
that suppression of the early T cells could result in detrimental effects on immune
functions (Ohm et al., 2003; Seinen and Penninks, 1979). Since arsenic has been
demonstrated to alter immune functions and peripheral T cells (Dangleben et al.,2013), it
is possible that the suppressive effects of arsenic are due to its toxicity on the early
thymic T cells. This comprehensive study on arsenic induced toxicity in early thymic T
cells not only revealed the mechanism of how arsenic affects a certain type of early
immune progenitor cells, but also indicated a possible mechanism of arsenic induced
immunotoxicity in the body.

Many studies have focused on the immunotoxicity of arsenic at high
concentrations, which may not be representative of real environmental exposures.

Epidemiology studies have indicated that people consuming contaminated drinking water

167



are usually exposed to arsenic up to several hundred ppb (Chowdhury et al., 2000).
Therefore, 500 ppb was selected as the high dose for the study in the in vivo experiments
in this project. The conversion of ppb doses of As** to nanomolar concentrations is 10
ppb = 130 nM. The high dose in our in vitro treatments was 500 nM, which is in the same
range of intracellular arsenic amounts in the thymus cells after the 30 d high dose (500
ppb) in vivo exposure (Table 4.2). Therefore, the amounts of arsenic used in both the in
Vivo and in vitro experiments in this study are close reflections of real environmental
conditions. The results from our studies are more environmentally relevant than most of
the other studies on arsenic immunotoxicity.

Previous studies have indicated that arsenic affects multiple systems (Argos et al.,
2010; Schuhmacher-Wolz et al., 2009; Vahter, 2008). In this study, the toxicity of arsenic
to early thymic T cells at environmentally relevant concentrations was assessed from both
genotoxic and non-genotoxic (cell signaling) aspects. Both pathways were confirmed by
experiments to be involved in the suppressive effects of arsenic to early thymic T cells. In
the genotoxicity study, As™ exposures in vivo and in vitro caused increase of DNA
damage by the inhibition PARPI, the initiator of BER, at low concentrations (Xu et al.,
2016¢). Oxidative stress was observed with the higher concentrations of As™ in thymus
cells (Xu et al., 2016d). The dual-action model of As™ genotoxicity was confirmed in
thymus cells at lower concentrations compared to the previous studies (Qin et al., 2008).
The suppressive effects of As™ and MMA™ on IL-7 signaling were observed in DN T
cells, which resulted in the decrease of cell cycle gene expression (Xu et al., 2016a). The
study results were similar to our previous studies in the early pre-B cells (Ezeh et al.,

2016). Taken together, these results indicated that arsenic induced toxicity in early
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thymus cells is a complicated phenomenon, which involves its actions on different
pathways.

Most toxicology studies are designed to focus on just one chemical. However, it is
not uncommon that people are exposed to multiple toxicants at the same time in
environmental conditions. Previous reports indicated that the co-exposures of arsenic
with other chemicals enhanced the toxicity and carcinogenesis (Burns et al., 2008;
Cooper et al., 2014; Maier et al., 2002). BaP is a ubiquitous contaminant that can be
found in wood and cigarette smoke, over-processed food and contaminated water
sources, the exposure of which is known to be related to the chimney sweeps' carcinoma,
a squamous cell carcinoma of the skin of the scrotum (Crawford, 1988). Previous studies
have demonstrated that the interaction between BaP and arsenic could enhance the
cytotoxicity and formation of adducts (Evans et al., 2004; Maier et al., 2002). The in vitro
co-treatment experiment of BP-diol and As™ indicated that the environmentally relevant
low dose exposures could increase the toxicity of BP-diol and As™ and induce apoptosis
in mouse thymus cells (Fig 5.3). The mechanism of these interactive effects involved
both accelerated metabolism of BP-diol to BPDE from the increased expression of
CYP1A1 and CYPIBI, and the inhibition of DNA damage repair by As*>.

Cells from different tissues were shown to have differential sensitivity to arsenic
(Burchiel et al., 2014; Chen et al., 2016; Rangwala et al., 2012). However, the
mechanism of the differential sensitivity is still not clear. Many studies on arsenic
trioxide (ATO) resistant tumor cells demonstrated that the overexpression of two As™?
exporters, Mdrl and Mrpl, are responsible for the resistance of ATO treatment (Liu et

al., 2001; Liu et al., 2002). This study confirmed that the difference in Mdrl and Mrp1
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expression correlated with alterations in intracellular As™ levels in the thymus cells at
DN and DP stages. The sensitivity to As"™ in other types of cell may also be related to the
expression of these exporters.

In summary, this project is the first comprehensive study of the toxicity of arsenic
at environmentally relevant concentrations in early T cells in thymus that addressed both
genotoxicity and non-genotoxicity. The mechanism of the interactions between As** and
the metabolites of BaP on the genotoxicity to thymus cells was also revealed. The
differential sensitivity of thymic T cells at DN and DP stages to As** was also
mechanistically studied (Fig 7.1). The results will provided information for the evaluation

and prediction of arsenic induced toxicity in thymus cells from environmental exposures.
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Regulated by arsenic transportation

Arsenic thymic toxicity

Genotoxicity Non-genotoxicity
Inhibition of Sy L s .
DNA repair Oxidative stress Inhibition of cell signaling
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Interactive effects with other environmental contaminants

Figure 7.1. Mechanisms of environmentally relevant concentrations of arsenic induced
thymic toxicity. Arsenic induces genotoxicity through the inhibition of DNA repair
(lower concentrations) and oxidative stress (higher concentrations). Inhibition of cell
signaling by arsenic decreases the expression of certain cell cycle gene(s). The
suppressive effects of arsenic on the thymus cells can interact with other environmental
contaminants. The genotoxicity induced by arsenic was shown to be regulated by arsenic

transportation.
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SUMMARY OF AIM 1 FINDINGS AND THEIR SIGNIFICANCE

Primary thymus cells isolated from 10-14 wks old male C57BL/6J mice and the
D1 cells were used to assess the genotoxicity induced by As™ at 5-500 nM
concentrations in vitro. The dose range were chosen based on our preliminary studies on
low dose As*? toxicity in immune cells and previous studies of immunosuppressions of
As* that mimicked environmental exposures (Ezeh et al., 2014; Kozul et al., 2008).

Observations in this study indicated for the first time that As™ increased the DNA
damage in isolated primary thymus cells and the D1 cells after in vitro treatment of 50
nM As™ for 4 and 18 h (Fig 2.1 and 2.2). Inhibition of PARP activity was confirmed to
contribute to the increase of DNA damage (Fig 2.2). Oxidative stress was observed only
at 500 nM As** concentration in D1 cells at 4 h time point, which was reversed at the 18
h later time point (Fig 2.3). Expressions of two As*® exporters, Mdr1 and Mrpl, were
found to be associated with the oxidative stress and DNA damage increase. These results
confirmed the previously developed dual-action model of As*? toxicity that inhibition of
DNA repair was related to genotoxicity at lower concentrations, and oxidative stress was
only involved at high concentrations (Qin et al., 2008; Zhou et al., 2011). However, the
thymus cells seemed to be more sensitive to As™ induced genotoxicity than
keratinocytes, raising the question about the mechanism of the high sensitivity of thymus
cells. The mechanism of this high sensitivity of the early thymus cells was discussed and
evaluated in Aim 3.

Following the observation that DN T cells in the thymus were selectively targeted

by As™ exposures (Fig 3.4A), IL-7 signaling pathway, the crucial cytokine signaling for
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DN cell survival and proliferation, was also studied. In vitro experiments revealed that
the STATS and JAKs phosphorylation was inhibited by As*®* and MMA™, which was
similar to our previous findings in the IL-7 dependent pre-B cells (Ezeh et al., 2016). The
suppression of the IL-7 signaling pathway resulted in the decreased expression of cyclin
D1, an important cell cycle gene (Fig 3.4D). These results indicated another pathway of
arsenic induced suppression of the early thymic T cells, and provided the evidence of the
higher sensitivity of DN cells than DP cells.

Another significant observation in this study is the arsenic distribution and
speciation in three immune organs, bone marrow, spleen and thymus, after in vivo As*?
exposures. Bone marrow was found to be more sensitive to As™ than spleen and thymus,
and spleen was the least sensitive among the three (Fig 4.1). After the in vivo As*?
exposures, thymus cells contained the highest amount of intracellular arsenic (Table 4.2).
The DNA damage increase was proportional to the As*® dose increase in both the bone
marrow and thymus cells. MMA™* was confirmed to be the most abundant arsenical
species in bone marrow and thymus cells (Table 4.2), indicating that the increased DNA
damage observed in the bone marrow and thymus at 500 ppb As™ dose was caused by
MMA ™, These findings revealed that the differential sensitivity to arsenic in different
cells may be due to the intracellular arsenic levels and species. The study also confirmed,
for the first time, that MMA™** was important for the arsenic induced toxicity in vivo.

In summary, these results from the study in Aim 1 confirmed the hypothesis that
As™ could induce both genotoxicity and non-genotoxicity in mouse thymus cells. This

was the first comprehensive study on the arsenic induced toxicity in the early developing

173



T cells in the thymus, and compared the differential sensitivities of the cells from three

important immune organs to arsenic.
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SUMMARY OF AIM 2 FINDINGS AND THEIR SIGNIFICANCE

Previous studies in our laboratory demonstrated that arsenic interacted with
DMBA and DBC at low concentrations to suppress immune cell functions (Ezeh et al.,
2015; Li et al., 2010). The present study was designed to reveal the mechanism of the
interactive effects between arsenic and PAHs. Several PAHs and their metabolites were
evaluated for their ability to inhibit PARP activation (Fig 5.1), and BaP and its
metabolites were selected as the model to study the interactive effects with As* at
environmentally relevant concentrations. Synergistic increase of DNA damage and PARP
inhibition were observed in As™ + BP-diol treatments at low concentrations, with a
significant increase of cell apoptosis (Fig 5.2 and 5.3). As"™ and BP-diol co-treatment was
also found to up-regulate the expression of CYP1A1 and CYP1B1, two important
enzymes for the metabolism of BP-diol to BPDE (Fig 5.6).

These results clearly showed for the first time that BP-diol, an intermediate
metabolite of BaP, interacted with As™ synergistically to increase the genotoxicity to the
primary thymus cells. The possible mechanism of the interactive effects was also
revealed from this study. BP-diol was metabolized into BPDE and formed DNA adducts
to increase DNA damage. As™ inhibited PARP, the zinc finger DNA repair protein, so
that the DNA damage could not be properly repaired. The co-treatment of As™ and BP-
diol significantly increased the expression of CYP1A1 and CYP1BI1, which accelerated
the generation of BPDE. The results confirmed our hypothesis in Aim 2, and provided a
possible mechanism of arsenic and PAHs interactions at environmentally relevant

concentrations.
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SUMMARY OF AIM 3 FINDINGS AND THEIR SIGNIFICANCE

Findings in Aim 1 and Aim 2 demonstrated that environmentally relevant
concentrations of arsenic could induce significant toxicity in mouse thymus cells. The
DN cells in thymus, the earliest subset of thymocytes, were found to be the most sensitive
among the DN, DP, CD4SP and CDS8SP subsets. Besides the suppressive effects of
arsenic on the critical cytokine signaling pathway that is required for the development of
early progenitor cells, the bone marrow and thymus were also found to be more sensitive
than the spleen to As™> and MMA™ induced genotoxicity (Fig 4.1). The hypothesis that
the differential sensitivity was caused by the differences in arsenic transportation and
intracellular accumulation was evaluated in Aim 3.

DN and DP cell populations were separated by cell sorting, and As*® induced
genotoxicity in DN was found to be more significant than in DP cells (Fig 6.2). More
intracellular As** accumulation in DN cells than DP cells was confirmed by HG-CT-ICP-
MS analysis (Fig 6.4). The lack of the expressions of two major As" exporters, Mdr1 and
Mrp1, were found to be associated with the high sensitivity of DN cells to As*>.
Knockdown experiments in D1 cells confirmed that Mdr1 and Mrp1 expressions were
related to As™ accumulation and toxicity (Fig 6.9). These results demonstrated for the
first time that lack of As* exporter expression could result in higher As™ toxicity in
certain types of cells. The study confirmed the hypothesis that arsenic transportation
affected its toxicity, and provided a mechanism related to differential sensitivity to As*

in different types of cells.
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OVERALL IMPACT OF THESE STUDIES AND POTENTIAL AREAS FOR

NEW STUDIES

This is the first comprehensive study on the toxicity induced by environmentally
relevant concentrations of arsenic on thymocytes. The study revealed both the genotoxic
and non-genotoxic effects of arsenic at low concentrations on the early thymic T cells.
The early T cells in thymus were found to be very sensitive to arsenic exposures.
Numerous studies have showed the strong relationship between arsenic exposure and T
cell immunosuppression in human and animal models. The toxicity induced by arsenic on
the early T cells may be the reason of the immunosuppression of the matured T cells.

The differential sensitivity to arsenic toxicity of different types of cells was
noticed before by many other studies. However, few studies have ever related the
sensitivity to the distribution of arsenic in vivo. In this study, the differential sensitivities
to arsenic in cells from bone marrow, spleen and thymus were compared and evaluated.
The intracellular arsenic amounts in the cells from the three immune organs from As*
exposed mice were also analyzed. A proportional increase of DNA damage to the
increase of intracellular arsenic amounts was observed in cells from the bone marrow and
thymus, the two organs that were sensitive to environmentally relevant concentrations of
arsenic induced toxicity. Also, MMA™ was confirmed to be the most prevalent form of
arsenic in the bone marrow and thymus cells, which provided supporting evidence for our
previous studies on the toxicity of MMA™ in bone marrow pre-B cells (Ezeh et al.,
2014). More MMA 3 studies at the in vivo-relevant doses should be conducted in vitro to

examine the mechanism of MMA™*? induced toxicity in thymus cells in the future.
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The interactive genotoxicity of As** and BaP was reported before (Maier et al.,
2002). In this study, interactive genotoxicity of As™ and BP-diol, the metabolite of BaP,
was observed in mouse thymus cells at lower concentrations. The mechanism of the
interactive genotoxicity was also revealed in detail. Since it is common to expose to
multiple contaminants at the same time in real environmental conditions, the study on the
low dose interactive effects between arsenic and BaP on the early thymic T cells provided
an example of how different environmental agents could interact with each other to
enhance the toxicity.

While more and more population-based studies, such as the Emory Health and
Exposome Research Center: Understanding Lifetime Exposures (HERCULES) project,
the Human Early-Life Exposome (HELIX) project in Europe, and the Health and the
Environment-wide Associations based on Large population Surveys (HEALS) project
founded by the European Union, are focusing on the interactive effects of multiple
environmental pollutants to the human body, most of the mechanistic studies in
environmental toxicology are still being conducted with a single chemical. The
complexity of the biological reactions induced by one chemical is a big limitation to the
study of interactive toxicity. However, our study confirmed that such kind study could be
conducted in certain mechanistically well-characterized chemicals based on carefully-
designed experiments and explicit hypothesis. It is predictable that more and more studies
focusing on the interactive effects of multiple chemicals will be conducted in the future.

The study also demonstrated for the first time that the toxicity of As™ was
dependent on the transportation of As™. Previous studies showed that certain malignant

cells with up-regulation of Mdr1 and Mrp1 were resistant to arsenic treatments (Liu et al.,
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2001; Liu et al., 2002). However, the key evidence for the relationship between the Mdr1
and Mrpl over-expression and more arsenic efflux was not showed in these studies. The
present study revealed that high sensitivity of DN cells were due to the accumulation of
As™ in the cells, which was related to the expression and up-regulation of the two As™*
exporters, Mdrl and Mrpl. Knockdown of Mdr1 and Mrpl in the D1 cells also confirmed
that the expressions of Mdrl and Mrp1 were important for the exportation of As*®. These
results indicated a mechanism that could be responsible for differential sensitivity of
different types of cells to arsenic induced toxicity.

The Aim 1 part of this project confirmed the previously described mechanisms of
arsenic induced genotoxicity and non-genotoxicity in primary thymus cells. It also
demonstrated that the high sensitivity of thymus cells to arsenic induced toxicity was due
to the high intracellular accumulation of arsenic. The results from the Aim 1 provided
supporting evidence and ideas for the Aim 2 and Aim 3 part. The Aim 2 part of this
project revealed the mechanism of how the metabolites of BaP could interact with arsenic
synergistically to enhance the genotoxicity. The interactive effect was observed from the
in vitro treatment of BP-Diol and As™ at extremely low concentrations. The activation of
the key enzymes for the metabolism of BP-Diol may also happen in in vivo conditions
and enhances the genotoxicity in human body in the real environmental exposures. The
mechanism also explained the previously described observations that the co-exposure of
arsenic and BaP significantly increased the BaP adducts in rats (Evans et al., 2004). The
Aim 3 part of the study was based on the observations from Aim 1, and provided a
mechanism of how cells at different stages of their development may have differential

sensitivity to arsenic induced toxicity. Previous observations indicated that certain types
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of cancers are resistant to As"™ treatments (Seo et al., 2007; Sertel et al., 2012). Since the
DN cells are more prone to As"™ induced apoptosis due to the limited activation of As"™
exporters, the As* resistance of these tumor cells may be the result of high exporter
expression. The results from Aim 3 part also provided the idea that quantification of the
real amount of exposure is very important in the future studies of arsenic toxicity.

Since arsenic exposure is a world-wide public health issue, this first
comprehensive study on arsenic induced toxicity in thymus cells will contribute to the
understanding of the whole picture of how the exposure can induce immunosuppression
in human body. The study on the mechanism of the toxicity and suppressive effects
induced by arsenic on the early developing T cells may potentially benefit the
populations in the arsenic contaminated areas to prevent the dysfunction of the immune
system and many other types of diseases associated with arsenic exposure.

The experimental models of the project were based on the thymus cells from
C57BL/6J mice. The doses and treatment concentrations applied in the studies were
selected based on environmental conditions. However, just like many other controlled
exposure studies in laboratory using inbred animal models, the real environmental
exposures in humans may have different effects. There are some population-based studies
conducted in in utero exposed kids as mentioned in Chapter 1, but more evidence from
epidemiology studies in adults is also required to compare the experimental results and
clinical findings. Therefore, future studies with human samples from exposed individuals
should be also performed to provide evidence for safety evaluation and assessment.

Based on the results of the study, the following questions should be addressed in

the follow-up studies:
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What is the genotoxicity induced by MMA ™ in thymocytes? — Based on the findings
in Aim 1 that the most prevalent arsenic species in thymus cells after in vivo As™
exposure was MMA ™, the genotoxicity of MMA™ should be conducted in vitro to
connect the in vivo and in vitro findings.

» Possible study: DNA damage and PARP activity in thymus cells after
MMA™ exposures.

> Possible study: Oxidative stress and DSBs in thymus cells after MMA™
exposures at different time points.

Is there selective toxicity in DN1 to DN4 subsets? — DN cells can be differentiated
into DN1 to DN4 subsets. Previous study indicated that cadmium altered the DN1
and DN2 populations after in vivo exposures (Holaskova et al., 2012). Arsenic may
also selectively target certain subsets in DN cells.

» Possible study: Flow cytometry study using CD25, CD44 or CD127R cell
surface markers to evaluate the changes in DN1 to DN4 cell populations after
in vivo and in vitro exposures to As*>.

What are the effects of As™ and BP-diol interactions in vivo? Are there more PAHs
that interact with arsenic? — In Aim 2, we demonstrated that As*> interacted with BP-
diol in vitro to increase the DNA damage and apoptosis in thymus cells. Whether the
similar interactions can happen in vivo should be studied. The interactions between
As" and other PAHs could also be addressed in future studies.

> Possible study: Co-exposure of low dose As*> and BP-Diol in C57BL/6J

mice; Cell recovery, DNA damage and PARP activity studies in thymus cells.
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> Possible study: Co-treatments of As*> and other PAHs in vitro; DNA damage,
PARP activity, apoptosis studies.
What are the effects of arsenic exposure on the immune cell populations and
functions in humans? — The study was conducted in inbred mouse models. More
evidence should be provided by population-based studies in humans for a better
understanding of the effects in real environmental conditions.

» Possible study: Flow cytometry study on human PBMC samples from arsenic
exposed individuals using immune cell surface markers, including the
specific markers for T cells, such as CD3, CD4 and CDS.

» Possible study: Flow cytometry study on human PBMC samples using IL-7R
marker for early and memory T cells.

» Possible study: mitogenesis assay using Concanavalin A to study the
proliferation of T cells from arsenic exposed individuals.

Is there an interactive effect between arsenic and other heavy metals in the
environment, such as uranium? — It is very common that other heavy metals, such as
cadmium, lead or uranium, present together with arsenic in contaminated drinking
water sources. Therefore, the potential interactions between these heavy metals
should be examined.

» Possible study: DNA damage and PARP activity in thymus cells after
As/MMA™ and uranium combined exposures at environmentally relevant
doses.

> Possible study: Oxidative stress and DSBs in thymus cells after As™>/MMA*?

and uranium combined exposures at different time points.
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LIST OF ABREVIATIONS

2-ME 2-mercaptoethanol
3-MC 3-methylcholanthrene

AAALAC  Association for Assessment and Accreditation of Laboratory Animal Care

Ab Antibody

ABCB ATP binding cassette subfamily B member
ABCC ATP binding cassette subfamily C member
AhR Ayl hydrocarbon receptor

ANOVA  Analysis of variance

ANTH Anthracene

AO/PI Acridine Orange/Propidium lodide

APC Accessory photosynthesis Pigment of the Cyanobacteria
APC Antigen presenting cell

AQP Aquaglyceroporin

As Arsenic

As®™ Arsenite

As®™ Arsenate

AS3MT  Arsenite methyltransferase

BA Benz(a)anthracene
BaP Benzo(a)pyrene
BCA Bicinchoninic acid
BeP Benzo(e)pyrene
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BM Bone Marrow

BP-diol Benzo(a)pyrene-7,8-dihydrodiol

BPDE Benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide
Caspase  Cysteinyl aspartate-specific proteases

CD Cluster of differentiation

CYP Cytochrome P450

CYPIA1  Cytochrome P450 1A1

CYPIB1 Cytochrome P450 1B1

cDNA copy Deoxyribonucleic acid
DAC Dibenz(a,c)anthracene
DAH Dibenz(a,h)anthracene
DBC Dibenzo[def,p]chrysene

DC Dendritic Cell

DHE Dihydroethidium

DMA 9,10-Dimethylanthracene

DMA"? Dimethylarsonous acid
DMA"  Dimethylarsinic acid
DMBA 7, 12-Dimethylbenz[a]anthracene

DMBA-diol Dimethylbenz[a]anthracene-trans-3,4-dihydrodiol

DN Double Negative

DP Double Positive

DPBS Dulbecco’s Phosphate Buffered Saline

DPBS” Dulbecco’s Phosphate Buffered Saline without calcium and magnesium
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DSBs
EDTA
FBS
FITC
FL

FSC
GAPDH
HBSS
HPBMC
HSC
HRP
IARC

TAUCC

IgG
IFN-y
IL
IL-7
IL-7R
JAK

kD

Mdr

Double strand breaks
Ethylenediamine teraacetate acid
Fetal bovine serum
Fluorescein Isothiocyanate
Fluorescence channel
Forward Scatter
Glyceraldehyde-3-Phosphate Dehydrogenase
Hanks Balanced Salt Solution
Human Peripheral Blood Mononuclear Cell
Hematopoietic Stem Cell
Horse Radish Peroxidase
International Agency for Research on Cancer
Institutional Animal Care and Use Committee
Immunoglobulin
Immunoglobulin G
Interferon gamma
Interleukin
Interleukin-7
Interleukin-7 receptor
Janus Kinase
kilo Dalton
monoclonal antibody

Multidrug resistance protein

185



Mrp

MMA™
MMA™
mRNA
NK

ng

NIH
PAGE
PAHs
PARP
PAXS
PCR
PE
PE-Cy7
PI

ppb
ppm
pSTATS
pJAK1
qPCR
RPMI

RIPA

Multidrug resistance-associated protein
microliter
Monomethylarsonous acid
Monomethylarsinic acid
messenger Ribonucleic acid
Natural Killer cell
nanogram
National Institutes of Health
Polyacrylamide gel electrophoresis
Polycyclic Aromatic Hydrocarbons
Poly (ADP-ribose) polymerase
Paired Box-containing transcription factor 5
Polymerase Chain Reaction
Phycoerythrin
Phycoerythrin-Cyanine7
Propidium lodide
parts per billion
parts per million
phosphorylated STATS
phosphorylated JAK 1
quantitative Polymerase Chain Reaction
Roswell Park Memorial Institute

Radioimmunoprecipitation assay
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RNS

ROS

SDS

STAT

TCDD

TDAR

Uuv

UVR

/n

Reactive nitrogen species

Reactive oxygen species

Sodium dodecyl sulfate

Signal Tranducer and Activator of Transcription
2,3,7,8-terachlorodibenzo-p-dioxin
T-Dependent Antibody Responses
Ultraviolet light
Ultraviolet light radiation

Zinc
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