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ABSTRACT
The southern branch of the Elizabeth River, atdfoouth Virginia is one of the most
polluted systems in North America. This harbouast system is also home to the
Atlantic Wood Superfund site, which is heavily caminated with creosote from the
Atlantic Wood (AW) preservative company that ceagextiuction in the later 1990s.
Creosote is a mixture of polyaromatic hydrocarb@sHs), metals, and numerous
aliphatic hydrocarbons, and well known to be cavgenic. The toxicity of sediments
and pore waters from the AW site has been studisghsively using-undulus
heteroclitus, also known as the mummichog, or Atlantic killifisMost adult killifish
from AW have hepatic lesions, ranging from focgbésplasia to highly malignant
tumors. As embryos and juveniles, these fish @sestant to developmental toxicity of
PAHSs relative to a reference population on Kingire€k (KC) located near Mobjack Bay
on the York River. Moreover, the resistance of Ag% to developmental toxicity is
associated with altered aryl-hydrocarbon recepdbR)) functions and signaling, leading
to recalcitrance in CYP1A induction by PAHs. Toetetine the potential of AW
sediment pore water to modulate immune functiomaammals, this study used the
mouse macrophage cell line RAW264.7 as a modgirfminflammatory functions.
Compared to KC sediment pore water, AW pore watgunces more iNOS and COX-2
protein expression, nitric oxide and IL-6 secretionRAW?264.7 cells. This enhanced
pro-inflammatory property of AW extracts is duejange part, to high levels of
endotoxin, as polymyxin-B ameliorates this propemjoreover, AW sediment extracts

have quantitatively higher endotoxin as measureh®yimulus lysate assay.
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CHAPTER ONE
LITERATURE REVIEW
CREOSOTE

The Elizabeth River, an estuary of the ChesapBakenear Portsmouth, VA is
known for the EPA superfund site, Atlantic Woodduatries. Atlantic Woods Industries
is a former wood treatment plant located on thetsmna most branch of the river. In
operation from 1926 to 1992, it is known for it®wd creosote in the wood-preserving
process. Creosote consists of a mixture of mae #00 chemical compounds, 85% of
which are polyaromatic hydrocarbons (PAHs) (Mueklearl. 1989). Since there are no
known sources of creosote in nature, contaminasi@ndirect consequence of
anthropogenic actions. Use of creosote in woodgrkeng processes inevitably exposes
the environment to hazardous chemical contaminatioeatment processes, wastewater
effluents, improper disposal of waste material nolzal mismanagement, and accidental
releases are just some examples of releases mtnthronment. For these reasons,
creosote released into the Elizabeth River fromAtth@ntic Wood superfund site results
in one of the highest levels of PAHs in the U.$ {@ 2200 mg/kg dry weight) (Bier
al. 1986). Once released, hazardous waste sludgemrarat sediments in contaminated
waters. It has been estimated that functioningdsoeatment plants produced 1,000
metric sludge/year in the 1990s (Dawasal. 1993, Muellergt al. 1989). In particular,
Atlantic Wood sediments are highly toxic, whictdesmonstrated by Ownlet al, where
100% of reference population fish died when expdseas low as 25% of sediment

extracts (Ownbyet al. 2002).



With creosote being released into the environntéethealth effects have been
extensively studied since the 1920s. One of tis¢ $tudies published was a case study
by A.H. Cookson, commenting on the tumor-induciffgas of prolonged occupational
exposure to creosote (H. A. Cookson 1924). Nunseother case studies describe
cancer development after chronic exposure to cted§€arlstenet al. 2005, Karlehagen,
etal. 1992, Moulingt al. 1993, Shimauchgt al. 2000). Exposure routes for humans
include inhalation and dermal exposure, increascwyipational hazards for individuals
working with creosote. Studies by Van Raatipl, Klinger and McCorkle, and Malkiet
al, determined dermal exposure results in an incceassosote body burden, compared
to inhalation exposures (Klingner and McCorkle 1994lkin, et al. 1996, Van Rooijet
al. 1993). More recently, studies have used 1-hypgrene, a metabolite of the PAH
pyrene, as a biomarker for PAH, and more generalggsote exposures (Elovaasial.
1995, Zhanget al. 2001, Zhaoet al. 1990). This allows employers to monitor employee
health; especially in occupations where individwaaks most at risk of creosote and PAH
exposure. In addition to cancer-causing effectsuimans, several studies have
characterized the carcinogenic properties of crieasomouse and other small rodent

models (Boutwell and Bosch 1958, Kammer and P88V 1Lijinsky,et al. 1957).

ATLANTIC WOOD TOXICITY AND MARINE ORGANISMS
Since the closure of the Atlantic Wood Industri@d 992, various studies focused
on the effects of creosote and PAH contaminatiomarine organisms. One such model

organism is the estuarine killifiskundulus heteroclitus, found along the Atlantic coast



from Newfoundland, Canada to northern Florida. oAteown as the mummichoB,
heteroclitus has high home-range fidelity, remaining in the sarea for the duration of
its life cycle. Thus, environmental conditions dmnassessed through mummichog
toxicity studies. Several studies have charaadrizehavioral responses in killifish after
contaminant exposure (Fingerman and Russell 19&@meé-Laragyet al. 2006, Weisgt
al. 2001, Weisgt al. 2011). In particular, mummichogs exhibit decesbpredation,
changes in diet, and altered activity and loconmtiet still remain reproductively
viable. Tolerance studies reveatedeteroclitusis able to acclimate and thrive in
environments contaminated with PAHs (Meyaral. 2002, Ownbyet al. 2002, Van

Veld and Westbrook 1995), polychlorinated bipherfiA€Bs) (Nacciget al. 1999, Nacci,
et al. 2002), heavy metals (Weis and Weis 1989), pobyahted dibenzodioxins
(PCDDs), and polychlorinated dibenzofurans (PCOPsince and Cooper 1995a, Prince
and Cooper 1995b).

However, studies have shown fish exposed to contams have increased liver
lesions (Vogelbeingt al. 1990a) and altered enzymatic activities. Speulfy, killifish
from the Atlantic Wood site have increased glutatiei reductase and glutathione
peroxidase activities compared to reference pojmaiBacanskast al. 2004).
Cytochrome P450 1A (CYP1A), which is part of theRApathway and involved in the
breakdown of many harmful contaminants, has beewsho decrease in populations
from highly contaminated sites (Meyet,al. 2002, Meyeret al. 2003b, Van Veld and
Westbrook 1995). Fish exposed to the sediments the Elizabeth River also exhibited

increased glutathione concentrations and glutaéhreductase levels, as well as



increased antioxidant concentrations in larval,fahindicative of immediate and
heritable responses in sediment-exposed fish (Melyal. 2003a). Other studies
investigated maternal effects and genotoxicity ltesufrom sediment exposure (Jurat),
al. 2011, Nyegt al. 2007).

Numerous studies have characterized the effed®\bfs on fish immunity and
immune responses (Bokt,al. 2001, Carlsoret al. 2004a, Carlsoret al. 2004Db,
Reynaud and Deschaux 2006, Rice and Arkoosh 200&e\&nd Holsapple 1984). In
Atlantic Wood populations, Kelly-Reag al found that macrophages produced higher
levels of reactive oxygen intermediates (ROIs) caragd to reference fish, and
production of ROIs increased when stimulated bytrsstic chemicals targeted to induce
oxidation (Kelly-Reay and Weeks-Perkins 1994). Wgeagnd Warinner found decreased
phagocytic ability of macrophages collected frono species of fish exposed to the
Elizabeth River compared to reference populatidviegks and Warinner 1984). A more
recent study described immune specific changeglanfc Wood-exposed
mummichogs, including reduced levels of circulatiotal and bacteria-specific IgM,
increased levels of circulating lysozyme, even ardbvels of lymphoid lysozyme, and

elevated cyclooxygenase-2 (COX-2) expression (Freldest al. 2007).

INFLAMMATION AND IMMUNE RESPONSES
Inflammation is a key indicator of immune systacativation and responses.
Initial stages include recruitment of immune cedlsch as neutrophils and macrophages,

to the site of injury and initiation of inflammagomndicators (pain, swelling, redness, and



heat). Macrophages are differentiated tissue-Bpegimune cells derived from blood
monocytes, and are able to phagocytize foreign maatel hese cells secrete cytokines,
protein molecules with various immune functionsytgaponse to stimuli. Pro-
inflammatory cytokines such as IL-1, IL-6, TNE-IL-8, and IL-12 are continuously
released during an immune response. Studies havensanti-inflammatory cytokines
such as IL-10 inhibit pro-inflammatory markers framlucing inflammation (Fiorentino,
et al. 1991, Mooregt al. 2001, Niiro,et al. 1995, Niiro,et al. 1994). While acute
inflammation is beneficial to host systems, chranftammation has proven to be
detrimental to the body. Studies have linked clortin-6 secretion and inflammation to
several types of cancer (Chumgal. 1999, Chung and Chang 2003, KozA owskial.
2003, Louet al. 2000), Crohn’s disease (Atreygial. 2000, Brosset al. 1996, Grossgt
al. 1992, Niederauwgt al. 1997), and rheumatoid arthritis (Cronstein 20@artschet al.
1997, Uekiet al. 1996).

Another pro-inflammatory bio-indicator is cyclooxgmase-2 (COX-2)
expression. COX-2 is an inducible enzyme respda$is converting arachidonic acid
into prostaglandin H(PGH,). The resulting prostaglandinsA[E,, Foa l2, and TXA),
involved in various normal cellular and physiolagiunctions, are also associated with
inflammatory responses such as pain, swelling fever (Greenhouglet al. 2009).
Specifically, prostaglandin EPGE) is linked to inflammatory responses (Funk 2001).
Yao et al determined PGHs involved in inflammation by promoting helpercéll
differentiation (Yaoegt al. 2009) and other studies have shown mast cellain by

PGE (Nakayamaegt al. 2006, Wang and Lau 2006). Interestingly, BG&s also been



shown to secrete IL-10, exhibiting anti-inflammatproperties as well (Kalinski 2012,
Wang,et al. 2007).

As part of an immune response to stimuli, actidat@crophages also secrete
higher than basal levels of nitric oxide througe thducible nitric oxide synthase (iNOS)
pathway. iINOS converts L-arginine into the intedraée OH-L-arginine, which is
further oxidized into NO and L-citrulline. Sindd®S is not constitutively expressed, it
is only present in cells responding to stimuliess, or other cytokines. Studies have
shown increased iINOS expression in a variety ofees) including breast cancer
(Vakkala,et al. 2000), lung cancer (Marroggt al. 2000), and prostate cancer (Aaltoma,

etal. 2001, Uotilagt al. 2001).

LIPOPOLYSACCHARIDE

IL-6, INOS, and COX-2 levels are all producedeasponse to external stimuli.
One such stimulus is endotoxin (lipopolysaccharid®s), a component of gram-negative
bacterial cell walls. LPS exerts its effect thrbuge MD-2 and TLR4 pathway. LPS
binds to LPS binding protein, which facilitates thiading of LPS to CD14. The LPS-
LBP-CD14 complex then binds to the Toll like recept (TLR4) and MD-2 receptors on
cell surfaces. Binding of LPS to TLR4-MD-2 recaptomplex enables cell
identification of LPS, which initiates signalingtrsduction pathways utilizing signal
transduction adapter proteins (i.e. MyD88, TIRARAM, TRIF, SARM) (Lu,et al.
2008). Ultimately, the transcription factors KB-and MAP kinases produce pro-

inflammatory cytokines IL-1, TNF IL-6, IL-12, and IL-8, concomitant with iINOS and



COX-2 induction (Chenret al. 2013). Finally, studies have shown that LPS oadu
inflammatory responses can be inhibited throughueeof the antibiotic, polymyxin-B
(PMB) (Cavaillon and Haeffner-Cavaillon 1986, Maye al. 2009).

This study focuses on the immunological effectaibdntic Wood pore water
sediment extracts on the mammalian system. Incpéat, RAW264.7 cells were used to
test the hypothesis that AW sediment extracts asgenduction of innate immune
indicators, such as INOS, COX-2 expression, an@ Hecretion, compared to cells
treated with reference sediment extracts from Kar@reek, VA. Immunological
responses resulting from sediment extract treatmversg compared to those produced
when cells were treated with a known inflammatdiyslator, LPS. Outcomes from
this study can potentially help characterize inma@unity effects on mammalian

systems exposed to water and sediments from tharoomated Atlantic Wood site.
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CHAPTER TWO
EFFECTS OF CREOSOTE-CONTAMINATED SEDIMENT EXTRACTEN MOUSE
MACROPHAGE PHYSIOLOGY AND FUNCTIONS
INTRODUCTION

Most harbor estuaries are heavily polluted fromraylhistory of industrialization,
military activity, and intense recreational useneuch estuary is the Elizabeth River
near Portsmouth, Virginia, and the southern brasiche river is heavily contaminated
with polycyclic aromatic hydrocarbons (PAHs), mstalrganotins, and
pentachlorophenol (PCP), stemming from severalcgsuduring the 1900s (Walker and
Dickhut 2001). Non-point sources of pollution hetElizabeth River come from the
entire watershed, including the cities of ChesapgeBllorfolk, Portsmouth, and Virginia
Beach (Conradt al. 2007).

One of the more polluted sites on the ElizabetleRis where Atlantic Wood, a
creosote wood-preserving company, is locatedpdrated from 1926 to 1992, and is
now a US EPA superfund site (EPA 2014). Durirgybars in operation, creosote was
released directly at the Atlantic Wood site andrbg&abitats. Creosote consists of a
mixture of over 200 chemical compounds with abd@#%&eing PAHSs, several of which
are on the US EPA National Priority List (Muelleral. 1989) (World Health
Organization, 2004). As a result of the creosstat the Atlantic Wood site, PAH
concentrations are as high as 2200 mg/kg dry weilgathighest levels in the US (Bieri,
et al. 1986, Walkeret al. 2004). Many PAHs, and especially those on theEB3 NPL,

are highly teratogenic, mutagenic, carcinogenid, iammunotoxic (Dix and Marnett,
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1983), therefore sediments at the Atlantic Wooel are highly toxic, as was
demonstrated by Ownbg al (2002). In their study, Ownlgt al showed that Atlantic
Wood sediments as low as 25% in mixture with refeeesediments were lethal to 100 %
of non-resident fish (reference population).

The toxicity of sediments and/or compounds theh@m the Atlantic Wood site
has been studied extensively using the Atlantidikh, Fundulus heteroclitus (a.k.a. the
mummichog), an estuarine killifish found along #higantic coast of the U.S. from
Newfoundland, Canada to northern Florida. Thegh marsh fish have a high home-
range fidelity, thus remaining in the same genare& throughout the entire life cycle,
and serve as key sentinels for environmental qu@iheib 1986, Lotrich 1975). Several
studies show that mummichogs are able to accliaradethrive in estuarine waters highly
contaminated with polychlorinated biphenyls (PCB$acci,et al. 1999, Naccigt al.
2002), PAHs (Meyeret al. 2002, Ownbyet al. 2002, Van Veld and Westbrook 1995),
heavy metals (Weis and Weis 1989), polychlorinaliéeénzodioxins (PCDDs), and
polychlorinated dibenzofurans (PCDFs) (Prince andpger 1995a, Prince and Cooper
1995b). Although reproductively viable, mummich@yposed to the Elizabeth River
sedimentsn situ have a high incidence of liver lesions and tum@rsgelbein et al.
1990b). Furthermore, killifish from the Atlanticavd site have exhibited increased
glutathione reductase and glutathione peroxidasetees (Bacanskast al. 2004), as
well as decreased cytochrome P450 1a (CYP1A) immlucfMeyer,et al. 2003b, Van
Veld and Westbrook 1995) compared to reference ifighcating a level of acquired

resistance or adaptation in creosote-exposed @ste study in particular showed that
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embryonic killifish from Atlantic Wood site were gmpletely resistant to the teratogenic
effects of sediments from that site, while refeeefish were 100 % susceptible at only
25% sediment in mixtures (Ownbsgt,al. 2002).

The immune system of both fish and mammals isqaarly sensitive to PAHS
(Bols, et al. 2001, Carlsorgt al. 2004a, Carlsoret al. 2004b, Reynaud and Deschaux
2006, Rice and Arkoosh 2002, White and Holsapp&4).9yet surprisingly little is
known about the immune system of fish exposeddorsents from the Atlantic Wood
superfund site. One study found that killifishrfraéhis site had a higher than basal level
of macrophage produced reactive oxygen intermesi{&®©Il), and produced more ROI
when stimulated with pharmacological initiatorgloé oxidative burst event associated
with NADPH-oxidase system (Kelly-Reay and Weekski®er1994). A more recent
study found decreased levels of circulating total bacteria-specific IgM, increased
levels of circulating lysozyme, higher levels ofghoid lysozyme, and elevated
cyclooxygenase-2 (COX-2) expression in mummichadected from the Elizabeth
River (Fredericket al. 2007). Taken together, these two studies sudlyasinnate
immune functions in Killifish from the Atlantic Walcsite are elevated compared to
reference fish, and perhaps that the ability tontad&n antibody responses is
compromised.

To date, however, the sediments from the Atlantmod/site have not been
examined in a mammalian system. Toxic PAHs foundtlantic Wood sediments, like
benzoa-pyrene (BAP) and others on the US EPA NPL, aré kvelwn immunotoxic

compounds in rodent models. In mice, PAHs havalseewn to suppress antibody
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responses, decrease natural killer cell activitg iahibit tumor suppression (Deast al.
1986). Furthermore, Burchiel al and Daviset al showed PAH immunotoxicity in
mouse spleen cells (Burchiet,al. 1988, Daviset al. 1991). Finally, studies have
shown increased apoptosis in murine macrophagdiellRAW264.7, exposed to PAHs
(Kafoury 2013). Thus, previous studies have showmine cell lines, including
RAW264.7 cells, respond to PAHs from an immuneeysperspective.

Based on observations from Kkillifish at the Atlardite, this study tests the
hypothesis that sediment pore waters from thisssgammunotoxic in a mammalian
system. Sediment pore water extract studies aand® insight to the toxicity and
bioavailability of contaminants at a particulaesitSince previous studies show that fish
from the Atlantic Wood site have elevated markédnsimate immunity, the study
described herein utilizes the mouse macrophagéinelRAW264.7, a common model
for studying macrophage physiology and functionsluding immunopharmacology
(Babcock.et al. 2013, Denlingeret al. 1996). Because of their wide tissue distribution
macrophages are strategically located to providenamediate defense against not only
pathogens, but damaged tissues as well, whichezahtb inflammatory responses to
endogenous danger signals. RAW264.7 cells respetido TLR ligands, express high
levels of lysozyme, are phagocytic, and secretg@kime profile comparable to freshly
isolated mouse macrophages (Kurasaval. 1996, Raschket al. 1978). These cells
are especially responsive to lipopolysaccharideS)l.R gram-negative bacterial cell wall
product that induces classical pro-inflammatoryfipgse mediated through TLR-4 (Akira,

et al. 2001, Kawaigt al. 1999, Ulevitch and Tobias 1999). Free LPS biodte CD14
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receptor, creating a LPS-CD14 complex, which thed®to toll like receptor 4 (TLR-4)
and MD-2, with subsequent activation of intracehsgignaling. The ultimate signaling
transcription factor responding through TLR-4 is-iF(RelA, p65) and MAP-kinases
(Chen.et al. 2013), with high levels of IL-1, TNE; IL-6, IL-12, and IL-8 being the
classical pro-inflammatory cytokines, concomitamhwNOS and COX-2 induction.

Inducible nitric oxide synthase (INOS) convertsrigiaine into the intermediate
OH-L-arginine, which is further oxidized into NOdh-citrulline (Marletta 1994).

Nitric oxide is an especially anti-microbial ROl@embination with superoxide anion
also produced by activated phagocytes (Nathan aplosHr 1991). The byproduct
peroxynitrite is more potent than superoxide arind nitric oxide alone (Jourd'heust,
al. 2001). COX-2 is an inducible enzyme involvednnate immune responses of all
vertebrates by being the prostaglandisiththase (PGh, which is further metabolized
to several other prostaglandins (Chetrgl. 2013, Griswold and Adams 1996).
Prostaglandins and their metabolites have numdtmesions, including vasodilatation
and pain signaling (Chesatal. 2013). Thus, both INOS and COX-2 are considéved
be bio-indicators of inflammatory responses in raphages.

In addition to COX-2 and iNOS, cytokines such asland IL-10 act as
regulators of inflammation. IL-6 is typically knowas a pro-inflammatory cytokine,
produced by numerous cells types, including maagph and monocytes (Gabay 2006).
On the other hand, IL-10, usually considered ariafltammatory cytokine, inhibits
inflammatory responses and macrophage functiorts asicytokine production and NO

production (Mooreet al. 2001). Specifically, IL-10 reduces IL-6 secrat@and down
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regulates COX-2 expression (Fiorentigbal. 1991, Mooreet al. 2001, Niiro,et al.
1995, Niiro,et al. 1994).

This study examines the potential immunotoxicityAtiintic Wood sediment
extracts using RAW264.7 cells as an in vitro mode. date, no other study has looked
at the effects of Atlantic Wood sediment extractsrammalian cells, and especially in

terms of any potential anti- or pro-inflammatorypperties
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MATERIALS AND METHODS

Cell culture.

Murine macrophage cell line RAW 264.7 was obtaiftech ATCC (Manassas,
VA, USA). Cells were cultured in Dulbecco’s Modifl Eagle Medium (DMEM,;
CellGro Mediatech) supplemented with 10% iron-saeppnted fetal calf serum (FCS;
HyClone Thermo), 20 mM HEPES (pH 7.5), 10 mM L-gluine, 100 U/ml penicillin,
100 ug/ml streptomycin, 11Qg/ml sodium pyruvate, 1.5 g/l NaHG(@ach from Sigma
unless otherwise noted), and 1% non-essential aagis (100x stock; HyClone
Thermo). Hepalclc7 murine hepatoma cells were tassiidy CYP1A1 induction and
the AhR pathway. Cells were obtained by ATCC (Maas, VA, USA) and cultured in
o-Minimum Essential Medium (MEM; CellGro Mediateckypplemented with the same

components as listed above.

Sediment extracts.

Sediments were a generous gift from Dr. Rich Dil@w@t Duke University, and
prepared as previously described (Cletrkl., 2013). In brief, freshly collected
sediments from the Atlantic Wood superfund site fiach King's Creek on the York
River near Mobjack bay were collected at low tigiegd consisted of composite-pooling
of several samples that were then mixed with desshiwater (1:1 v/v, typically 25 ml of
each), and shaken vigorously for about 1 min, fedld by centrifugation at 10,0009«

The overlying water was filter sterilized througle.45 puM filter, then again through a
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0.20 uM sterile filter. The salinity of the mixtuwas the same as for tissue culture

media. AW biofilm extract was also prepared irs tmanner.

Cell treatments

All cells were treated with dilutions of Atlantic ®d sediment extract (AWSE;
10%, 2.5%, 0.625%), dilutions of Kings Creek sedimextract (KCSE; 10%, 2.5%,
0.625%), 1QuM benzoa-pyrene (BAP), and/or 0.4g/ml LPS (UltraPure TLR-4 Ligand,
Alexis Chemicals). LPS is a TLR-4 ligand on madrages that specifically binds LPS
to stimulate macrophage activation. The followaognbinations, AWSE or KCSE (10%,
2.5%, 0.625%) and LPS, AWSE or KCSE (10%, 2.5%2%%) and BAP, LPS + BAP,
unless otherwise noted. BAP treatments were usath anternal PAH for comparison to

sediment extracts. Media alone without the abos@tinents served as the control.

Viability assay.

Cell viability was assessed using the MTT (3-[4imethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay. Cells wemngr and plated to a concentration of
1 x 10 cells/ml in 96-well plates. Cells were treatedhd.lug/ml LPS, and 20%, 10%,
and 5% each of AWSE and KCSE. After 20 hy2MTT was added to all wells and
incubated for four hours at 37°C with 5% &£Q0After incubation, supernatants were
aspirated off and 100l of acidified isopropanol (400 mL of 70% isopro@tohol, 1.4

ml of 12N hydrochloric acid) was added to each w€lklls and acidified isopropanol
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were mixed with a pipette and shaken for 1 minm@late reader. Plates were read at

550 nm.

INOS assay.

INOS assays were conducted to measure nitrite otrati®ns using a 1:1 ratio of
NED (N-(1-naphthyl)ethylenediamine dihydrocholoride; 0.MD (Sigma) in 100 ml of
dH,0) and sulfanilamide (1.0 g sulfanilamide (Signmal00 ml of 5% phosphoric acid).
Cells were cultured in phenol red-free minimum aiaémedia (MEM; Gibco)
supplemented with 10% iron-supplemented fetal sadfim (FCS; HyClone Thermo), 20
mM HEPES (pH 7.5), 10 mM L-glutamine, 100 U/ml pzitin, 100 ug/ml streptomycin,
110ug/ml sodium pyruvate, 1.5 g/l NaHG®@ach from Sigma), and 1% non-essential
amino acids (100x stock; HyClone Thermo) and plaiteti x 18 cells/ml concentrations
in 96-well plates. After treating with appropriatentaminants, cells were incubated for
24 hours in a 37°C with 5% G@ncubator. At 24 h, 100l of supernatants were pipetted
into a new 96-well plate and 1@0of the 1:1 NED-sulfanilamide solution was added t
all supernatants. A 2Q@M serial dilution of NaN@was used as a standard. After 15

minutes incubation the plates were read at 550 nm.

ELISA Assays.
Elisa assays were performed using ELISA MKXDeluxe Sets mouse IL-10
(BioLegend) and Mouse IL-6 ELISA Ready-SET-Go! @i@science) kits. Protocols

were followed as described in the kits. Briefl@;®ell plates were coated overnight with
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capture antibody at 4°C, washed 4x with wash bf&S; 0.05% Tween-20), incubated
with 1x Assay Diluent A for one hour at room tengiere (RT) with shaking, washed 4x
with wash buffer, incubated with treatment supeant and standards overnight at 4°C,
washed 4x with wash buffer, incubated with detectatibody for one hour at RT with
shaking, washed 4x with wash buffer, incubated widin-HRP for 30 minutes at RT
with shaking, washed 5x with wash buffer, incubatetth TMB substrate solution for 20
minutes at RT in the dark (IL-10) or 15 minutes-@), and stopped with a 2N,8O,

stop solution. Plates were read at 450 nm and &Y.0 n

Protein determinations.

Cells were cultured in phenol red-free MEM, plate@ concentration of 1 x 10
cells/mL in 6-well plates, and treated for 24 hp&unatants were then collected and
stored at -20°C for future experiments. Cells wesed using 300 ml RIPA buffer (50
mM Tris HCI pH 8, 150 mM NacCl, 1% NP-40, 0.5% sadideoxycholate, 0.1% SDS)
supplemented with a cocktail of protease inhibi{@gg/ml aprotin; 2ug/ml leupeptin; 1
ug/ml pepstatin; 10@g/ml phenylmethylsulfonyl fluoride, PMSF; 1:1000@tomethyl
HCI). Samples were centrifuged at 14,000 rpm fbniinutes. Supernatants were

collected and protein concentrations determinedguBierce® BCA Protein Assay Kit.

| mmunobl otting.

Samples were normalized for protein concentratimhsubjected to SDS-PAGE,

then transferred overnight (35 V at 4°C) onto a PMBembrane. The membrane was
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blocked for 1 hour using 10% FBS in PBS, incubaegrimary antibody for 1 h, washed
(3%, 5 minutes) with 0.05% Tween-20 in PBS, andibated with secondary antibody for
1 h. After washing (3x, 5 minutes) with 0.05% Twe20 in PBS again, alkaline
phosphatase activity was visualized using a sulessi@ution of NBT (nitro-blue
tetrazolium chloride) and BCIP (5-bromo-4-chloreiddolyphosphate p-toluidine salt).
Primary antibodies used were goat anti-COX-2 any@-20; Santa Cruz
Biotechnology) at 1:750, rabbit anti-mouse INOS1@&833; BD Transduction Labs) at
1:500, and anti-mougkactin (mAb AC-74; Sigma Chemical Company). Seeoynd
antibodies were rabbit anti-goat IgGm, goat antibralgG, and goat anti-mouse IgG
secondary antibody conjugated with alkaline phosd®a(SouthernBiotech) diluted

1:1000 in PBS-tw20 containing 1% FCS.

Oxidative stress deter mination.

RAW264.7 and HEPA1clc7 were compared for theirtingdasensitivity to
potential oxidative stress associated with exposuthe treatments. Cells were seeded
to 10 cells/well and 5 x 1bcells/well, respectively, in black/clear bottom@8ll plates,
(Costaf™). Cells were then treated for 23.5 h and the gemeidative stress (via 4@,
production) probe carboxyJBCFDA was added to all treated wells, at a final
concentration of 10 uM. After 30 minutes (totalkdf h exposure with treatments), plates

were read at 494 nm excitation and 522 nm emisserelengths.
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Phagocytosis assay.

RAW264.7 cells were seeded to 5 X t@lls/ml in 96-well black/clear bottom
plates (Costa") and treated for 24 h as previously described ¢Bek, et al. 2013).
Briefly, at 24 h treatment, Im Fluoresbrit& YG microspheres (Polysciences) were
diluted in 50 mM NaHPQO, and added to the cells at a ratio of 100:1 (beatls) for a
total well volume of 20Ql. Beads and cells were incubated for 90 minut&s&C.
Phagocytosis was stopped with 3 washes ofil@0cold PBS solution (PBS, 1 mM
CaCb, 1 mM MgCb). One hundred pl trypan blue solution (2 mg/mpém blue, 20 mM
citrate, 150 mM NaCl; pH 4.5) were added to each twwequench extracellular
fluorescence. Plates were read at an excitatidreanission wavelength of 441 nm and

486 nm.

Photographic images.

Cells were seeded in 96-well plates at 5 Xddis/ml and treated for 24 h.
Images were taken using an Olympus CK2 microscapgeCanon EOS Rebel T2i
camera under 200x and 100x magnification for RAW?2&#lls and Hepalclc? cells,

respectively.

NO production via AW biofilm exposures.
RAW264.7 cells were cultured in phenol red-free MEMdeded in 96-well plates
at 1 x 16 cells/ml, and treated with a serial dilution of AWéfilm (20% to 0.3125%; 0%

acts as a control) for 24 h. An iINOS assay wasezhout as described above. Briefly, a
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1:1 ratio of NED:sulfanilamide (10@) was added to100l of supernatants from treated
RAW264.7. A 20QuM serial dilution of NaN@was used as a standard. After 15

minutes incubation the plates were read at 550 nm.

Endotoxin quantitation via Limulus Amebocyte Lysate (LAL) assay.

Endotoxin levels in AWSE and KCSE were quantitatsithg Pierce ® LAL
Chromogenic Endotoxin Quantitation Kit (Thermo $¢ikc) following directions
provided by the manufacturer. Briefly, bDof sample and standard was added to a 96-
well plate and incubated at 37°C for 10 minuteéL land a chromogenic peptide
substrate were added to each well and samplesreadeusing a spectrophotometer at
405 nm. E. coli endotoxin (derived frork. coli strain O111:B4) was used as a standard.

Samples and standards were done in duplicate.
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RESULTS

Cell images and viability assay.

Viability of treated RAW264.7 and Hepalclc7 cellssvassessed through the
MTT viability assay. There were no significantfdiences found between untreated
RAW264.7 cells and cells treated with any treatn{Eigure 1A). There was a
significant increase in viability in Hepalclc7 texhwith 20% AWSE and 10% AWSE
compared to KCSE (Figure 2A). Images were takeRA#264.7 and Hepalclc? cells
treated for 24 h with BAP, sediment extracts (10%25%) and sediment extracts with

BAP (10%, 0.625%) (Figures 1B and 2B, respectively)

INOS assay and NO production.

Macrophage activation in the presence or absentP$fwas studied by
examining NO production through the Griess-reagssaly. Results demonstrate that
AWSE contain more iNOS inducing stimulants tharkKfzSE, and this can be seen very
clearly at the lower concentrations of extract@wever, both sediment preparations
contain stimulants to the point that at higher emiations the responses are the same.
The addition of BAP did not change the results2.88 AWSE+BAP and 0.625%
AWSE+BAP were also significantly increased compdececeference samples (Figure 3).
Of particular note, the levels of NO produced b¥scexposed to extracts at higher

concentrations were comparable to cells treateld WS, the model TLR-4 ligand.
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Figure 1
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Figure 1. Cell images and viability assessmen Viability of 24 h AWSE, KCSE-,

and LPStreated RAW264.7 cells. Data represents n+ standard error of n=

individual experiments (no significance observe). Cell images of treated RAW?26<

cells at 200x magnification.
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Figure 2
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Figure 2. Cell images and viability assessment.Vability of 24 h AWSE-, KCSE-,
and LPStreated Hepalclc? cells. Data represents 1+ standard error of n=
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Figure 3
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Figure 3 Nitric oxide production as a percentage of LIA. RAW264.7 macrophag
treated for 24 h with AWSE, KC¢, LPS, and SE+LPS. B. AWSE-, KCSEPS-,
BAP-, LPS+BAP; and SE+BAl-treated RAW264.7 cellsData represent mei
standard error of n=3 individual experiments (*presents significance p < 0.01; *

represents significance p < 0.(; represents diffences between SE exposi).
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Protein expression and immunoblotting.

The effects on pro-inflammatory bioindicators iIN@&l COX-2 protein
expression were examined through SDS-PAGE/immuniidpanalysis (Figures 4 and
5). The levels of INOS protein reflect the amoohNO produced as shown in Figure 2.
INOS protein expression in cells treated with twdst concentration of KCSE was
virtually absent, but at this same concentration@8Astill induced this protein. BAP
treatments had no effect on the outcome (FigureTe expression of COX-2 protein
following treatments with LPS, sediment extracts] 8AP was the same as seen for

INOS (Figure 5)

IL-6 and IL-10 cytokine secretion.

To determine if cytokines indicative of immune respes were being secreted in
response to LPS and sediment extract treatmentSAEdssays specific for IL-6 and IL-
10 secretion were conducted. As expected, LPSukited RAW cells produce high
levels of IL-6, and only modest levels of IL-10dEre 6). Unexpectedly, AWSE was
very potent in inducing IL-6 secretion, and muchrenso than KCSE, which stimulated
secretion of IL-6 comparable to that of LPS alohé&ewise, IL-10 secretion was
stimulated by AWSE (only 10% dilution) above whatsameasured in LPS-treated cells.

BAP treatments did not affect cytokine secretion.
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Figure 4
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Figure 4. Immunoblotting analysis of INOS expressioRAW264.7 cells treated for 24

h with AWSE, KCSE, LPS, BAP, SE+LPS, and SE+BAPR. Representative

immunoblots showing iINOS arfidactin (loading control). B. Data represent meand

density+ standard error of n=3 individual experiments (texents significance p < 0.05;

** represents significance p < 0.01; representieckhce between SE exposures).
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Figure 5
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Figure 5. COX-2 expression of AWSE, KCSE, LPS, BSE+LPS, and SE+BAP
treated RAW264.7 via immunoblotting. A. Represéime immunoblots depicting
COX-2 andB-actin (loading control). B. Data represent meaative band density
standard error of n=3 individual experiments (*e=@nts significance p < 0.05;

represents difference between SE exposures).
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Figure 6
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Figure 6. Levels of IL6 and IL-10 cytokinesecretion from 24 h AWSE, KCSE, LF
BAP, SE+LPS, and SE+BAP treated RAW?264.7 cells. |l£-6 secretion from treate
RAW?264.7 cells. B. IL10 secretion from treated RAW264.7 cells. Datagsgnts
meant standard error of n=3 individual experimentsepresents significance p < 0.(

***% represents significance p < 0.00; represents differences between SE expo).

37



Effect of Polymyxin B on NO production.

To test whether the immune responses seen thasdaue to LPS in the
sediment extractpolymxyin B (PMB) was added as a treatment for RAA/Z cells.
Polymyxin B is a known antibiotic used to treatrgraegative bacterial infections via
binding to the LPS component in the cell walls (¢fiere, PMB binds and chelates LPS)
(Zavasckiet al. 2007). Results indicate PMB significantly dese=sanitric oxide
production in RAW264.7 cells treated with AWSE hkidgutions (Figure 7A). PMB has

no significant effect on NO production from KCSEdted RAW264.7 cells (Figure 7B).

ROS assay.

To determine if cells exposed to sediment extiae§, BAP, or combinations are
under general oxidative stress, RAW264.7 macrophagee compared to Hepalclc7
liver cells for their relative sensitivity. Withé presence of LPS, neither cell line was
under oxidative duress (Figures 8A and 9A). Howewethe presence of BAP,
macrophages were more stressed with combinatioASUSE extracts at high

concentrations (Figure 8B and 9B).

Phagocytosis assay.

The ability of macrophages to phagocytize foreigrtiples was determined using

fluorescent beads. Neither of the treatments ttephagocytosis (Figure 10).
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Figure 7
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Figure 7. Nitric oxide production in sediment extrand polymyxin B treated
RAW264.7 cells. A. RAW264.7 macrophages treate®ft h with LPS and AWSE,
with and without PMB. B. KCSE- and LPS-treated R28¥.7 cells with and without
PMB treatments. Data represent mean concentratgdandard error of n=3 individual
experiments (** represents significance p < 0.0%;répresents significance p < 0.001;

represents differences between treatment with aticbut PMB).
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Figure 8
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Figure 9
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Figure 9. General oxidative stress in 24 h AWSESE-, LPS-, BAP-, SE+LPS-, and
SE+BAP-treated Hepalclc7 cells. A. AWSE, KCSESL&hd SE+LPS treatment on
Hepalclc7 cells. B. AWSE, KCSE, LPS, BAP, LPS+BAE+BAP treatment on
Hepalclc7 cells. Data represents meatandard error of n=3 individual experiments (*

represents significance p < 0.05; represents difiees between SE exposures).
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Figure 10
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Figure 10. Phagocytic capability of RAW264.7 cédsated with AWSE, KCSE, LPS,
BAP, SE+LPS, and SE+BAP for 24 h. A. AWSE, KC8&ES, and SE+LPS treatment
on RAW264.7 cells. B. AWSE, KCSE, LPS, BAP, LP&#B SE+BAP treatment on
RAW264.7 cells. Data represents meastandard error of n=3 individual experiments

(no significance observed).
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NO production via AW Biofilm exposure.

To investigate the role of a biofilm found at thé/Asite on the immune responses
seen in the results of this study, the AW biofilrasireated in the same manner as the
AWSE and KCSE samples. RAW264.7 cells were treaidda serial dilution of
biofilm extract, with- and without-PMB, and NO praction was examined through the
INOS assay. No significant difference in NO prottut was seen between treatment

groups at any biofilm dilution (Figure 11).

Endotoxin levels in sediment extracts

Endotoxin levels were examined in sediment extraxctietermine if the
immunological responses seen in AWSE are due toteroh present in the sediment
extracts. Levels were quantified using the Piert&® Chromogenic Endotoxin

Quantitation Kit (Thermo Scientific; Figure 12).
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Figure 11
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Figure 11. Nitric oxide production from RAW246.&lls treated with a biofilm found at
the AW site. Cells were treated with a serial i of biofilm (from 20% to 0.3125%)
in the absence and presence of polymyxin B. Dgieesents mean concentration
standard error of n=3 individual experiments (rgm#icance observed between PMB

and non-PMB treatments). Biofilm did not indubkJS activity.
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Figure 12
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Figure 12. Levels of endotoxin (LPS) in AW and Ké&diment extracts. Endotoxin was
measured using the Pierce ® Limulus Amebocyte leyfatl). KCSE has a lower

endotoxin concentration (LPS/ml) compared to AWSE.
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DISCUSSION

This study examined the effects of pore water etdgritom a highly contaminated
US EPA superfund site (Atlantic Wood) on the EligdibRiver, VA on pro-inflammatory
functions in murine macrophage RAW264.7 cellswds found that AW extracts induce
nitric oxide production, INOS and COX-2 protein exgsion, and IL-6 secretion in
treated macrophages compared to the King’s Creek\pater extracts. Only a few
studies have examined the effects of contaminaois the Atlantic Wood on organisms,
and these have been limited to the estuarinei&iliFundulus heteroclitus (Kelly-Reay
and Weeks-Perkins, 1994; Frederétlal., 2007). In general, those PAHSs found at the
Atlantic Wood site should be immunotoxic to bothate and specific immunity in fish,
at least based on experimental data (Karebah., 1999; Karrowet al., 2001; Carlsormt
al., 2002; Carlsomt al., 2004). However, the above studies using kitift®llected from
the Atlantic Wood site indicate that innate parasrebdf the immune system are elevated
compared to reference fish, and that specific imitgus more susceptible.
Unfortunately, there are no Kkillifish cell linesahable to tease apart some the possible
mechanisms associated with heightened innate maageresponses in vitro, and to
carry out comparative studies with mammalian systefiio that end, using a mouse
macrophage cell line, such as the RAW264.7 cebsl s this study, is an ideal model
macrophage line for understanding basic pro-inflatory (heightened) responses in
mammalian systems.

The downside of using RAW264.7 cells is that thegms to lack functional AhR

signaling, therefore the usual markers of exposuf@AHSs like BAP, including CYP1A1
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and CYP1B1 induction, are not easily followed. MHiheless, RAW264.7 cells respond
well to TLR-ligands, such as endotoxin or LPS hattthey produce large amounts of
inducible nitric oxide, COX-2, and cytokines. Agected, ultra-pure LPS easily
induced INOS and COX-2, and induced the expresmmhsecretion of IL-6, the
prototypical inflammatory cytokine responsible bmth local and systemic responses to
inflammation (Gabay, 2006). Treatment with LPS®alsluced IL-10 secretion, an anti-
inflammatory cytokine considered to be regulatoyydampening strong responses to
TLR-ligands (Asadullalet al., 2003).

Contaminant levels in the sediments at the Attavifood site are some of the
highest in the country (Bied al., 1986), yet pore water extracts were relativelg-no
toxic to macrophages used in this study, in thabNity and cell morphology was
unchanged during in vitro exposures. Mouse hepatoefi line hepalclc?, which is a
common model in toxicology, was used to comparé wibuse macrophages. It was
found there was a similar lack of toxicity and laxfleffect on cell morphology with
hepalclc7. However, when using the nitric oxidkiation model, it was evident early
on that sediment extracts from the Atlantic Wodd siere stimulatory, and comparable
to that of LPS. Sediments from the historical refee site (King’s Creek) were also
stimulatory, but to a much lesser extent. Throwughioe various assays of pro-
inflammatory functions, including INOS and COX-2luction and expression and IL-
6/IL-10 secretion, AWSE were very potent in stintulg macrophages. Of particular
note, IL-6 secretion in response to AWSE was highan previously published studies

from RAW264.7 cells, and even in response to LPS.
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Mechanistically, INOS and COX-2 induction, as wadlIL-6 and IL-10 secretion
in response to LPS is due to TLR-4 activation arnasequent release of NiB; the
major transcription factor for LPS-induced actiwati Specifically, this pathway uses
RelA (p65), the canonical pathway for MB-signaling, and not the non-canonical
pathway of RelB, which is more typical during demhent of lymphoid tissues and B-
cell development (Kariet al., 2004; Milleret al., 2010). TLR-4 signaling also involves
p38: (MAPKinase) activity which together with p65 drszenducible pro-inflammatory
processes and activities (Hoesel and Schmid, 2018t how contaminants in AWSE,
and, to a lesser degree, KCSE, stimulate inflamongirofiles in a manner similar to
LPS is unknown at this point. Oxidative stress leaa to NF« activation, but
oxidative stress was not observed under the camditof this study. On the other hand,
some AhR ligands are known to polarize lymphocybesards a pro-inflammatory
phenotype, and dampening anti-inflammatory regwatells (Ho and Steinman, 2008;
Lawrencest al., 2008; Kisst al., 2011).

Another avenue explored for such potent stimujapooperties of sediments
(from both sampling sites) was the idea that sedimave a large microbial community,
including marine LPS-producing Gram-negative baatemd especially after the brisk
agitation during sediment extraction in water. Evample, marine Vibrio species are
ubiquitous, including/. vunificus, V. anguillarium, andV. cholera (Taoet al., 2011; Tao
etal., 2012; Froelictet al., 2013), and these bacteria are at the Atlantic d\&ie
because even killifish there are sero-positivedeneket al., 2007). The argument for a

biological rather than chemical source of immunexglation properties of sediment
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extracts is further supported by the observatian sediments at Atlantic Wood site are
rich in a dark green/black biofilm of what appetrde algal-microbial mats. This
biofilm is not observed at the reference site,Kkillifish feed heavily on this energy
source (observed in situ). In an effort to charaze the biofilm at the AW site, nitric
oxide production was measure in macrophages treatedhe biofilm, in the presence
and absence of polymyxin B (Figure 11). Resultsrsd no significant differences
between PMB- and non-PMB-treated cells, indicabrajilm presence has no effect on
the immune responses previously described in thidys Furthermore, and to my
knowledge, this is the first study to show thatisesmht extracts from the AW site contain
nearly twice as much endotoxin as does the refersediment extracts from KC, VA.
The results of this study using mammalian cedimdicate exposure to the
Atlantic Wood pore water extracts induces an imm@sponse at dilutions as low as
0.625% in RAW264.7 cells after only 24 hours oftreent. In particular, pro-
inflammatory indicators, such as IL-6 secretion &@S and COX-2 expression, were
induced in AWSE treated cells. While acute inflaatony responses aid in the removal
of pathogens and provide organismal protectiommbrinflammation has led to several
health issues and concerns, including cancer (Chatiay 1999, Chung and Chang 2003,
KozA,owski, et al. 2003, Lougt al. 2000), Crohn’s disease (Atreysal. 2000, Brosset
al. 1996, Grossgt al. 1992, Niederatgt al. 1997), and rheumatoid arthritis (Cronstein
2007, Partsclet al. 1997, Uekigt al. 1996). This study provides evidence that higher
organisms may be affected by exposure to the Atl&kbod site on the Elizabeth River.

Since the area is known for its high recreatioditany, and industrial use, it would be
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interesting to study immune responses after loegposure to AWSE compared to

KCSE treatments. Other future studies should facudetermining if sediment extracts
from the Atlantic Wood site and reference site eitgs Creek, VA activate the Ahr
pathway in RAW264.7 cells using reporter assaysyven using the hepalclc7 hepatoma

cell line.
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