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Nanotechnology is a global industry producing a large variety of engineered nanomaterials
(ENMs) for use in virtually every industry sector. Quantum dots (QDs) are ENMs with
attractive semiconductor and fluorescent properties and commonly consist of a cadmium
and selenium (CdSe) core surrounded by a zinc sulfide (Zn/S) shell. QDs have applications
in biomedical research and potentially medicine as imaging tools and have multiple uses in
electronics and energy industries. Silver nanoparticles (AgNPs) are composed of silver
atoms and sometimes include other metals such as gold. AgNPs have been incorporated into
numerous products as an antimicrobial agent. While these ENMs have beneficial uses, they
have been shown to induce lung inflammation and toxicity in rodent models following
pulmonary exposures. However, most QD and AgNP toxicity studies to date have only used
one strain of mouse or rat and thus have not addressed the role of genetic variability as a
potential modulator of susceptibility. My dissertation was primarily focused on investigating
the role of genetic background as a determinant of susceptibility to QD- and AgNP-induced
lung inflammation and toxicity utilizing multi-strain mouse models. We found substantial
inter-strain variation in susceptibility to QD- and AgNP-induced pulmonary inflammatory

responses across the Collaborative Cross (CC) founder mouse strains. Over the last decade,



the CC has created a panel of recombinant inbred (RI) mouse strains from eight genetically
diverse founder strains to facilitate genetic mapping studies. Having established variability
among the CC founder strains, we characterized the QD inflammatory response in a panel of
CC RI inbred mouse strains in collaboration with researchers at the UNC. In collaboration
with researchers at NYU we characterized the AgNP inflammatory response in 17 additional
mouse strains (25 total strains). We used genome-wide association (GWA) mapping to
identify genomic regions associated with QD- and AgNP-induced lung inflammation and
toxicity containing candidate susceptibility genes that could modulate QD and AgNP
responses and provide mechanistic insight. We also investigated the effects of QDs on lung
mechanics and house dust mite (HDM) induced allergic airway disease in CC founder mouse
strains we found initially to be more (A/J) and less (C57BL/6J) susceptible to QD-induced
lung inflammation. Our results indicated that A/J mice were more susceptible to QD-induced
changes lung mechanics. In addition, co-exposure to HDM+QDs enhanced cytokine
production in A/J mice where HDM exposure alone did not result in significant increases and
A/J mice had more lung type 2 innate lymphoid cells (ILC2s) than C57BL/6] mice.
Significant inverse associations between glutathione and different endpoints across multiple
studies highlighting the importance of redox balance in ENM induced lung inflammation and
toxicity. The findings from these studies have important regulatory implications for ENMs in
that genetic background of test animal strain is important to consider in risk models such

that safety standards ensure adequate protection for sensitive populations.
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Chapter 1
Introduction

David K. Scoville

Nanotechnology

Nanotechnology is being researched, manufactured, and/or commercialized in all 50 US
states and many countries worldwide (The Project on Emerging Nanotechnologies 2017a).
The engineered nanomaterials (ENMs) produced have physico-chemical properties that
make them useful in products ranging from fuel additives to computing components to light
emitting diodes (LEDs). However, data from toxicity studies in animals have generated
concerns over potential health hazards associated with environmental and occupational

exposures.

ENM Epidemiology

There are a small number of epidemiological studies published thus far focused on
evaluating the potential health risks to associated with occupational ENM exposure in
workers (Liou et al. 2015). Although most of these studies were cross sectional in design
and/or were not sufficiently powered to definitively say whether ENM exposure is linked to
disease in humans, some reported associations between exposure and biomarkers for
pulmonary effects (induced sputum IL-8 and IL-1B, and fraction exhaled nitric oxide) (Cui
2013; Wu et al. 2014; Liou et al. 2015). Another cross-sectional study reported increased
sneezing and allergic dermatitis (Liao et al. 2014). In a study with longitudinal follow-up,
there was evidence for an ENM exposure-associated increase in cardiovascular inflammation
(VCAM) and decrease in lung function at 6-months follow up (Liao et al. 2014). However, a
subsequent published abstract describing an extended follow-up period over 4 years

reported no significant associations between ENM exposure and health biomarkers.



Exposure assessments are challenging and have been noted as weaknesses in many
ENM epidemiological studies (Liou et al. 2015). While Cui et al. performed a comprehensive
exposure assessment measuring measured particle concentrations by mass and by particle
number, other studies used control banding as a surrogate (Cui 2013; Liao et al. 2014; Liao
et al. 2014; Wu et al. 2014). Control banding is a method for categorizing workers into risk
groups for exposure comparison based on probability of exposure and how hazardous the
potential exposure might be (Paik et al. 2008; Brouwer 2012). Larger studies with improved
exposure assessment and longitudinal study designs will be needed to better determine

ENM human health risks.

Quantum Dots

Quantum dots (QDs) are ENMs commonly comprised of a cadmium and selenium (CdSe)
core with a zinc sulfide (ZnS) shell. QDs have outstanding fluorescent and semiconductor
properties that make them ideal imaging tools in biomedical research and useful in
electronics industries (Wu et al. 2003; Medintz et al. 2005; Jung et al. 2012). In rodent
models, QDs induce lung inflammation and toxicity, characterized by increased neutrophilia,
release of LDH, inflammatory cytokine production, and increased levels of DNA damage
(Jacobsen et al. 2009; Ma-Hock et al. 2012; Ho et al. 2013; Ma-Hock et al. 2013;
McConnachie et al. 2013; Roberts et al. 2013). Changes in lung function 17 days after
exposure, and granuloma formation 90 days after exposure, have also been observed in
mice (Ho et al. 2013). Particle coating modulates QD-induced lung inflammation and
toxicity. In rats and mice, carboxylated QDs are more toxic than aminated and polyethylene
glycol coated QDs (Ho et al. 2013; Roberts et al. 2013). QDs can induce oxidative stress
and glutathione synthesis capacity modulates QD-induced lung inflammation and toxicity

(Lovri¢ et al. 2005; Neibert and Maysinger 2011; McConnachie et al. 2013).



Silver Nanoparticles

Silver nanoparticles (AgNPs) consist mainly of silver atoms but can contain other metals,
including gold (Holland et al. 2016). AgNPs are one of the ENMs selected by the NIEHS
Centers for Nanotechnology Health Implications Research (NCNHIR) for rigorous in vitro and
in vivo inter-laboratory evaluation. AgNPs have been incorporated into many consumer
products because of their antimicrobial properties (The Project on Emerging
Nanotechnologies 2017b). AgNPs have been shown to induce lung inflammation
characterized by increased levels of BALF neutrophils, eosinophils, cytokines, in a particle
size, coating, and test animal strain-dependent manner (Wang et al. 2014; Seiffert et al.
2015; Silva et al. 2015; Silva et al. 2016). AgNPs have also been shown to impact lung
mechanics in mice and rats (Seiffert et al. 2015; Botelho et al. 2016). Retention of AgNPs in
the mouse lung is also impacted by particle size and coating (Anderson et al. 2015;

Anderson et al. 2015).

ENMs and Allergic Airway Disease

Approximately 8% of people in the US suffer from asthma, which is often characterized by
airway hyperresponsiveness and chronic Th2 type lung inflammation (Kim and Mazza 2011;
CDC 2017). Animal models of allergic airway disease using the experimental allergen
ovalbumin have shown that ENMS can both act in place of traditional adjuvants to boost
allergic sensitization to OVA in mice and exacerbate secondary immune responses during
OVA challenges in mice sensitized to OVA with a traditional adjuvant (Brandenberger et al.
2013; Jonasson et al. 2013). Interestingly, in one study investigating AgNP effects on mice
initially sensitized to OVA plus an adjuvant, pre-administration of AGNPs before OVA
challenges reduced OVA-induced allergic inflammation (Park et al. 2010). A smaller number
of studies have focused on ENMs and allergic airway disease caused by house dust mite
antigen (HDM), which is both a mouse and human allergen (Ronzani et al. 2014; Shipkowski

et al. 2015). These studies showed that co-exposure to multi-walled carbon nanotubes



(MWCNTs) and HDM increased allergic sensitization compared to mice exposed to HDM or
MWCNTSs alone (Ronzani et al. 2014). Exposure to MWCNTSs in mice already sensitized to
HDM initially increased level of total bronchoalveolar lavage fluid (BALF) inflammatory cells.
At 21 days after MWCNT exposure in HDM-sensitized mice increased signs of lung fibrosis

were observed compared to HDM sensitized mice and mice only exposed to MWCNTSs.

Genetic Susceptibility and Toxicant Exposure

In addition to factors such as age, nutrition, and gender, genetic background can influence
susceptibility to toxicant exposures. For example, genetic polymorphisms in the phase II
metabolism gene NAT2 is known to modulate susceptibility to bladder cancer in smokers
(Garcia-Closas et al. 2005). Multi-strain mouse models have been used in toxicology to
assess the influence of genetic background overall on trichloroethylene toxicity (Bradford et
al. 2011). Genome-wide association (GWA) mapping methods using multi-strain mouse
panels have been used to discover individual genes that modulate susceptibility to a variety
of toxicants including acetaminophen, anthracyclines, isoniazid, and zinc oxide
(Wesselkamper et al. 2005; Harrill et al. 2009; Church et al. 2014; Frick et al. 2015). In
addition to providing valuable information about susceptibility that could improve the
understanding of differences in response of human populations to toxic exposures,
mechanistic information is also gained. Given the multitude of existing ENM formulations,
testing all potential mechanisms of toxicity would be challenging. However, gene and
pathway information from GWA mapping and other systems level methods could help
prioritize certain mechanisms. Over the last decade, the Collaborative Cross (CC) has
produced a large panel of recombinant inbred (RI) strains derived from eight CC founder
strains that cover 90% of M. Musculus genetic variation (Churchill et al. 2004; Threadgill
and Churchill 2012). The CC RI strains contain a large amount of evenly dispersed inter-
strain genetic variation making them an excellent resource for GWA mapping (Aylor et al.

2011).



Dissertation Outline

The overall focus of my dissertation was to investigate the role of genetic background as a
determinant of susceptibility to ENM-induced lung inflammation and toxicity. I chose to
focus my genetic susceptibility work on on AgNPs because they are incorporated into
numerous consumer products and are an NCNHIR particle that our laboratory was tasked
with evaluating for in vivo pulmonary toxicity. I also chose to focus on QDs as they have
applications in many industries and our laboratory has previously shown that susceptibility
to QD-induced lung inflammation is modulated by Gc/m, which is the modifier subunit in
glutamate cysteine ligase (Gc/) which is the rate limiting enzyme in glutathione production.
Differential responses across Gc/m genotypes provided initial evidence for a genetic
component in QD susceptibility (McConnachie et al. 2013). My first specific goal was to
investigate the role of genetic background in acute QD- and AgNP induced lung
inflammation and toxicity. There are concerns over potential occupational ENM impact on
worker lung function. Furthermore, the effects of QDs on mouse lung mechanics have not
been explored in the acute setting. While some research has been done on AgNP impact on
allergic sensitization, to our knowledge this has not been addressed for QDs. Thus, my
second goal was to investigate the role of genetic background modulating susceptibility to

QD-induced changes in lung mechanics and HDM allergic sensitization.

Chapter 2. QDs have been shown to induce lung inflammation in mice and rats in multiple
studies. However, QD studies to date have been performed in just one strain of mouse or
rat rendering them unable to assess the role of genetic background in modulating
susceptibility. In Chapter 2, I will discuss our work investigating the range of sensitivity to
QD-induced lung inflammation and toxicity among the genetically diverse CC founder

strains.



Chapter 3. The CC RI mouse strains have more genetic variation that traditional 2-parental
strain RI panels. In Chapter 3, I will discuss our additional assessment of QD-induced lung
inflammation and toxicity in CC RI mouse strains and our studies using GWA mapping to
identify candidate susceptibility genes and pathways that may help explain differences in

susceptibility to QD-induced changes in total BALF protein.

Chapter 4. AgNPs of different sizes and coatings have been shown to induced lung
inflammation and toxicity in mice and rats. While there has been one study in rats where
more than one strain was assessed, the role of genetic background in modulating
susceptibility to AgNP-induced lung inflammation and toxicity has not been thoroughly
investigated. In Chapter 4, I will discuss our research characterizing variation in sensitivity
to AgNP-induced lung inflammation and toxicity across the CC founder strains and work we
did in additional inbred mouse strains as part of a collaboration with researchers at NYU. I
will also discuss our experiments using GWA mapping to discover candidate susceptibility
genes that may partially underlie previously observed variation in susceptibility to AgNP-

induced lung inflammation and toxicity.

Chapter 5. Lung function is one of many health parameters where concerns exist regarding
potential detrimental effects of ENM occupational exposure. ENMs have been shown to
impact mouse lung mechanics when assessed at least 2 weeks after high dose single
exposures. In Chapter 5, I will discuss our work assessing the acute effects of QDs on
mouse lung mechanics and the role of genetic background in modulating susceptibility in a

more limited context using 2 mouse strains.

Chapter 6. Many ENMs have been shown to enhance allergic sensitization in models using
OVA. However, there are few studies investigating the ENM effects on allergic sensitization

using HDM, a mouse and human allergen, and no studies have investigated QDs in this



context. In Chapter 6, I will discuss our research evaluating the effects of co-exposure to
QDs during sensitization to HDM and the role of genetic background in a more limited

context using 2 mouse strains.

Chapter 7. Conclusions and future directions

Hypothesis and Specific Aims
My overall hypothesis was that genetic background is an important determinant of
susceptibility to ENM induced lung inflammation and toxicity. To test this hypothesis, I

developed 2 specific aims.

Specific Aim 1
Determine if genetic background modulates susceptibility to ENM-induced acute lung

inflammation and toxicity.

Chapter 2
Specific Aim 1.1: Characterize how genetic background modulates ENM-induced
pulmonary inflammation and toxicity and establish a range of sensitivity across the

CC founder strains.

Chapter 3
Specific Aim 1.2: Further characterize inter-strain variability in QD-induced lung
inflammation in CC RI strains, compare how phenotypes vary between parental

founder and RI strains, and identify candidate susceptibility genes.

Chapter 4



Specific Aim 1.3: Further characterize the effect of genetic background on AgNP-
induced lung inflammation using an expanded inbred mouse strain panel and identify

candidate susceptibility genes.

Specific Aim 2: Investigate ENM effects on lung mechanics and allergic sensitization

in mice that are susceptible and resistant to ENM-induced acute lung inflammation.

Chapter 5
Specific Aim 2.1: Investigate QD effects on lung mechanics in mice that are

susceptible and resistant to QD-induced acute lung inflammation.

Chapter 6
Specific Aim 2.2: Investigate QD effects on allergic sensitization in mice that are

susceptible and resistant to QD-induced acute lung inflammation.

Chapter 7 Conclusions and future directions
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Abstract

Quantum Dots (QDs) are engineered semiconductor nanoparticles with unique
physicochemical properties that make them potentially useful in clinical, research
and industrial settings. However, a growing body of evidence indicates that like other
engineered nanomaterials, QDs have the potential to be respiratory hazards,
especially in the context of the manufacture of QDs and products containing them, as
well as exposures to consumers using these products. The overall goal of this study
was to investigate the role of mouse strain in determining susceptibility to QD-
induced pulmonary inflammation and toxicity. Male mice from 8 genetically diverse
inbred strains (the Collaborative Cross founder strains) were exposed to CdSe-ZnS
core-shell QDs stabilized with an amphiphilic polymer. QD treatment resulted in
significant increases in the percentage of neutrophils and levels of cytokines present
in bronchoalveolar lavage fluid (BALF) obtained from NOD/ShiLt] and NZO/HILt] mice
relative to their saline (Sal) treated controls. Cadmium measurements in lung tissue
indicated strain-dependent differences in disposition of QDs in the lung. Total
glutathione levels in lung tissue were significantly correlated with percent neutrophils
in BALF as well as with lung tissue Cd levels. Our findings indicate that QD-induced
acute lung inflammation is mouse strain dependent, that it is heritable, and that the
choice of mouse strain is an important consideration in planning QD toxicity studies.
These data also suggest that formal genetic analyses using additional strains or
recombinant inbred strains from these mice could be useful for discovering potential

QD-induced inflammation susceptibility loci.
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Introduction

The market for nanotechnology-enabled products continues to accelerate as the
number of novel applications for engineered nanomaterials (ENMs) increases. This has
raised concerns regarding environmental and occupational exposures to ENMs. Recent
epidemiological studies of workers in ENM manufacturing facilities suggest that occupational
ENM exposure may be associated with increased risk of respiratory and cardiovascular
toxicity (Cui 2013; Liao et al. 2014; Lee et al. 2015). Thus, better understanding of ENM
toxicity is important for human health and the continued success of the nanotechnology
industry.

Quantum dots (QDs) are a class of ENM commonly composed of a
cadmium/selenium (CdSe), cadmium/tellurium (CdTe), or cadmium/selenium/tellurium
(CdSeTe) semiconductor crystalline core surrounded by a multilayer shell of higher band
gap material such as zinc/sulfide (ZnS) (Dabbousi et al. 1997; Kim et al. 2004; Medintz et
al. 2005; Azzazy et al. 2007; Ho et al. 2013). The superior optical properties such as
brightness and photostability of QDs compared to traditional organic dyes make them useful
imaging tools. Bioconjugated QDs have been used as excellent direct and indirect
immunofluorescent probes for intra- and extracellular targets (Alivisatos 2004; Michalet et
al. 2005; Zrazhevskiy et al. 2010; Probst et al. 2013); to label and deliver drugs to tumors
(Savla et al. 2011); and to map sentinel lymph nodes in vivo (Gao et al. 2004; Kim et al.
2004). QDs have also been utilized as biosensors and in the electronics and energy
industries (Hu et al. 2010; Jung et al. 2012; Bae et al. 2013).

The diverse uses of QDs highlight the need to fully understand their toxicity. QDs are
known to be cytotoxic in a cell-type, dose, particle size, and surface coating-dependent
manner, and release of Cd** ions plays a role in their cytotoxicity (Kirchner et al. 2005;
Lovric et al. 2005; Clift et al. 2008; Hoshino et al. 2011; McConnachie et al. 2012; Smith et
al. 2012). Previous studies have confirmed that Cd>* ions can generate reactive oxygen

species (ROS), that QDs can release Cd?* ions, and that QDs have been observed to elicit
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ROS production and to impact glutathione (GSH) levels (Derfus et al. 2004; Wang et al.
2004; Kirchner et al. 2005; Lovri¢ et al. 2005; Clift et al. 2010). Thus, QD-induced
cytotoxicity is at least partially due to antioxidant depletion and oxidative stress. This is
supported by studies in which GSH precursors and inducers have reduced QD cytotoxicity
(Lovri¢ et al. 2005; Neibert and Maysinger 2011).

To our knowledge, no published epidemiological studies exist regarding
environmental or occupational exposures to QDs. However, several in vivo animal studies
have found little toxicity following intravenous administration QDs (Hauck et al. 2010; Su et
al. 2011; Ye et al. 2012), which is important if QDs are to be used clinically. However,
thrombi harboring QDs have been found in the lungs of mice injected with high doses of
CdSe QDs, although thrombi formation was preventable with heparin pretreatment (Geys et
al. 2008). In terms of dermal exposures, QDs can be taken up by human keratinocyte cells
and showed little toxicity up to 20 nM in concentration (Zhang et al. 2011). QDs have also
been shown to penetrate into the outer layers of stratum corneum and epidermis, but not
all the way through, porcine skin (Zhang et al. 2008). In contrast, pulmonary exposure to
QDs (a potential route of exposure in occupational settings) has been shown to result in
neutrophilic and granulomatous inflammation, compromised alveolar-capillary barrier
function, DNA damage, and cytotoxicity (Oberdorster et al. 2005; Jacobsen et al. 2009; Ma-
Hock et al. 2012; Ho et al. 2013; Ma-Hock et al. 2013; Roberts et al. 2013). Furthermore,
as observed for in vitro studies, surface coatings (i.e. -COOH vs. -NH; vs. polyethylene
glycol) are known to influence the toxicity and disposition of QDs in mouse and rat lungs
(Ho et al. 2013; Roberts et al. 2013). We chose to use trioctylphosphine oxide / poly
(maleic anhydride-alt-1-tetradecene) (TOPO-PMAT) coated QDs in this study because of the
reproducibility, stability, and solubility that is achieved through incorporating the
hydrophobic surface ligand TOPO during synthesis and subsequently adding the amphiphilic
polymer PMAT. TOPO-PMAT coating of CdSe/ZnS QDs also results in the retention of

excellent optical properties (McConnachie et al. 2012).
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Mice are often used as models for mammalian in vivo toxicity testing. Inbred strains
of mice have been extensively used to investigate the role of genetic background in
determining susceptibility to a number of agents. Moreover, through formal genetic
analyses, differential responses of inbred mouse strains can increase our understanding of
the mechanisms underlying toxicity by revealing genes that influence the response to toxic
exposures (Festing et al. 2001; Harrill et al. 2009; Bradford et al. 2011).

The overarching goal of this study was to establish the range of sensitivity to QD-
induced lung inflammation and toxicity among the 8 founder strains of the Collaborative
Cross (CC), which is an international project to develop new recombinant inbred (RI) mouse
strains having high inter-strain genetic variability (Churchill et al. 2004). The CC founder
strains have the following designations: 129S1/Sviml, A/J, C57BL/6], NOD/Lt] and
NZO/HILt] (which are traditional laboratory strains), and CAST/EiJ, PWK/Ph] and WSB/EiJ
(which are strains recently derived from wild mice). Including 8 strains of mice in our
experimental design allows for a robust examination of inter-strain variability, which is
important since most in vivo QD toxicity studies have been limited to a single mouse strain
and conclusions reached in one strain may not hold true for others. Indeed, we found that
mouse strain has a major effect on QD-induced lung inflammation, suggesting that in future
studies formal genetic analyses using additional strains or recombinant inbred strains from
these mice could be useful for discovering loci that are associated with susceptibility to QD-

induced inflammation.

Materials and Methods

Ethics Statement
The University of Washington Institutional Animal Care and Use Committee (IACUC)
approved all animal procedures carried out in this study (UW Protocol Number 2384-08),

and no adverse behavioral effects or apparent suffering were observed.
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Animals

Specific pathogen free (SPF) male mice from the following strains were purchased
from Jackson Laboratories (Bar Harbor, ME): 129S1/SvimJ] (n=28; 12 QD treated, 12
saline, 4 naive), C57BL/6] ( n=49; 28 QD treated, 17 saline, 4 naive), A/J (n=37; 22 QD
treated, 11 saline, 4 naive), CAST/EiJ, NOD/Lt], NZO/HILt], PWK/Ph] and WSB/EiJ (n=16;
QD, 6 saline, 4 naive). Hereafter, mouse strain names are abbreviated as indicated in the
parentheses following each strain: 129S51/SvIimJ (129), C57BL/6] (B6), A/J (AJ), CAST/Ei]

(CAST), NOD/LtJ (NOD), NZO/HILt] (NZO), PWK/PhJ (PWK) WSB/Ei] (WSB). Mice were

6

received at approximately 6 weeks of age and all experiments were done within 4 weeks of

arrival at the University of Washington. Baseline measures were made in naive mice.
Animals were housed under modified SPF conditions in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-approved facility at the University of

Washington.

Quantum dots

The amphiphilic polymer coated QDs used in this study were synthesized and
characterized in the laboratory of Dr. Xiaohu Gao in the Department of Bioengineering at
the University of Washington as previously described (Pellegrino et al. 2004; Bagalkot and
Gao 2011; McConnachie et al. 2012; McConnachie et al. 2013). They consisted of a CdSe
core, a ZnS shell, and an outer coating of tri-n-octylphosphine oxide, poly(maleic

anhydride-alt-1-tetradecene (TOPO-PMAT).

Oropharyngeal aspiration of QDs
Animals were anesthetized prior to treatment using 4% Isoflurane. Mice received a
dose of 6 ug Cd equivalents/kg body weight (BW) of 10 nM TOPO-PMAT CdSe/ZnS QDs in

0.9% sterile saline, which is comparable to a hypothetical 40 hr work week cumulative
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exposure of 4.6 mg/kg calculated using the current Occupational Safety and Health
Administration (OSHA) permissible exposure limit (PEL) of 5 pg/m?® and average human
breathing rates from the EPA Exposure Factors Handbook for ages 16-71 (1.62 m3/hr), and
70 kg as a worker body weight. Oropharyngeal aspiration (OPA) was used to deliver either
QDs or 1.53 ul/g BW 0.9% sterile saline as a vehicle control. As noted above, 4 naive
control animals from each strain received no treatment. Mice were euthanized using CO,
narcosis and cervical dislocation eight hours after dosing. This time point was selected in
order to detect both cytokines and neutrophils in the same BAL sample. Prior in vitro studies
with alveolar macrophages had shown that although 4 hr after exposure to QDs was optimal
for detection of cytokines, there was still a detectable level of cytokines at 8 hr [43].
Moreover, sufficient neutrophil influx was detected in mice 8 hr after QD exposure via nasal
instillation(McConnachie et al. 2013). Tissues were removed and flash frozen in liquid
nitrogen and bronchoalveolar lavage was performed as described below. Additional AJ and
B6 mice were euthanized immediately, 30 min, 1 hr and 3 hr following OPA of the same
dose of QDs (n=4 per time point) or Saline (n=2 at 3 hr, and 1 at the other time points) for

the purpose of analyzing cadmium levels in lung tissue.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed 3 times with 3 lung inflations using 1
mL phosphate buffered saline (PBS) per lavage, as previously described (Weldy et al. 2011).
CAST/EiJ, WSB/EiJ and PWK/PhJ mice received 700 uL PBS per lavage due to the reduced

lung volume in these smaller strains.

Flow cytometry
BAL samples were centrifuged at ~500g to pellet cells. The supernatant from the 1%
lavage was stored at -80 °C for later analyses and is referred to hereafter as

bronchoalveolar lavage fluid (BALF). Supernatants from the 2" and 3™ lavages were
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discarded. The cells from all 3 lavages were then pooled and processed for
immunophenotyping and flow cytometry to identify the relative number of macrophages and
neutrophils present in BALF using a slightly modified method of that performed previously
(Weldy et al. 2011). Cells were stained for CD11b, Ly-6G/Ly-6C (Grl) and F4/80 with a
phycoerythrin conjugated monoclonal antibody against Cd11b (AbCam, Cambridge, MA),
biotinylated anti-mouse Grl conjugated to streptavidin/AlexaFluor350 (BioLegend, San
Diego, CA) and anti-F4/80 conjugated to Alexafluor 488 (eBioscience, San Diego, CA).
Gating of flow cytometric bivariate plots was used to determine the percentage of
neutrophils and macrophages in BALF. Neutrophils were classified as cells high in Cd11b and
low in F4/80 fluorescence. Macrophages were identified as being high in F4/80 fluorescence
and either high or low in Grl fluorescence. F4/80%/Gr1M cells have been described in a

previous study as inflammatory monocytes (Mosa et al. 2009).

BALF cytokine/inflammatory protein measurements using ELISA microarray

Slides were printed using a piezoelectric GeSiM NanoPlotter 2 and processed as
described previously (Servoss et al. 2009). All ELISA reagents for the 18 cytokine assays
(amphiregulin (AMR), eotaxin, granulocyte-colony stimulating factor (GCSF), interleukins
1la, 6, and 12 (IL-1q, 6, and 12), GRO1 oncogene (KC; CXCL1), matrix metalloproteinase 2
(MMP2), small inducible cytokine A5 (RANTES; CCL5), thymus and activation-regulated
chemokine (TARC; CCL17), tumor necrosis factor (TNFa), vascular endothelial growth factor
A (VEGF), monocyte chemotactic protein 1 (MCP1), macrophage-derived cytokine (MDC),
macrophage inflammatory proteins 1a (MIP-1a, CCL3), 1B (MIP-13, CCL4), 1y (MIP-1y,
CCL9) and 2 (MIP-2, CXCL2)) were purchased from R&D Systems. In brief, for every chip,
each of the 18 capture antibodies for the individual ELISAs were printed onto 4 spots.
Samples were thawed on ice, centrifuged to remove any particulates, and diluted with 0.1
volume of 10X assay buffer (final assay concentration: 0.1 mg casein/ml and 1000 pg green

fluorescent protein/ml) in PBS. Samples were then processed in triplicate on the ELISA chips
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as described (Servoss et al. 2009). After overnight incubation with the samples, chips were
washed and incubated with a mixture of biotinylated detection antibodies. The biotinylation
signal was amplified using the biotinyltyramide amplification system and the fluorescent
signal added using tagged streptavidin (Woodbury et al. 2002). The fluorescent intensity of
the spots was imaged using a Tecan Reloaded laser scanner and quantitated using
ScanArray Express software. Standard data were generated using serial dilutions of
expressed antigens. The fluorescent data were normalized based on results from an internal
calibrant assay (Zangar et al. 2009). Standard curves were then fit with the Protein
Microarray Analysis Tool (ProMAT) using the four-parameter logistic curve-fitting option
(White et al. 2006) and used by ProMAT to generate antigen concentration values for the

samples based on the adjusted spot fluorescent intensities.

BALF total protein

Total protein in BALF samples was measured using the Bio-Rad Protein Assay
(BioRad, Hercules, CA) according to the manufacturer’s instructions and absorbance was
read at 590 nm using a SpectraMax 190 spectrophotometric plate reader (Molecular

Devices, Sunnyvale, CA). All samples and standards were analyzed in triplicate.

Cadmium analysis

Samples of frozen right lung tissue (~20 - 40 mg) from mice sacrificed 8 hr after
OPA from each strain were randomly selected for analysis (6 QD treated and 3 saline
treated). In addition, samples were also taken from an additional 4 QD treated AJ and B6
mice immediately, 30 min, 1 hr and 3 hr after OPA. For saline treated controls in both
strains, samples were taken from 1 mouse immediately, 30 min and 1 hr after OPA, and
from 2 mice 3 hr after OPA. Following nitric acid/microwave digestion, Cd levels were
measured using inductively-coupled plasma mass spectrometry (ICP-MS) following a

modified EPA Method 6020A with an Agilent 7500ce ICP-MS (US-EPA 2007). The cadmium
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content in QD dosing solution was confirmed by the same method. The limit of
quantification (LOQ) was 0.1 ng Cd per sample. The amount of Cd per tissue was
normalized by tissue weight. Samples that had Cd levels below the LOQ were assigned the
value of the LOQ / square root of 2 before being divided by lung tissue weight. The kinetics

of Cd clearance from the lungs was assessed using an exponential decay model.

Lung total glutathione
Total glutathione levels in lung homogenates were measured after reducing all

disulfide forms using previously described procedures (Weldy et al. 2011).

Statistical Analyses

All data were processed and analyzed using Microsoft Excel (Microsoft Corporation.
Redmond, WA), GraphPad Prism (GraphPad Software, La Jolla, CA), and R (R Core Team
2014). Data from all endpoints were log transformed to improve normality prior to analysis.
Two-way analysis of variance (ANOVA) was performed to examine QD treatment and mouse
strain effects. If a significant treatment effect was detected, post-hoc t-tests were
performed between treatment groups and resulting p-values were adjusted using the False
Discovery Rate (FDR) method in the p.adjust function in R. Post hoc t-tests were performed
separately between QD and saline groups and between saline and naive groups. In a
secondary analysis, we performed t-tests on absolute BALF cell numbers between QD and
saline treated mice in each strain. The strain order in all data plots, which were created
using the ggplot2 package in R, is determined by the ratio of the percent neutrophils in
BALF in QD treated mice compared to strain matched saline controls in ascending order
(Figure S1) (Wickham 2009). Colors used for mouse strains in the plots are those
designated by the CC organizers for the founder strains. In order to reveal potential
relationships among outcome measures across strains, a hierarchal clustering analysis was

performed. Prior to clustering, non log-transformed data were converted into z-scores within
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each assay, essentially normalizing each assay to a mean of 0 and a standard deviation of
1. Individual animal z-scores in each assay were averaged for each strain and treatment
group. Clustering was performed using the heatmap.2 function in the gplots package in R,
with defaults of Euclidean distance and complete linkage as methods for dendrogram
formation (Warnes et al. 2013). This is a modified method from those used in previous
nanomaterial studies where multiple groups and assays are compared (Shaw et al. 2008;
McConnachie et al. 2012). Simple linear regression was used to further examine potential
relationships seen in the cluster analysis and to analyze relationships between lung
glutathione and BALF neutrophils, cytokines, and lung Cd. Broad-sense heritability was
calculated using one-way ANOVA for select phenotypes to estimate the genetic contribution
to the overall phenotypic variability. Inter-class correlation, r;, was calculated as (MSB -
MSW)/(MSB + (n - 1)MSW), where MSB is the mean square between strains and MSW is
mean square within strains obtained from ANOVA analysis, and n is the number of mice.
The coefficient of genetic determination, g? was calculated as (MSB - MSW)/(MSB + (2n -
1)MSW) (Billat et al. 2005; Rutledge et al. 2014). The sensitivity analysis performed on
percent neutrophils in BALF entailed removing potential outliers using Tukey's interquartile
range (IQR) method which defines outliers as either less than Q1 minus 1.5 times, or Q3
plus 1.5 times the IQR within each strain and treatment group, and then repeating the two-

way ANOVA and t-tests (Tukey 1977).

Results

Cd content in lung tissue

Cd was measured as a marker of QD presence in the lung 8 hours after exposure. Cd
content was highly variable across the strains and a significant interaction between mouse
strain and QD treatment was observed (Figure 1A) indicating strain dependent differences in

disposition. B6, PWK, and WSB mice all had average levels of <0.1 ng Cd / mg tissue, with
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B6 being the lowest (Figure 1A). AJ mice had an average of 0.16 ng Cd / mg tissue. The
129, CAST, NOD, and NZO mice had average Cd levels between 2.5 and 3 ng Cd / mg tissue
(Figure 1A). In order to further investigate the notable variability present at 8 hr post OPA,
we also measured Cd levels in AJ and B6 mice immediately, 30 min, 1 hr and 3 hr after OPA
(Figure 1B). Interestingly, QDs appeared to have a longer half-life in AJ mice (4.5 hours,
95% CI: 2.8 t010.9 hr) compared to B6 mice (1.2 hours, 95% CI: 1.0 to 1.6 hr). In keeping
with their slower clearance, QD treated AJ mice had significantly higher lung Cd levels at 8
hr than B6 mice. While there is a suggestion that AJ mice might have higher levels than B6
even immediately following QD exposure, this potential difference was not statistically

significant.

Neutrophils in BALF

We found high variability across strains for BALF neutrophils and observed a
significant interaction between mouse strain and QD treatment. In particular, NOD and NZO
mice showed a significant increase in the percentage and absolute numbers of neutrophils in
BALF following QD treatment compared to strain-matched saline-treated controls (Figure 2A
and Table S1). Notably, with the exception of one mouse, all treatment groups of B6 had
very few neutrophils. The presence of neutrophils in BALF from the remaining strains (129,
Al, CAST, PWK and WSB) was too variable to detect any statistically significant treatment

related differences.

Macrophages in BALF

We found significant elevations in percent Gr1™ macrophages in QD treated animals
compared to saline controls in NZO and B6 mice (Figure 2B). Interestingly, 129, AJ, NOD,
and PWK mice showed comparable levels of Gr1* macrophages in QD and saline treated
mice, yet in these strains saline treated mice were different from their respective naive

controls (Figures 2B and S4). No differences were observed in absolute numbers of Gr1™*,
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total macrophages, or total BALF cells between QD and saline treated mice in any strain

(Table S1).

Cytokines in BALF

Of the 18 cytokines and inflammation-associated proteins assayed with the ELISA
microarray, the concentration of 6 (IL-10, IL-1a, IL-12, IL-6, MIP-1B and MIP-2) were below
the limit of detection. Of the remaining 12 cytokines analyzed all were affected by strain;
Eotaxin, MDC, and RANTES were also affected by QD treatment, and KC, MIP-1a, MIP-1y,
G-CSF, were affected both by strain and QD treatment and had significant elevations in QD
vs. saline treated mice in at least one strain (Figures 3 and S3). KC was elevated in QD
treated AJ and WSB mice relative to their respective saline controls (Figure 3A). MIP-1a was
elevated in BALF from QD treated NOD mice relative to saline controls (Figure 3B). In B6
and NZO mice, the levels of MIP-1a were similar in QD and saline treated mice but saline
treated mice were different from their respective naive controls (Figures 3B and S4). Levels
of MIP-1y were significantly higher in QD-treated AJ and 129 mice compared to their
respective saline controls (Figure 3C). In CAST, NOD, and NZO mice, levels of MIP-1y were
similar in QD and saline treated mice but saline treated mice were different from their
respective naive controls (Figures 3C and S4). BALF G-CSF levels were elevated in QD

treated AJ mice compared to saline controls (Figure 3D).

Total protein in BALF

We measured the total protein present in BALF supernatants as a marker of
compromised capillary/alveolar barrier function. While we found both strain and treatment
were significant factors contributing to absolute levels of protein, we were unable to detect
within strain differences in post-hoc analyses between QD-treated and saline-treated

controls (Figure 4A). In addition, in 129 mice, the levels of total protein in BALF were similar
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in QD and saline treated mice but saline treated mice were different from their respective

naive controls (Figures 4A and S4).

Total glutathione in lung tissue

To investigate whether total lung glutathione levels were affected by QD exposure,
total glutathione (consisting of GSH+GSSG) was measured in lung homogenates (Figure
4B). While QD treatment and mouse strain significantly influenced glutathione levels we
were unable to detect within strain differences in post-hoc analyses between QD-treated
and saline-treated controls (Figure 4B). In addition, in CAST, NZO, PWK and WSB levels of
total glutathione were similar in QD and saline treated mice but saline treated mice were
different from their respective naive controls (Figures 4B and S4). Modest but significant
inverse associations were observed between the levels of lung tissue glutathione and BALF

neutrophils, cytokines, and lung Cd (Figure S2).

Clustering analysis

In order to objectively examine potential relationships among outcomes measures
across all assay results among the different mouse strains and treatment groups, a cluster
analysis of z-scores for each assay was performed (Figure 5). Interestingly, at the highest
level of clustering, the algorithm separated all strains according to treatment. In addition,
there is a cluster of high z-scores for almost all endpoints in QD treated NZO and AJ mice.
Within this cluster, a block of particularly high scores can be seen for percent neutrophils in
BALF, MIP-1a, KC, G-CSF, MIP-1y, MDC, and Grl1+ macrophages. QD treated WSB and NOD
mice had similar z-scores for many of the same outcomes as AJ and NZO mice but were not
adjacently clustered. Overall, the heat map echoed the results from each assay analyzed
separately, such that mouse strains showing significant QD treatment in a specific endpoint

tended to have the highest z-scores and be clustered with that assay in the heat map.
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Correlation of neutrophils in BALF with Cd levels in lung tissue and BALF Cytokines
To examine the relationship between lung Cd levels and the percentage of
neutrophils in BALF, linear regression analysis was performed on the log-transformed values
for neutrophils in BALF, versus the log-transformed lung tissue Cd levels. Relationships
between lung Cd levels, BALF neutrophils, MIP-1a, KC, and G-CSF were also investigated in
the same manner since MIP-1a, KC, and G-CSF were the cytokines most closely clustered
with BALF neutrophils and that were affected by QD treatment in at least one mouse strain.
Significant positive associations were found between Cd levels and MIP-1a (Figure 6A), KC
(Figure 6B), G-CSF (Figure 6C), and between Cd levels and BALF neutrophils (Figure 6D).
BALF neutrophils were also positively associated with the levels of MIP-1a (Figure 7A), KC

(Figure 7B), and G-CSF (Figure 7C).

Heritability Estimates

Overall heritability for selected phenotypes was calculated separately for naive,
saline treated, and QD treated mice to estimate how much of the total variation was
genetically determined (Table 1). Among naive mice, the most heritable phenotypes were
the levels of neutrophils in BALF, the levels of lung tissue glutathione, and the levels of BALF
MIP-1y. In saline and QD treated mice, BALF MIP-1y was the trait with the highest
heritability. Negative heritability estimates seen in saline treated mice indicate more
phenotypic variability within rather than between strains. As seen in Figure S4, some
animals (potentially outliers) were highly reactive to saline compared to other mice in the
same strain, which can increase intra-strain variability and decrease heritability estimates.
The heritability of BALF neutrophil response and glutathione levels were lower for saline and
QD treated mice relative to that observed for naive mice. However, heritability of these

phenotypes was greater for QD-treated mice than saline treated mice.

Discussion
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QDs have the potential to benefit society through many industrial and biomedical
applications. However, their small size and heavy metal composition raises concerns about
their safety. In this study we aimed to establish the range of sensitivity to QD-induced lung
inflammation and toxicity among the 8 founder strains of the Collaborative Cross. We
observed that exposure to TOPO PMAT CdSe/ZnS QDs via oropharyngeal aspiration induced
an acute pulmonary inflammatory response in some of the mouse strains as defined by
neutrophil influx and pro-inflammatory cytokine levels in BALF. NOD and NZO mouse strains
exhibited significant increases in BALF neutrophils after QD exposure compared to saline
treated controls. In addition, NOD and AJ mice exhibited significant increases in multiple
pro-inflammatory cytokines relative to saline treated mice. Across all strains, we observed
significant positive correlations between lung tissue Cd and BALF neutrophils in QD treated
animals. In a secondary analysis, we reported absolute numbers of neutrophils, Gr1* and
total macrophages, and total BALF cells and found that QD-treated NOD and NZO mice had
significantly higher levels of neutrophils compared to strain matched saline controls (Table
S1).

To examine the robustness of the results for percent neutrophils in BALF, our
primary indicator of inflammation, we performed a sensitivity analysis. We found two
differences between the primary and sensitivity analyses in terms of statistical significance.
First, the interaction between strain and treatment in the two-way ANOVA became
marginally significant (p=0.068) in the sensitivity analysis. The second difference we
observed was that in the sensitivity analysis, QD-treated AJ mice showed significant
increases in BALF neutrophils compared to their strain-matched saline control mice.

In the clustering analysis, data for the different outcome measures were normalized
using z-score conversions in order to examine potential relationships across strains and
treatments. Overall, we found that AJ mice clustered with NZO mice and had z-scores

similar to those of NOD mice for neutrophils and many of the inflammatory cytokines. These
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observations complement the results from the sensitivity analysis suggesting that AJ mice
are likely as susceptible to QDs as these other strains.

In addition, MIP-1a and KC were the two cytokines clustered nearest to neutrophils
in AJ and NZO QD treated mice, indicating that these two strains had some of the highest
standardized values for neutrophil influx as well as these neutrophil chemotactic proteins.
MIP-1a (CCL3) is a C-C motif chemokine known to recruit neutrophils through receptors
CCR1 and CCR5 (Reichel et al. 2012). Up-regulation of MIP-1a has been observed after
bleomycin or single wall carbon nanotube exposures in mice (Chou et al. 2008; Saito et al.
2008). In the case of bleomycin, which induces oxidative stress and fibrosis, IL-6 was
shown to mediate levels of MIP-1a (Saito et al. 2008). KC is a C-X-C motif chemokine that
binds CXCR2 and is the mouse functional equivalent to human IL-8. Increases in lung KC
levels have been observed in previous nanomaterial studies in rodents (Rossi et al. 2010;
Ma-Hock et al. 2012; Ho et al. 2013). In a recent study of work place exposure to calcium
carbonate nanoparticles, increases in the level of IL-8 were associated with increased
exposure to these particles, indicating that ENM exposed workers may have increased lung
neutrophil influx and inflammation (Cui 2013). Other ENM human exposure studies in the
workplace have shown decreased pulmonary function, and increased signs of oxidative
stress in the lung including increased malondialdehyde and 4-hydroxyhexenal in exhaled
breath (Lee et al. 2015). Increased levels of vascular cell adhesion molecule 1 (VCAM), a
proposed biomarker for cardiovascular disease, were also observed in one of the studies
(Vasan 2006; Liao et al. 2014).

In our studies, NOD mice had KC and MIP-1a z-score values similar to those in Al
and NZO mice were not clustered together with these strains due to their responses in the
other assays. Even though WSB mice did not exhibit statistically significant increases in
BALF neutrophils, they had levels of KC similar to those of NOD mice, possibly indicating
that they are also susceptible to QD-induced lung inflammation. Interestingly, across all

strains, MIP1-a and KC levels were the 1% and 2"? most strongly correlated with BALF
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neutrophils and lung Cd (Figure 6). However, the strength and significance of the
relationship appears to be different among the individual strains. While the exact
explanation for these differences in response to these cytokines is obviously complicated, it
is likely related to their genetics. For example, when we examined the correlation between
KC cytokine levels and percent neutrophils within the individual strains, 5 strains (129, B6,
AJ, NOD and NZO) showed a significant correlation (Table S2). The same 5 strains also
showed significant correlations between percent neutrophils and G-CSF which regulates the
development and release of bone marrow derived neutrophils, and potentially influences
chemotaxis (Table S2) (Noursadeghi et al. 2005; Hamilton and Achuthan 2013). Seven
strains (all strains except PWK) showed a significant correlation between Mipla and percent
neutrophils in BALF (Table S2). Thus, it may be that certain strains respond more vigorously
to one cytokine as the primary driver of neutrophilia (e.g. Mipla but not KC for WSB mice),
whereas other strains respond to all 3 factors (129, B6, AJ, NOD and NZO). Still others
(PWK mice) seem not to respond to KC, MIP1a, or G-CSF. Furthermore, there are likely
other cytokines, alarmins or other chemotactic factors that we have not measured that also
drive the neutrophil response in a strain dependent manner. In addition, the significant
increases in BALF of KC, MIP-1a, and G-CSF and their correlation with BALF neutrophils and
lung Cd suggests the potential involvement of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling pathway in the observed QD-induced inflammation
since the transcription of all three of these genes can be induced by NF-kB (Grove and
Plumb 1993; Ohmori et al. 1995; Abraham 2003). In addition, AJ, 129 and NZO mice had
the highest z-scores for MIP-1y which has been associated with dendritic cell recruitment
(Zhao et al. 2003; Rose et al. 2010).

Overall, the results of our study are in agreement with other studies investigating
QD-induced pulmonary toxicity and injury in that all studies including our own have shown
neutrophilic inflammation and pro-inflammatory cytokine induction (Jacobsen et al. 2009;

Ma-Hock et al. 2012; Ho et al. 2013; Ma-Hock et al. 2013; Roberts et al. 2013). Increased
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total protein levels in BALF is a valuable measure of alveolar/capillary barrier integrity
(Matute-Bello et al. 2011). In contrast to other studies that found increased total BALF
protein, with QD treatment, we did not observe increased total BALF protein in QD treated
mice compared to genetically matched controls (Jacobsen et al. 2009; Roberts et al. 2013).
We interpreted these findings as evidence that the alveolar/capillary barrier was not
severely compromised after QD exposure. Moreover, preliminary examinations of
representative lung tissue sections prepared from all eight strains found no consistent
treatment-related histopathological changes (not shown). To our knowledge, our study is
the first to evaluate QD-induced inflammatory responses in the lungs of different mouse
strains.

We evaluated the levels of glutathione, which is an important thiol antioxidant and is
known to form complexes with Cd and other metals, as a marker of oxidative stress and to
determine its potential role in the observed inflammatory response (Ballatori 1994).
Depletion of GSH has been used previously as a marker of oxidative stress associated with
QD exposure in an in vitro study where no GSSG was detected (Clift et al. 2010). In our
study, we observed that total glutathione levels were affected significantly by both strain
and treatment and to varying degrees were correlated with levels of Cd, BALF neutrophils
and cytokines (Figure S2). However, we were unable to detect within strain differences in
glutathione between QD and saline treated mice. Also, while not statistically significant, B6
mice, the strain most resistant to neutrophil influx, appear to have increased total
glutathione in QD treated animals relative to saline controls, which may indicate that they
are synthesizing more glutathione de novo after QD treatment. In an in vitro study
investigating the role of glutathione in cellular response to QD exposure, uncapped CdTe
QDs increased the levels of total and oxidized (GSSG) glutathione in rat pheochromocytoma
(PC12) cells when measured 24 hr after exposure (Neibert and Maysinger 2011). In our
previous work, we exposed both cells and mice to the same relatively stable TOPO PMAT

QDs used in this current study. We found them to be not very cytotoxic. However, they can
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increase transcription of the glutathione synthesis gene Gc/m both in vitro and in vivo
(McConnachie et al. 2012; McConnachie et al. 2013). We interpret our findings and those of
other studies investigating QD exposure, glutathione, oxidative stress, and inflammation as
evidence that pulmonary exposure to the QDs used in this study may result in mild
oxidative stress and that GSH may potentially influence the inflammatory response.
However, this may depend on the mouse strain being used, as well as the dose, coating and
stability of the QDs (Derfus et al. 2004; Wang et al. 2004; Kirchner et al. 2005; Lovri¢ et al.
2005; Clift et al. 2010; Su et al. 2010).

Measuring tissue levels of Cd as a marker for QD exposure is a common method in in
vivo QD toxicity studies. When we assessed Cd levels 8 hr after OPA, we uncovered a
surprising amount of variability across the different strains. Some strains had remarkably
higher levels of Cd (129, AJ, CAST, NOD, NZO) than others (B6, PWK, and WSB). To further
investigate the observed variability, we also measured lung tissue Cd levels in AJ and B6
mice immediately following OPA, and at 30 min, 1 hr, and 3 hr after dosing. Interestingly,
the half life of QDs in the lung appeared to be longer in AJ than B6 mice and at 8 hr after
QD exposure, AJ mice had significantly higher lung Cd levels than B6 mice. While not
statistically significant, there is a suggestion that QD treated AJ mice might have higher
levels of Cd than B6 mice immediately following OPA. This suggested immediate difference
could be due to inherent strain differences in alveolar size and airway branching architecture
(Soutiere et al. 2004; Metzger et al. 2008). Differences in lung physiology could also
potentially explain part of the difference in QD clearance between B6 and AJ mice. A
previous study using intratracheal administration of QDs in rats found that almost 100% of
administered Cd remaining in the lung at 1 and 3 days compared with the lung-associated
lymph nodes (LALN), and kidneys (Roberts et al. 2013). However, starting at 7 days and
continuing through the last measurement at 28 days, lung levels decreased and LALN and
kidney levels increased. It should be noted that the kidney had ~3 times as much Cd as the

LALN at all detectable points (Roberts et al. 2013). A similar pattern was observed when
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QDs were constantly inhaled such that over time Cd levels decreased in the lung, but
increased in the liver and kidney between days 5 and 26 of exposure (Ma-Hock et al. 2012).
Again, the lung held the majority of the Cd compared to other measured tissues (Ma-Hock
et al. 2012). Even though half life in the lung was not calculated in these studies, it would
have certainly been longer than those calculated in our study, which could possibly be
explained by differences in species, dosing methods (OPA vs intra-tracheal instillation and
inhalation), and in QD coatings (-COOH and -NH2 coated vs TOPO-PMAT). In addition, we
previously measured lung Cd in mice following intra-nasal administration of QDs and
showed that the kinetics of QD clearance up to 24 hr after nasal-instillation from the lungs
were dependent on glutathione synthesis capacity (McConnachie et al. 2013). In this study,
lung Cd was mildly but significantly associated with lung total glutathione levels. Results
from our study and others suggest that Cd distribution following pulmonary exposure is
likely species and strain dependent and that lung glutathione is a modulating factor in mice.

Interestingly, we also observed that in some outcome measures, saline and QD
treated mice responded similarly but were different than naive mice of the same strain,
suggesting that strains exhibiting this pattern across multiple outcome measures may be
highly reactive regardless of the type of treatment, and thus may not be particularly useful
for isolating QD specific effects. Nonetheless, our positive estimates of heritability for a
number of outcome measures (MIP-1a, MIP-1y, KC, neutrophils and GSH) infer a genetic
component for the QD induced inflammatory response.

In conclusion, TOPO-PMAT coated QDs induce mouse strain-dependent acute lung
inflammation when delivered via oropharyngeal aspiration. Specifically, NOD and NZO mice
showed significant increases in BALF neutrophils. NOD mice also showed significant
increases in some pro-inflammatory cytokines in QD-treated mice over saline controls. Both
NOD and NZO mice should be considered sensitive strains. AJ mice could also possibly be
considered a sensitive strain given significant increases relative to saline controls in all pro-

inflammatory cytokines where strain differences were detectable and the fact that when a
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potential outlier was removed, they showed highly significant increases in BALF neutrophils
between these groups as well. In contrast, QD treatment did not elicit inflammation in B6
mice and we consider this strain to be the most resistant of the CC founder strains. Other
strains showed high variability in BALF neutrophils and it is difficult to draw conclusions
regarding their susceptibility. In addition, our data provide evidence that MIP1a and to a
lesser degree KC and G-CSF appear to be important components of the QD-induced
neutrophil response in the lung. The significant associations observed in our data between
Cd, glutathione, and BALF neutrophils suggest that TOPO-PMAT QDs induce mild oxidative
stress. Collectively, the data from this study confirm that the ability of QDs to cause
pulmonary inflammation depends on which mouse strain is examined and suggests that
formal genetic analyses using additional strains or recombinant inbred strains derived from
these mice could be useful for discovering potential QD-induced inflammation susceptibility

loci.
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Table 1.
Broad sense heritability of qd response phenotypes for CC founder
strains.

Naive Saline QD
Phenotype r! g’ r g’ rt g’
BALF
Neutrophils 0.62 0.49 -0.02%* -0.01%* 0.15 0.09
BALF Protein 0.44 0.31 0.28 0.18 0.33 0.22
Lung GSH 0.56 0.42 0.27 0.25 0.41 0.28
BALF G-CSF 0.30 0.20 -0.15%* -0.08%* 0.39 0.27
BALF KC 0.38 0.26 0.24 0.15 0.64 0.50
BALF MIP-1a 0.29 0.19 0.29 0.19 0.60 0.46
BALF MIP-1y 0.51 0.38 0.59 0.45 0.77 0.66
BALF Gr1*
Macs 0.05 0.03 0.27 0.17 0.41 0.28

* Negative heritability estimate seen in saline treated mice indicate more phenotypic
variability within rather than between strains. As seen in Figure S4, some animals
(potentially outliers) were highly reactive to saline compared to other mice in the same
strain, which can increase intra-strain variability and decrease heritability estimates.
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Figure 1. Total Cd in frozen lung tissue by strain at 8 hr post OPA (A) and at earlier time
points in AJ and B6 mice (B). Cd levels at 8 hr are shown using box plots to indicate the
median, 25" and 75" percentiles of the data, and potential outliers (A). Individual animal
data for each treatment group and strain is plotted on top of the boxplots. At earlier time
points, the mean Cd values and standard errors are shown for both treatment groups of B6
and AJ mice.
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Figure 2. Flow cytometric detection of (A) neutrophils and (B) Gr1™ macrophages as
percentages of total cells in BALF. Levels of neutrophils and Gr1* macrophages are shown
using box plots to indicate the median, 25™ and 75" percentiles of the data, and potential
outliers. Individual animal data for each treatment group and strain is plotted on top of the
boxplots. *=Significant difference between treatment groups within a strain using an FDR of
10%.
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Figure 3. Cytokines in bronchoalveolar lavage fluid. Results are shown for those cytokines
where at least one strain showed a significant elevation for QD treated vs. saline treated
mice. Data are shown using box plots to indicate the median, 25" and 75" percentiles of
the data, and potential outliers. Individual animal data for each treatment group and strain
is plotted on top of the boxplots. *=Significant difference between treatment groups within

a strain using an FDR of 10%.
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Figure 4. Levels of (A) total protein in BALF and (B) total glutathione levels in lung tissue.
For both measures, data are shown using box plots to indicate the median, 25" and 75"
percentiles of the data, and potential outliers. Individual animal data for each treatment
group and strain is plotted on top of the boxplots. *=Significant difference between
treatment groups within a strain using an FDR of 10%.
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Figure 6. Regression analyses of MIP-1a, KC, BALF percent neutrophils compared to lung
tissue Cd. All analyses only contain animals where measurements exist for both parameters
so only the QD treated animals are included since saline treated animals have virtually no
detectable Cd and are therefore not informative. Size and shape of the symbols are used to
distinguish among the different mouse strains.
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46



Supplemental Information

% Neutrophils in BALF

12

Ratio of % Neutrophils in BALF
(QD-treated mice over Saline)

I

PWK 129 WSB CAST NOD AJ B6 NZO
Strain

Figure S1.



Lung Tissue Glutathione vs Cd Lung Tissue Glutathione vs

m in QD treated animals % Neutrophils in BALF
b4 ° ] Strain
2 ° r°=0.11 Strain w 129
o35- @ p<0.05 129 3 4- AJ
?E__n A o ® B6
£ ® B6 £ ® CAST
o ® CAST L) ® NOD
S ® NOD £ 27 ® Nzo
0 Q
= ® NZO o ® PWK
= ® PWK :,:: ® WsB
3 ® wWsB Z 0-
= < N3 Treatment
':E Treatment g) /\ NONE
7] ° ° ® QD =24 O sal
o ° ® ap
g’ 1 1 I 1 1 1 T
= E -4 2 0 25 3.0 3.5
log Cd in Lung Tissue (ng/mg tissue) log GSH in Lung Tissue (ng/mg tissue)
MIP1-alpha in BALF vs Lung KC in BALF vs Lung

™ Tissue Glutathione Tissue Glutathione
&l 4- I'2 -0.22 Strain _ r2 -0.07 Strain
o p<0.001 129 L 129
- i AJ by AJ
?E» 34 ® B6 3 ® B6
= ® CAST = ® CAST
w ® NOD =) ® NOD
<2- ® NZo = ® NZOo
‘2 ® PWK o ® PWK
= ® wsB - s A g ® wsB
£1- -
% Treatment ,.3 @) C% A AX Treatment
To- A\ NONE X6- A \® A\ NONE
s O sal S O sal
> ® ap A ® QD
o T 1 T T - 1 B T N
= 2.5 3.0 3.5 2.5 3.0 3.5

log GSH in Lung Tissue (ng/mg tissue) log GSH in Lung Tissue (ng/mg tissue)

Figure S2.



AMR in BALF

125+
.
100 -
°
Y 7s-
=4 °
o
-
€
S 50-
Q
o
25- &
-
o
o
0 T T T U I U U I
PWK 129 WSB CAST NOD AJ B6 NZO
Strain
MDC in BALF
o
500 -
. A
iy . 8
400
o
o
e o
300 -
s
4 by
200-
PWK 129 WSB CAST NOD AJ B6 NZO
Strain
RANTES in BALF
! .
200- o
('™ .
-
<
o A
-
£ 8
€100~
) A :
0-
| | | | | ! | i
PWK 129 WSB CAST NOD AJ B6 NZO
Strain
TNF-alpha in BALF
75
'™
-
<
o
P} o
E q i* *
=
Q
! : '
PWK 129 WSB CAST NOD AJ B6  NzO

Strain

Figure S3.

Treatment
A NONE
o sal

e Qb

Strain
B Pk
(==[EPY
B8 wss
B8 casT
Bl Nop
=]
B 66
B3 nzo

Treatment
A NONE
o sal

e QD

Strain

- PWK
B3 12
B8 wss
B casT
Bl Nop
=N
B 66
B3 N0

Treatment
& NONE

o Sal

e QD

Strain

B Pk
B 120
B8 wss
B8 casT
B Nop
=N
B ss
B3 nzo

Treatment
& NONE

o Sal

e QD

Strain
B Pk
[==[PY
B wss
B8 casT
B Nop
=N
=13
B3 nzo

Eotaxin in BALF

40+

w
S
'

pg/mL BALF
S

1?$¢#i$*

129 WSB CAST NOD AJ B6
Strain

MMP2 in BALF

4000 - *
3000-
w
- .
<
@
12000~
E
o
Q
1000- %I
PWK 129 WSB CAST NOD AJ  B6
Strain
TARC in BALF
300-
2007
-
4
@
2 .
E
2
100- N
A
0d
PWK 129 WSB CAST NOD AJ  B6
Strain
VEGF in BALF
90-
w
-
S
% 6o-
£
(=2
o
L]
30-

-@% ﬁ‘ a5t

1209 WSB CAST NOD AJ  B6
Strain

NZO

o

NZO

NZO

Treatment
A NONE
o sal

e QD

Strain

B8 Pk
B3 120
B8 wss
B8 casT
Bl Nop
=]
=0
B8 nzo

Treatment
A NONE
o sal

* QD

Strain

- PWK
B3 120
B8 wss
B chsT
Bl nop
=N
=10
B8 nzo

Treatment
A NONE

o Sal

* QD

Strain
B8 Pk
B3 120
B8 wss
B8 casT
Bl nop
=N
=10
B8 nzo

Treatment
A NONE

o Sal

e QD

Strain
B8 Pk
B9 120
B8 wss
B8 casT
Il nop
A
=
B8 nzo

49



% Neutrophils in BALF

100-

90- b 3

—
80-

o

70-
60-
50-
40- %

30- —
° o

% Neutrophils

20-
10-

;| y '
WSB CAST NOD AJ
Strain

' '
PWK 129

Total Protein in BALF

24
o °
4
@
E
o
E1_ * )
-ﬁ-% lﬁ' o "'i
T BWK 129 WSB CAST NOD A  B6  N2O
Strain
G-CSF in BALF
100-
Y
4
@
-l
E
2 s0- e
| +@ *Q a é@ .a.%
PWK 129 WSB CAST NOD AJ B6 NZO
Strain
MIP1-alpha in BALF
20-
. o
4
@
-
E
210- k
° ]
J 6‘ o wmmm gly
ol R %# $ ™ - *

; ] \ '
WSB CAST NOD AJ
Strain

:
PWK 129

Figure S4.

B6

0- - -Q-**#...—o—-ars-h

'
NZO

Treatment

4 NONE

© sal

Strain

- PWK
E 129
- wss
- CAST
- NOD
E AJ
' B6
- NZO

Treatment

A NONE

° sal

Strain

[ ]
g 129
- wsB

CAST

PWK

NOD

AJ

B6

NZO

L 0 Ry §

Treatment

4 NONE

o Sal

Strain

Treatment

& NONE

o sal

Strain

% Gr1 positive Macs in BALF

100-
90-
80-
]
8 70-
=
= d —
g 50 . %k
S %k * —
T — °
o 30- - & —
® °
3 °
20- ° * = T
°
10+ 4=° e **-__Q_ - %-i-é
0-
PWK 129 WSB CAST NOD AJ BS NZO
Strain
Total Glutathione in Lung Tissue
30- K
%
—
c
§25- " %
°
: .. *
o —
£
®20- !
°
=]
E ?
c
15- *
o
10- T T T U T U 1 1
PWK 129 WSB CAST NOD AJ B6 NZO
Strain
KC in BALF
5000 -
o
4000-
o
2 3000~
o
-El a
22000~ o
B
+T + BT
PWK 129 WSB CAST NOD AJ BS NZO
Strain
MIP1-gamma in BALF
o
—
2000-
Yy 3 *
< —
1] a
-
E
o
Q

!
CAST NOD AJ
Strain

1000 -
' v '
PWK 129 WsB

Treatment

4 NONE

o sal

Strain

‘ PWK
ﬁ 129
- WsB
- CAST
- NOD
=
' B6
- NZO

Treatment

& NONE

o sal

Strain

‘ PWK
% 129
' wsB
' CAST
- NOD
E A
B
' NZO

Treatment

& NONE

o sal

Strain

- PWK
g 129
- wsB
‘ CAST
' NOD
=
- B6
- NZO

Treatment

& NONE

o sal

Strain

- PWK
% 129
- wsB
- CAST
- NOD
=
- B6
- NZO

50



Table S1. Absolute Cell Numbers in BALF in BALF (x10%) (mean + SE)

Neutrophils

Macrophages

Gr1* Macrophages

Total Cells

129
Al
B6

CAST
NOD
NzO
PWK
WSB

129
Al
B6

CAST
NOD
NzO
PWK
WSB

129
Al
B6
CAST
NOD
NzO
PWK
WSB

129
Al
B6

CAST
NOD
NzO
PWK
WSB

Naive Saline QD
0.12 £ 0.05 2.82 +£1.17 17.71 £ 10.69
0.04 + 0.00 1.14 £ 0.92 3.96 + 1.40
0.07 £ 0.01 0.33 £ 0.05 1.08 £ 0.75
1.32 £0.18 2.29 + 0.62 6.54 + 1.93
0.96 + 0.58 1.56 £ 0.31 3.93 + 0.50%*
0.50 £ 0.23 1.09 £ 0.15 13.09 + 8.94%*
0.23 £ 0.10 2.24 £ 0.87 6.27 £ 4.36
0.20 £ 0.08 2.33+1.44 3.67 = 1.33
24.74 £ 12.56 17.14 £ 12.04 16.84 + 9.01
26.02 £ 5.95 17.32 £ 6.90 19.71 + 12.54
27.09 + 4.49 21.28 + 10.50 17.43 £ 8.77
16.03 £ 2.436 20.86 + 2.673 19.86 + 3.72
31.66 £ 14.18 31.98 + 19.83 32.24 + 8.67
18.39 £+ 8.04 54.57 + 34.49 35.10 + 20.05
13.80 £ 5.281 19.97 £ 6.50 22.44 + 6.37
13.18 £ 4.61 27.69 £ 7.33 22.54 + 3.25
5.16 = 0.96 5.96 + 0.92 7.71 = 0.87
26.02 + 5.95 11.2 £1.85 13.25 + 3.92
27.09 + 4.49 17.76 £ 2.58 13.68 £ 1.96
16.03 £ 2.436 6.45 + 1.01 6.89 + 1.1
31.66 £ 14.18 28.25 + 4.35 24.81 + 3.18
18.39 £+ 8.04 38.39 £ 12.37 20.95 + 7.03
13.80 £ 5.281 15.47 £ 2.39 18.34 £ 2.6
13.18 £ 4.61 24.02 + 2.59 19.16 +£ 1.18
27.20 + 6.89 21.87 + 3.88 37.31 £ 10.72
28.81 + 3.36 20.03 £ 2.76 25.23 + 6.85
30.01 + 2.53 22.81 + 3.14 19.63 + 2.77
19.33 £ 1.20 25.96 £ 1.57 29.46 = 2.30
36.23 £ 7.82 41.46 + 5.46 39.47 + 3.77
20.77 + 4.44 59.26 + 14.33 52.03 + 15.92
15.75 £ 2.63 24.05 + 2.60 30.77 + 4.78
16.10 £ 2.66 33.65 + 3.60 29.24 + 1.28

*=p<0.05 for t-test between QD and Saline treated mice.
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Table S2. Correlation between BALF Cytokines and

% Neutrophils in BALF by Strain

Strain Corre_:le_ltion p-value
Coefficient*

KC 129 0.67 <0.001
Al 0.89 <0.001

B6 0.69 <0.001

CAST 0.027 0.34

NOD 0.72 <0.01

NZO 0.64 <0.01

PWK 0.34 0.11

WSB 0.092 0.36

MIP-1a 129 0.72 <0.001
Al 0.72 <0.01

B6 0.35 <0.05

CAST 0.57 <0.05

NOD 0.66 <0.01

NZO 0.75 <0.001

PWK 0.32 0.12

WSB 0.9 <0.001

G-CSF 129 0.75 <0.001
Al 0.86 <0.001

B6 0.6 <0.001

CAST 0.29 0.81

NOD 0.68 <0.01

NZO 0.77 <0.001

PWK 0.18 0.24

WSB 0.23 0.22

* - Pearson’s Correlation Coefficient
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Abstract

Quantum dots (QDs) are engineered nanoparticles commonly composed of a
CdSe/ZnS core/shell and application-specific outer coatings. QDs have uses in electronics,
biomedical research and medicine. However, their small size, heavy metal composition and
multitude of potential uses have generated concerns regarding potential toxicity. Since
nanoparticle toxicity is often composition and coating dependent, and is also dependent on
the genetics of mouse strains used to assess such toxicity, the mechanisms by which
nanoparticles generate toxicity can be complicated. Accordingly, systems genetics methods,
including genome wide association mapping, might provide insights for further mechanistic
studies. The Collaborative Cross (CC) consortium has generated a large and genetically
diverse panel of recombinant inbred (RI) mouse strains from a founding panel of 8
genetically diverse inbred mouse strains. In previous studies, we found that the eight inbred
founder strains varied widely in susceptibility to QD-induced lung inflammation and toxicity.
In this study, we further assessed QD-induced lung inflammation and toxicity in 12 CC RI
mouse strains. Since the RI strains are unique combinations of the founder genomes, and
since lung inflammation is a polygenic trait, we hypothesized that the RI strains would also
vary in their susceptibility to QD-induced lung inflammation. We also hypothesized that we
would observe phenotypes outside the range of those observed in the founder strains; and
that we would be able to map quantitative trait loci (QTLs) associated with QD-induced lung
inflammation and toxicity. We found that levels of bronchoalveolar lavage fluid (BALF)
neutrophils, the chemokine KC, and protein were significantly different across the 12 CC RI
strains and treatment groups; that BALF protein levels of some RI strains were outside the
range of the CC founder strains; and that broad QTLs could be identified for QD-induced

changes in BALF protein levels using only 12 CC RI strains.
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Introduction

Nanotechnology research has produced many different engineered nanomaterial
(ENM) enabled products in many sectors with obvious benefits to society. Quantum dots
(QDs) are ENMs with physico-chemical properties that make them valuable as imaging tools
in biomedical research and potentially in clinical settings (Wu et al. 2003; Kim et al. 2004).
QDs are also of use in the electronics industry (Jung et al. 2012; Bae et al. 2013). However,
it has been demonstrated in rodent models that QDs can induce lung inflammation and
toxicity following pulmonary exposures (Jacobsen et al. 2009; Ma-Hock et al. 2012;
McConnachie et al. 2013; Scoville et al. 2015). As with other ENMs, QD-induced lung
inflammation and toxicity in rodents have been shown to vary by coating and choice of test
animal strain (Ho et al. 2013; Ma-Hock et al. 2013; Roberts et al. 2013; Scoville et al.
2015; Seiffert et al. 2015). The multitude of ENM formulations presents a challenge for
mechanistic toxicity testing. However, if genes and pathways associated with ENM toxicity
can be identified and validated, then certain mechanisms may present as a higher priority
for follow on studies than others. In addition, novel targets could potentially be placed into
high-throughput screening assays for other ENM materials and formulations.

Quantitative trait loci (QTL) mapping is an unbiased approach for identifying
candidate genes and pathways involved in certain genetically based phenotypes. QTLs are
regions of the genome statistically associated with phenotypic variation. In biological and
biomedical science, traditional QTL study designs start with 2 parental inbred mouse strains
that significantly differ from each other for a given phenotype, and then breeding either a
back-crossed population or inter-crossed F2 populations for mapping (Liu 1998; Broman
2001; Zou 2009). Genome-wide association (GWA) mapping is a recent adaptation to QTL
mapping using inbred or recombinant inbred (RI) mouse strains taking advantage of high
density genome-wide single nucleotide polymorphism (SNP) genotyping technologies

(Payseur and Place 2007). One advantage is that genotype data is readily available to the
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public for most commercially available inbred and RI mouse strains, reducing the burden on
the investigator. In addition to mechanistic insights, candidate genes that are polymorphic
in humans may provide an opportunity to identify sensitive populations. Estimates of
population variability may also be possible when multi-strain mouse panels are assayed
(Chiu et al. 2014).

The Collaborative Cross (CC) consortium has generated a large genetically diverse
panel of recombinant inbred (RI) mouse strains from a founding panel of 8 inbred mouse
strains representing 90% of mouse genetic diversity in M. musculus as a resource for
systems genetics studies (Threadgill and Churchill 2012). Studies on mice from CC RI lines
still in the inbreeding process (pre-CC) showed more than the expected number of
recombination sites, and that these are evenly distributed across the genome, which is
advantageous for QTL mapping as genomic regions without variation cannot be interrogated
(Aylor et al. 2011; Threadgill et al. 2011). Furthermore, pre-CC mice have shown
immunological phenotypes outside the range of the founder strains showing the potential for
large contrast across completed RI strains, which would be helpful for genetic mapping
(Aylor et al. 2011; Phillippi et al. 2014). While many studies using panels of existing inbred
mouse strains have had success using unbiased methods to identify genetic factors
associated with response to toxic exposures (including ozone, vanadium pentoxide,
acetaminophen, isoniazid, and hyperoxia), it is expected that CC RI mouse strains will be an
even more powerful resource for discovering QTLs associated with toxic exposures (Harrill
et al. 2009; Bauer and Kleeberger 2010; Church et al. 2014; Nichols et al. 2014; Walters et
al. 2014).

We have previously investigated QD-induced lung inflammation and toxicity in the
CC founder strains and found a wide range of responses among these strains (Scoville et al.
2015). In this study, we further investigated the QD-induced pulmonary inflammatory
response in 12 CC RI strains. The CC RI strain genomes are unique combinations of the CC

founder strain genomes, and phenotypes within pre-CC mice have been observed beyond
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the range of the founder strains. Thus, we hypothesized that the CC RI strains would also
vary in their susceptibility to QD-induced lung inflammation and toxicity; that we would
observe phenotypes that were outside the range of the founder strains; and that we would
be able to map QTLs associated with QD-induced lung inflammation and toxicity. As will be
further explained, we found significant strain and treatment differences overall across the
12 CC RI strains for levels of neutrophils, levels of the cytokine KC, and total protein in
bronchoalveolar lavage fluid (BALF), and that these phenotypes were heritable. We also
found that some RI strains had levels of protein in BALF, interpreted as a measure of
alveolar/capillary barrier integrity, that exceeded levels in the founder strains. Furthermore,
we mapped QTLs on chromosomes 1, 4, 9, and 12 containing over 150 significant
Bonferroni corrected SNPs. While QTLs were broad and contained hundreds of genes, this is
the first genetic mapping of QD induced lung inflammation that we are aware of and it is
encouraging that broad QTLs can be mapped with just 12 CC RI strains. These results
warrant future studies with additional RI strains to narrow QTLs and candidate gene lists for

additional follow up and validation.

Methods

Animals and Dosing

Male mice from 12 CC RI strains (CC002/Unc, CC003/Unc, CC004/TauUnc,
CC005/TauUnc, CC006/TaulUnc, CC010/GeniUnc, CC011/Unc, CC012/GeniUnc, CCO015/Unc,
CC025/GeniUnc, CC038/GeniUnc, CC043/GeniUnc) were ordered from the University of
North Carolina (UNC) Systems Genetics Core Facility. The range of ages was 9-11 weeks
old. Prior to relocation to UNC, strain names containing “Tau”, “Geni”, or “Unc” were
previously bred at Tel Aviv University, Israel; Geniad, Australia; or Oak Ridge National Labs,
USA, respectively. Mice acclimated in a specific pathogen free (SPF) vivarium at UNC prior

to experiments. All experiments were approved by the UNC Institutional Animal Care and
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Use Committee (IACUC). Mice were anesthetized using Isoflurane and given 1.53 pL/g
bodyweight (BW) of either 10 nM QDs (6 ug/kg bodyweight Cd equivalents) (n=4 per strain)
or an equivalent volume of 0.9% saline (n=3 per strain) using oropharyngeal aspiration
(OPA). Mice were euthanized using CO; narcosis followed by cervical dislocation eight hours

after dosing.

Quantum Dots

QDs used in this study were synthesized and characterized in the laboratory of Dr.
Xiaohu Gao in the Department of Bioengineering at the University of Washington as
previously described (Pellegrino et al. 2004; Bagalkot and Gao 2011; McConnachie et al.
2012; McConnachie et al. 2013). Briefly, the QDs are approximately 12 nm in diameter.
They are composed of a Cadmium/Selenium (Cd/Se) core with a Zinc Sulfide (Zn/S) shell.
They were further modified with an outer amphiphilic polymer coating of tri-n-
octylphosphine oxide, poly(maleic anhydride-alt-1-tetradecene (TOPO-PMAT) allowing for

biostability and retention of optimal fluorescent properties.

Bronchoalveolar lavage (BAL) and Lung Tissue Collection

Three lavages were performed with 1 mL phosphate buffered saline (PBS) with
exception of CC043/GeniUnc and CC025/GeniUnc. Similar to our previous study in the CC
founder strains during which we lowered the lavage volume for smaller strains due to
reduced lung volume (Scoville et al. 2015), we used 800 uL PBS for these two strains.
Following lavage, the right lung was flash frozen and stored at -80°C. The left lung was
inflated with 10% neutral buffered formalin (NBF) and then fixed for 24 hr before storage in
70% ethanol.

BAL samples were centrifuged (500g, 10 min) and the supernatant from the 1%
lavage (hereafter referred to as BALF) was stored at -80°C. Cells from all lavages were

combined and red blood cells were lysed using BD FACS Lysing Solution (BD Biosciences,
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San Jose, CA). BALF cell samples were fixed in 0.2% paraformaldehyde and stored at 4°C

before immunostaining for identification of inflammatory cells.

Acute Lung Inflammation: BALF Inflammatory Cells and KC

Cells were immunostained and prepared for flow cytometry using an approach
previously described in (Weldy et al. 2011; Scoville et al. 2015). Briefly, samples were
labeled with antibodies against mouse Cd11b (Cd11b-phycoerythrin (PE), AbCam,
Cambridge, MA), F4/80 (F4/80-Alexafluor 488, eBioscience, San Diego, CA), and Grl (Grl-
biotin/streptavidin-AlexaFluor350, BioLegend, San Diego, CA). Neutrophils were classified as
Cd11b-high and F4/80-low, and macrophages as Cd11b-low and F4/80-high. Newly
recruited macrophages were classified as being F4/80-high and Grl positive. Levels of the
neutrophil recruiting cytokine KC were measured by the Functional Genomics and
Proteomics Core of the Interdisciplinary Center for Exposures, Disease, Genomics, and
Environment at the University of Washington in duplicate using a Meso Scale Discovery V-

plex assay (Meso Scale Discovery - Meso Scale Diagnostics, Rockville, MD).

Alveolar/Capillary Barrier Integrity and Lung Cytotoxicity

As an indicator of alveolar/capillary barrier integrity between the airspace and
circulation, we measured total protein in BALF using the Bio-Rad Protein Assay (BioRad,
Hercules, CA). Levels of lactate dehydrogenase activity in BALF representing cytotoxicity
was measured using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega Corporation,

Madison, WI).

Oxidative Stress and Glutathione
Levels of the antioxidant glutathione were measured in triplicate in lung tissue as
previously described (Weldy et al. 2011). Briefly, lung tissue samples were homogenized

and treated with sulfosalicylic acid and protein precipitates were pelleted by centrifugation.
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Supernatants were reduced with TCEP (tris(2-carboxyethyl) phosphine) and total
glutathione was derivatized with napthelene-2,3-dicarboxaldehyde. Glutathione standards
were prepared in 5% 5-sulfosalicylic acid and were treated identically to samples. After
interpolation of GSH quantities from the standard curve, values were normalized to total
lung tissue protein levels in samples prepared by the same method as total protein in BALF.
Heme oxygenase-1 (HMOX1), which is upregulated during oxidative stress, was measured

using ELISA (Immunoset, Enzo Life Sciences, Farmingdale, NY).

Statistical Analyses

We tested for significant mouse strain and treatment group and mouse
strain*treatment group interactions using a two-way ANOVA on log transformed data. Post-
hoc analyses were done using two-sided t-tests with Welch’s correction for differences in
variance between the comparison groups where appropriate. Simple linear regression was
used to examine relationships between % neutrophils in BALF, KC, and HMOX1. R packages
nlme and ape were used to calculate between and within-strain variance components for
heritability estimates (Paradis et al. 2004; Visscher et al. 2008; Almasy and Blangero 2010;
Felix et al. 2012; Pinheiro et al. 2016). We compared individual CC RI strain phenotypes to
average CC founder strain phenotypes measured with the same methods by one-way
ANOVA followed by Dunnett’s test using the combined founder strains as the reference
group. Genetic mapping was performed using the EMMA (Efficient Mixed Model Association)
R package (Kang et al. 2008). Genotype data (NCBI build 38/UCSC build mm10) for the 12
RI strains came from the GigaMuga genotyping array (Morgan et al. 2016). Individual
animal data were run using the emma.REML.t algorithm with treatment group as a
covariate. The UCSC genome browser was used to retrieve transcripts within expanded QTL
regions (Kent et al. 2002). Pathway analysis was done using Ingenuity Pathway Analysis
(IPA) software (Qiagen, Germantown MD). Data was managed in Microsoft Excel and R. All

analyses were done using R and plots were generated using ggplot2 (Wickham 2009).
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Results

Acute Lung Inflammation: BALF Inflammatory Cells and KC

We found that levels of neutrophils in BALF were significantly different across the 12
CC RI mouse strains and observed a significant interaction between mouse strain and QD
treatment group (Figure 1A). However, we were not able to detect any significant individual
strain differences between treatment groups, except for the CC004/TauUnc strain, where
levels of neutrophils were significantly higher in saline compared to QD treated mice. Broad
sense heritability estimates of % neutrophils in BALF were 0.58 and 0.67 for QD and saline
treated RI mice (Table 1). We found that levels of KC were significantly different across
mouse strains and between saline and QD treated mice overall (Figure 1B). Furthermore,
we determined that levels of KC in BALF were significantly increased by QD treatment in
CC011/Unc mice. Broad sense heritability estimates of KC in BALF were 0.30 and 0.42 for
QD and saline treated RI mice (Table 1). We also observed a significant correlation between

BALF KC and % BALF neutrophils (r*=0.23, p<0.0001).

Alveolar/Capillary Barrier Integrity and Lung Cytotoxicity

Concentrations of BALF protein, a measure of alveolar/capillary barrier integrity,
were significantly different across mouse strains and between QD and saline treated mice
overall (Figure 2A). However, we were unable to uncover any significant differences
between QD and saline treated mice from individual mouse strains. Broad sense heritability
estimates of KC in BALF were 0.74 and 0.57 for QD and saline treated RI mice, respectively
(Table 1). We found that levels of LDH in BALF, a measure of cytotoxicity, were significantly
affected by mouse strain (Figure 2B). Broad sense heritability estimates of KC in BALF were

0.35 and 0.59 for QD and saline treated RI mice, respectively (Table 1).
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Oxidative Stress and Glutathione

Levels of glutathione were not significantly different across mouse strains or between
treatment groups overall (Figure 3A). Levels of HMOX1 in lung tissue were significantly
different across mouse strains (Figure 3B). The broad sense heritability estimates of lung
HMOX1 were 0.29 and 0.21 for QD and saline treated RI mice, respectively; and broad
sense heritability estimates of lung GSH were 0.04 and <0.01 for QD and saline treated RI

mice, respectively (Table 1).

Regression analysis of inflammation, cytotoxicity and oxidative stress markers.
Since we previously found significant associations across the CC Founder strains
between levels of BALF Neutrophils and KC, we also sought to explore these relationships in
the CC RI strains with the addition of HMOX1 since we found that HMOX1 varied
significantly across the RI strains. We found significant positive associations between %
neutrophils and KC in BALF (Figure 4A), and between lung HMOX1 and KC in BALF (Figure

4B).

Comparison of CC RI Mouse Strain Phenotypes to CC Founder Strains

As other studies have observed phenotypes in pre-CC strains outside the range of
the founder strains, we compared the range of BALF neutrophils, total protein, and KC in the
12 CC RI strains to variability in the CC founder strains (Figure 5). We found that %
neutrophils in 3 RI strains (CC010/GeniUnc, CC011/Unc, CC043/GeniUnc) in mice were
significantly lower than the founder strain average (Figure 5A). Levels of total protein in
BALF in 7 CC RI strains (CC002/Unc, CC006/TauUnc, CC010/GeniUnc, CC011/Unc,
CC015/Unc, CC025/GeniUnc, CC038/GeniUnc) were greater than the CC founder strain
average (Figure 5B). Levels of glutathione in 1 RI strain (CC025/GeniUnc) were significantly

less than the founder strain average (Figure 5C).
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Genome-wide Association (GWA) Mapping of CC RI mouse strain QD phenotypes

We observed significant differences across strains and treatment groups (BALF total
protein and KC), significant strain*treatment group interaction (% BALF neutrophils) and
heritable phenotypes in QD and saline treated CC RI mice. Based on high heritability and
the fact that CC RI BALF protein levels were observed beyond the range of the founder
strains, we chose BALF total protein as our primary phenotype for genome-wide association
mapping. We performed QTL mapping using the EMMA R package incorporating individual
animal data and treatment as a co-variate (Kang et al. 2008). SNPs identified using the
GigaMuga genotyping array with no allelic differences across these 12 CC RI mouse strains
were filtered out, and we tested 110,852 SNPs covering all autosomes, sex chromosomes,
and mitochondria (Morgan et al. 2016). For total BALF protein, we detected 177 significant
SNPs on chromosomes 1, 2, 3, 4, 6, 9, and 12, and X, using the Bonferroni correction
(Figure 6). Single SNPs were found on chromosomes 6 and X, but no QTL peak could be
discerned and these SNPs were not near genes (Figure S1). Broad QTL peaks were found on
chromosomes 1, 2, 3, 4, 9, and 12 (Figure S1). There were, 3 significant SNPs in the peaks
on chromosomes 1 and 2. The chromosome 3 peak contained 2 significant SNPs. We found
112 significant SNPs in the chromosome 4 QTL region. Two distinct QTL regions were
evident on chromosome 9 containing 15 significant SNPs. The proximal region held 4
significant SNPs and the distal region contained 11. On chromosome 12, the QTL region
held 40 significant SNPs.

Multiple SNPs were also significant after using Bonferroni correction for levels of
neutrophils in BALF (Figure S2). However, since the SNPs were distributed across 13
chromosomes, we chose to prioritize the total BALF protein for further analysis. While no
significant SNPs were found for levels of KC, there were suggestive regions on

chromosomes 2, 6, 14, 15, 17 (Figure 2S).

Discussion
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Building on previous findings of differential susceptibility in the CC founder strains
(Scoville et al. 2015), we further assessed QD-induced lung inflammation and toxicity in 12
CC RI mouse strains using the same exposure method. We found that levels of BALF
neutrophils differed significantly across the 12 CC RI mouse strains overall and a significant
mouse strain*treatment group interaction was observed. This implies that the CC RI strains
may differ in susceptibility but that we lack statistical power to determine which strains may
be more susceptible than others. However, this study was designed with genetic mapping in
mind, where even a relatively small number of replicate animals within each strain can
substantially increase mapping power compared to only having one animal per strain (Kang
et al. 2008). Broad sense heritability estimates, assessing the proportion of a given
phenotype attributable to genetics, for % neutrophils in BALF were 0.58 and 0.67 for QD
treated and saline treated RI mice indicating that this is a heritable trait in RI mice. CC
Founder estimates of heritability were lower by comparison (0.15 QD, -0.02 Sal), but as
noted by the authors, some founder strains had potential outliers which would lead to
increased within-strain variation and lower heritability estimates. Furthermore, direct
comparisons of % neutrophils in BALF between the CC RI strains and CC founder strains,
revealed that all but one of the RI strains were similar to the founder strain average,
suggesting that RI values in general do not exceed the range of the founders.

Levels of the KC also differed significantly across the 12 CC RI strains and between
treatment groups. We further determined that QD treated CC011/Unc had significantly
increased levels of KC than strain-matched saline controls. Heritability estimates (0.30-QD,
0.42-Sal) were comparable with estimates observed in the founder strains (0.64-QD, 0.24-
Saline; (Scoville et al. 2015). The correlation between % neutrophils and KC in BALF among
the CC RI strains (0.23, p<0.0001) was also comparable to that observed in the CC founder
strains (0.38, p<.0001; (Scoville et al. 2015). Direct comparisons of levels of KC between

the CC RI strains and CC founder strains were not made as different assays were used in
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the different studies. We also observed a significant positive associated between lung
HMOX1 and KC levels in BALF (0.13, p<0.001) suggesting a connection between low levels
of oxidative stress (as indicated by lung HMOX1) and KC levels.

BALF protein levels differed significantly across both the CC RI strains and between
QD and saline treatment groups, also suggesting potential differences in susceptibility.
Heritability estimates in the RI strains (0.74-QD, 0.57-Sal) were higher than estimates in
the CC founders (QD-0.28, Sal-0.33; (Scoville et al. 2015). In addition, several RI strains
had significantly higher protein levels than the CC founder average confirming phenotypic
values outside the range of the CC founders. We used the EMMA R package for genetic
mapping with individual animal data, which increased statistical power, and designated
treatment group as a co-variate (Kang et al. 2008). We found 177 significant SNPs
(Bonferroni corrected) on chromosomes 1,2,3, 4, 6, 9, 12 and chromosome X. Using the
UCSC genome browser, we found that the single SNPs on chromosomes 6 and X with no
evident QTL peaks were not in close proximity to any genes. Broad QTL peaks were
observed on chromosomes 1, 2, 3, 4, 9 (2 distinct regions), and 12. Given the large number
of significant SNPs found, we chose to pursue pathway analysis, which has been used as an
approach to give biological context to groups of GWA mapped SNPs (Eleftherohorinou et al.
2009; Zhong et al. 2010; Kao et al. 2017). To determine what genes were encompassed by
the chromosomes 4, 9, and 12 QTL regions, lists were made by subtracting 1000 base pairs
from the genetic position of the most proximal SNP and adding 1000 base pairs to the most
distal SNP in each QTL region. Using the UCSC Genome Browser, we identified over 300
transcripts contained in the expanded QTL regions. Ingenuity Pathway Analysis Software
(IPA) converted the list of transcripts to a list of 234 known genes. IPA identified 14
pathways that were significantly enriched (p<0.05) (Figure S3). The two most significant
canonical pathways were the visual cycle and nucleotide excision repair (NER) (Figure S4).
The genes from our list in the IPA visual cycle pathway are retinol dehydrogenase 11 and 12

(RDH11 and RDH 12), and retinoid isomerohydrolase (RPE65), which suggests that QDs
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may interact with retinol/retinoic acid metabolism. Retinoic acid is involved with alveolar
epithelial cell regeneration (Yang et al. 2015).

A previous mouse study indicated that QDs induced DNA damage to BAL cells using
the single-cell gel electrophoresis (COMET) assay (Jacobsen et al. 2009). The genes from
the present study that are in the IPA NER pathway were Mnatl, Rad23B, and Xpa. Rad23B
is involved in recognizing DNA lesions and recruiting transcription factor II H (TFIIH). Mnat1l
(MAT1) is a component of TFIIH which is involved with unwinding DNA for lesion repair. Xpa
helps coordinate the removal of TFIIH once the double stranded DNA is opened (Compe and
Egly 2012). NER proteins are thought to contribute the repair of a variety of damage
including oxidative DNA damage, which would be consistent with the ability of QDs to induce
oxidative stress (Lovri¢ et al. 2005; Neibert and Maysinger 2011; Pascucci et al. 2011;
Marteijn et al. 2014).

Overall, results from this study suggest that susceptibility to QD-induced lung
inflammation may differ across the 12 CC RI strains we investigated. While the 12 CC RI
strains showed a similar phenotypic range as the CC founders for glutathione and %
neutrophils, the range of BALF protein levels in the CC RI mice was greater. The strength of
the relationship between KC and % neutrophils in BALF was comparable with that observed
previously in the CC founders. Results from pathway analysis using a gene list derived from
over 150 significant SNPs identified with GWA mapping indicate that CC RI may be
differentially susceptible to QD interactions with retinol/retinoic acid metabolism and QD-
induced DNA damage.

In conclusion, CC RI mice combined with computational methods that incorporate
within-strain replicates and control for population structure are a powerful GWA mapping
resource given that broad QTLs could be mapped with just 12 CC RI strains and less than
100 total mice. Future studies investigating QD-induced DNA damage, together with QD-

induced lung inflammation and toxicity phenotyping studies in additional CC RI strains are
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warranted. Such studies will assist in GWA mapping resolution, and help to narrow the list

of candidate genes associated with QD-induced lung injury.
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Table 1.

Broad sense heritability of RI Mouse strain QD phenotypes.

Phenotype

% Neutrophils in BALF
BALF KC

BALF Total Protein
BALF LDH

Lung GSH

Lung HMOX1

h2

QD Sal

0.58 0.67
0.30 0.42
0.74 0.57
0.35 0.59
0.04 <0.01
0.29 0.21
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treated mouse from 12 CC RI strains are shown overlaid on box plots.

72



Total Protein in BALF

10.0-
7.5
Trt Group
w &3 sal
-
< M a0
0 g5,
-
5 Strain
g BS sal
BS 0
2.5- E E 8
0.0- E : E € E ®
! o ' ' o ’ ) ' o < <
O O <> & N S S S
R <~ ,bo‘o ,,9‘0 ,\9 6\&‘0 ,,S) R S q?)“o 0009 009 0009
S gﬁ"\(’ ss\e o & & & & o & s &
9 9 9
& & 9 & © < & &
Strain
BALF LDH
1000-
750-
° [ ]
Trt Group
&3 sal
(] 9 a0

500-

ng/mL BALF

< (9] ' o '
N N N o
\00 00\ 00‘ b"o \° ’b° \0(\
- @ @ \ o $ $
N W) S > N © N
& & S & & & R
& & o o
Strain

IENENE MR T

Strain

BS sal

Figure 2. Total protein in BALF(A) and LDH levels in BALF (B) for each QD and Saline

treated mouse from 12 CC RI strains are shown overlaid on box plots.

73



nmoles/mg protein

ng / mg protein

50-

40-

N
=)

-

20-

0-

Total Lung Glutathione

Trt Group
E sal
@ a0

Strain

B3 sal
B3 a0

Strain

Lung HMOX1

Trt Group
&3 sal
M o

Strain

B3 sal
==

Strain

Figure 3. Total lung glutathione (A) and HMOX1 in BALF (B) for each QD and Saline treated

mouse from 12 CC RI strains are shown overlaid on box plots.

74



% Neutrophils in BALF vs KC BALF KC vs Lung HMOX

r2=0.23 r2=0.13
) p<0.0001 p<0.001
3 °
=
<
o
£
w
z 1 Trt Grp g Trt Grp
2 ® sal @ 2- ® sal
‘g ®ap ° ®ap
2
®
g
2.
1-
-1- |
1 2 3 0.5 1.0
log BALF KC log HMOX

Figure 4. Scatter plots compare % neutrophils in BALF to levels of BALF KC (A), levels of
BALF KC to HMOX1 (B). The linear regression line is plotted along with the r* and p-value of

the association.

75



BALF Neutrophils

100 -
90 4
P 80
E 70+
% 60- o
N ® xe®
Za 30 ® .. @ L
s 204 ® s’!% %* %.. 95%
10+ ® o=
v @ & L S E e
B
BALF Total Protein
°
. °
w s
I
2 £
E ¥
€ 21
o o® Bkt O *
LK
C
Lung Tissue Glutathione
404 e o 9‘6
£ .
£ - » K
g ¢ Yok
@2 20 - ><">6 o %? .
; 2% o ¥ o
£ ot % %*
< 10 - L :%F e *
@® @ *
S © o S 0 g & P S
v Q AU S SR & <

Figure 5. CC founder strain and RI strain % neutrophils in BALF (A), total protein in BALF

Treatment
> Sal
® QD

Treatment
> Sal
® QD

Treatment
> Sal
® QD

(B), and lung glutathione (C). The CC founder strains are abbreviated: (AJ-A/], B6-C57L/63],

129-129S1/SvIm3J, NOD- NOD/ShiLt], NZO- NZO/HILt], CAST-CAST/EiJ, PWK-PWK/PhJ,

WSB-WSB/EiJ).

76



GWAS for QD-Induced BALF Total Protein Levels In 12 CC Rl Mouse Strains
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Figure 6. Manhattan plot with chromosomes and SNP location on the x-axis and -logio(p)
for SNP associations with levels of total BALF Protein on the y-axis. The red line shows the
cutoff for SNP -log;o(p) values to be considered significant after Bonferroni correction. In
this study, 110,852 SNPs were tested for association so p-values must be less than

0.45x1077, equating to a -logio(p) cutoff at 6.34.
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Abstract

Silver nanoparticles (AgNPs) are employed in a variety of consumer products.
However, in vivo rodent studies indicate that AgNPs can cause lung inflammation and
toxicity in a strain- and particle type-dependent manner, but mechanisms of susceptibility
remain unclear. The aim of this study was to assess variation in AgNP-induced lung
inflammation and toxicity across multiple inbred mouse strains and use genome wide
association (GWA) mapping to identify potential candidate susceptibility genes. We dosed
mice with 0.25 mg/kg of either 20 nm citrate-coated AgNPs or citrate buffer using
oropharyngeal aspiration (OPA). Neutrophils in bronchoalveolar lavage fluid (BALF) served
as the marker of inflammation. We used the EMMA R package to perform GWA mapping.

Quantitative RT-PCR was performed on candidate genes. We found significant strain and

treatment dependent variation in neutrophils in BALF. GWA mapping identified 10 significant

SNPs (FDR 15%) in 4 quantitative trait loci on mouse chromosomes 1, 4, 15, and 18, and

Nedd4! (Chr 18), Ano6 (Chr 15) and Rnf220 (Chr 4) were considered candidate genes. qRT-

PCR revealed significant inverse associations between mRNA levels of these genes and
neutrophil influx. Nedd4/, Ano6 and Rnf220 are candidate susceptibility genes for AgNP-

induced lung inflammation that warrant further exploration in future studies.
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Introduction

Silver nanoparticles (AgNPs) are currently incorporated into a variety of consumer
products ranging from athletic wear to toothbrushes (The Project on Emerging
Nanotechnologies 2016). Because the number of AgNP containing products continues to
grow, an increased likelihood of exposure to AgNPs among workers and consumers is
expected. In facilities producing varied types of engineered nanoparticles (ENMs), there are
indications that employees manufacturing ENMs may be at increased risk for adverse
respiratory and cardiovascular outcomes (Cui 2013; Liao et al. 2014; Lee et al. 2015). The
current OSHA permitted exposure limit (PEL) for silver dusts and soluble compounds is 0.01
mg/m? (The National Institute for Occupational Safety and Health 2014; Weldon et al.
2016). However, based on more recent inhalation studies in rats, Weldon et al propose an
occupational exposure limit (OEL) of 0.19 ug/m? for AgNPs, based on bile duct hyperplasia.
This OEL is also predicted to be protective of adverse lung effects caused by AgNP inhalation
(Weldon et al. 2016).

In vitro studies have shown that AgNPs are cytotoxic in a cell-, dose-, size and
coating-dependent manner. A study conducted in mouse embryonic fibroblast suggested
oxidative stress, mitochondrial dysfunction, apoptosis, and autophagy as mechanisms of
AgNP toxicity (Lee et al. 2014). In human lung cell lines BEAS-2B and A549, size, dose, and
coating have been shown to modify AgNP induced cellular toxicity (Liu et al. 2010; Gliga et
al. 2014; Wang et al. 2014). In BEAS-2B cells, 10 nm citrate coated AgNPs significantly
reduced cell viability at 20 ug/mL and increased necrosis at 50 pg/mL compared to 40 and
75 nm citrate coated AgNPs (Gliga et al. 2014). Similar results were also found wherein
20nm citrate and polyvinylpyrrolidone (PVP) coated AgNP decreased BEAS-2B viability to a
greater degree than 110 nm citrate coated AgNPs (Wang et al. 2014). In contrast, 110 nm
PVP coated AgNP did not significantly decrease cell viability at doses up to 50 ¥ g/mL (Wang
et al. 2014). Compared to 20 and 100 nm PVP coated AgNPs and 110 nm citrate coated

AgNPs, 20 nm citrate coated AgNPs induced the highest levels of oxidative stress and
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necrosis (Wang et al. 2014). Furthermore, particle coating (polyethylene glycol vs.
branched polyethyleneimine) was also observed to modify the toxicity of AgNPs in the
Hepalclc7 mouse liver cell line (Pang et al. 2016).

The size of AgNPs also modulates in vivo acute pro-inflammatory potential. In a
recent study, 20 nm AgNPs induced higher numbers of neutrophils in BALF in Brown Norway
(BN) rats than 110 nm AgNPs at 1 day after instillation, regardless of outer coating type
(Seiffert et al. 2015). Neutrophils are a major component of the acute inflammatory
response and are a commonly used marker of inflammation in ENM and other pulmonary
toxicity studies (Kolaczkowska and Kubes 2013). Increases in total protein concentrations
in BALF, indicative of compromised capillary/alveolar barrier function, were also observed in
BN rats at 1 and 7 days after exposure to 20 nm citrate or PVP coated AgNPs, but not 110
nM AgNPs of either coating (Holter et al. 1986; Seiffert et al. 2015). Given that oxidative
stress and cellular necrosis can trigger and exacerbate inflammation, in vitro observations of
20 nm citrate coated AgNPs inducing higher levels of oxidative stress and cellular necrosis
are consistent with in vivo studies, where 20 nm citrate particles induced the highest levels
of acute neutrophilic inflammatory responses (Morgan and Liu 2011; Wallach et al. 2014;
Wang et al. 2014; Seiffert et al. 2015).

AgNP studies in SD rats provide additional evidence that size may also modify the
timing of the inflammatory response and that size and coating affect the quantity and
localization of AgNPs (Anderson et al. 2014; Anderson et al. 2015; Silva et al. 2015; Silva et
al. 2016). Furthermore, in C57BL/6 mice, size modified the dose response and timing of
citrate coated AgNP induced lung inflammation and surface coating and size altered AgNP
effects on lung surfactant proteins and lung mechanics after instillation (Wang et al. 2014;
Botelho et al. 2016).

Test animal strain has also been shown to impact AgNP induced inflammation and
toxicity (Seiffert et al. 2015). Previous studies have shown that BN rats are more

susceptible to ovalbumin (OVA) induced allergic or Th2-type inflammatory responses than
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Sprague Dawley (SD) rats (Careau et al. 2002). BN rats also showed increases in markers
of Th2 type inflammation compared to SD rats in response to AgNP exposure, characterized
by increased numbers of eosinophils, and concentrations of eotaxin, IL-13, and total IgE in
BALF (Seiffert et al. 2015). Additional strain differences included significant increases
relative to control in total BALF protein and bronchial hyper-responsiveness in BN rats
compared to SD rats following exposure to 20 nm citrate and PVP coated AgNPs. Thus, in
vivo studies indicate that particle size, coating, and animal strain influence AgNP-induced
lung inflammation and toxicity (Anderson et al. 2014; Wang et al. 2014; Anderson et al.
2015; Seiffert et al. 2015; Silva et al. 2015; Botelho et al. 2016; Silva et al. 2016).

Given the multitude of factors that can influence the toxicity of AgNPs, thorough
mechanistic studies for all AgNP formulations would be a resource and time intensive
undertaking. However, if genes and pathways associated with susceptibility to AgNP-induced
lung inflammation and toxicity were identified using systems level unbiased methodologies
such as genome wide association (GWA) mapping in model organisms, this could help to
focus and prioritize those mechanistic studies. In addition, findings from such studies could
provide information about human susceptibility and population variability for purposes of
risk assessment and regulation of AgNPs, which is of importance given there is currently no
unique regulatory standard for AgGNP exposure.

GWA mapping studies using panels of multiple inbred mouse strains and primary
cells from inbred mouse strains have succeeded in identifying novel susceptibility genes and
regulatory mechanisms in a variety of toxicity and disease models (Harrill et al. 2009;
Durrant et al. 2011; Church et al. 2014; Nichols et al. 2014; Rasmussen et al. 2014;
Rutledge et al. 2014; Suzuki et al. 2014). Some examples of phenotypes for which
candidate genes have been successfully identified using GWA mapping include susceptibility
to acetaminophen and isoniazid induced liver injury (Harrill et al. 2009; Church et al. 2014),
rotenone induced cytotoxicity (Suzuki et al. 2014), hyperoxia induced lung injury (Nichols et

al. 2014), Aspergillus fumigatus and Ebola virus infection (Durrant et al. 2011; Rasmussen
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et al. 2014), high-fat diet induced obesity and microbiota composition (Parks et al. 2013),
atherosclerotic plaque formation (Colinayo et al. 2003), and identification of a novel
regulatory protein for lung neutrophil influx (Rutledge et al. 2014). Variants in the human
ortholog of the candidate gene CD44, discovered in a mouse GWAS of acetaminophen-
induced liver toxicity, were associated with differences in susceptibility 2 separate human
cohorts (Harrill et al. 2009). Identification of gene variants that explain differences in
human susceptibility based on differential responses across mouse strains highlights the
relevance of mouse GWA mapping studies.

In this study, we exposed mice from 25 different inbred strains to 20 nm citrate
coated AgNPs or citrate buffer, measured neutrophils in BALF as a marker of lung
inflammation, and used GWA mapping to identify novel candidate genes associated with

AgNP-induced neutrophil influx into the lung.

Methods

AgNP Characterization

The AgNPs used in this study were nominally 20 nm and coated in citrate for
stabilization. AgNPs were suspended in 1 mM citrate buffer. These particles are one of
several nanomaterials available to the NIEHS Centers for Nanotechnology Health
Implications Research (NCNHIR) Consortium and were initially characterized by the
Nanotechnology Characterization Laboratories at the National Cancer Center. These particles

have been thoroughly characterized by Shannahan and colleagues (Shannahan et al. 2013).

Animals and Dosing
All mice were males, and were purchased from The Jackson Laboratory (Bar Harbor,
ME or Sacramento, CA). The Kavanagh laboratory phenotyped 11 inbred strains (CBA/J,

C57L/1, MRL/MpJ, NOD/ShilLt], NZB/BINJ, NZO/HILt], NZW/Lac], PL/], PWD/PhJ, PWK/PhJ,
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TALLYHO/Ingl, WSB/Eil), and the Gordon/Chen laboratory phenotyped 10 different strains
(BALB/c], BTBRT+tf/J, C3H/Hel, C57BL/10J, DBA/2], FVB/NJ, SJL/1, SM/J and SWR/J). Both
labs also assayed an additional 4 strains (129S1/SvIim3J, A/J, AKR/], and C57BL/6] mice) for
inter-laboratory comparison purposes. The number of replicates for each strain and
treatment group are outlined in Table 1S. Mice were housed in polycarbonate cages, at least
2 mice per cage, with corn-cob bedding in temperature (20-23° C) and humidity controlled
rooms with a 12 hr light/dark cycle. Animals were provided standard rodent chow and
water ad libitum. All animal procedures and handling were performed under the National
Institutes of Health and Animal Welfare Act guidelines for the ethical treatment of animals,
and under protocols approved by the University of Washington and NYU School of Medicine
Institutional Animal Care and Use Committees. Mice were anesthetized using Isoflurane and
dosed with 0.25 mg/kg BW of either 20 nm citrate-coated AgNPs or 1 mM citrate buffer

alone using oropharyngeal aspiration (OPA). Mice were sacrificed 24 hr after OPA.

Bronchoalveolar lavage fluid (BALF)
BAL was performed on the whole lung in each mouse twice sequentially (1.2 mL
followed by 0.6 mL) with phosphate buffered saline (PBS). For strains with small body

weights (PWK/Ph], WSB/EiJ), lavage volumes were adjusted to 0.7 mL followed by 0.35 mL.

Cytospins

Lavage aliquots of 100 uL were deposited onto microscope slides using a Shandon
Cytospin (Thermo Fisher Scientific, Waltham, MA) and stained with Diff-Quik (Siemens -
Thermo Fisher Scientific, Waltham, MA). The percentage of neutrophils in BALF was
determined by the number of neutrophils present in either 500 counted cells (Kavanagh

Lab) or 100 counted cells (Gordon/Chen Lab).

Tissue Collection

88



Tissues were either flash frozen in liquid nitrogen and stored at -80° C or fixed in
10% neutral buffered formalin. Prior to freezing, a portion of the right lung was preserved in

150 pL RNAlater (Ambion - Thermo Fisher Scientific) and stored at -80° C.

RNA Isolation

Lung tissue was thawed, removed from RNAlater and homogenized at 50 Hz for 5
min in 700 pL of Qiazol (Qiagen, Hilden, Germany) using 5 mm stainless steel beads
(Qiagen) in 2 mL Eppendorf tubes in a TissuelLyser LT (Qiagen). Total RNA was extracted

using the miRNEasy kit (Qiagen) according to the manufacturer’s instructions for total RNA.

qRT-PCR

A PCR mixture (12 pl) consisting of the cDNA, primers, a labeled TagMan probe, 1x
TagMan Gene Expression Master Mix and water underwent a quantitative real-time PCR
reaction. The species/gene specific primers and probes were designed by Applied
Biosystems Inc. (Thermo Fisher Scientific, Waltham, MA). Amplification and fluorescence
detection were measured using the ABI 7900HT Fast Real-Time PCR System with the
following PCR reaction profile: 1 cycle of 95° C for 10 min followed by 40 cycles of 95° C for
20s and 62° C for 1 min. The cycle number at which the concentration reached the
threshold for fluorescence detection (Ct number) was calculated using SDS 2.4 software.
The delta delta Ct method was used to calculate differences in expression of Nedd4/, Ano6,
and Rnf220 mRNA between AgNP and citrate treated mice after normalizing to the average
expression of reference genes B-actin and GAPDH within each sample. The anti-log base 2

of the delta delta Ct values was then used to derive fold-change in mRNA expression.

Genome Wide Association Mapping and Other Statistical Analyses
Two-way analysis of variance (ANOVA) was used to determine the impact of AgNP

treatment and mouse strain on BALF neutrophils in the 25 inbred strains and whether there
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was an interaction between the two factors. We also calculated the broad sense heritability
for % neutrophils in BALF using variance component analysis with a linear mixed model. We
used R packages nlme and ape to calculate between and within-strain variance components,
while adjusting for AgNP treatment (Paradis et al. 2004; Visscher et al. 2008; Almasy and
Blangero 2010; Felix et al. 2012; Pinheiro et al. 2016). The EMMA (efficient mixed-model
association) R package was used for genome wide association mapping (Kang et al. 2008).
Single nucleotide polymorphisms (SNPs) for the 25 strains (NCBI build 37/ UCSC build
mm9) were obtained from the Mouse Haplotype Project (Broad Institute, Harvard, MIT,
Cambridge MA). A linear regression forced through the origin derived from the mean values
in AgNP and citrate treated mice from the 4 strains that the two laboratories had in common
was used to derive an adjustment factor (0.4592) to % neutrophil values from the
Kavanagh Laboratory to account for inter-laboratory differences. All associations between
BALF neutrophils and genotype were adjusted by the EMMA program for genetic relatedness
among strains (Figure 1S). The purpose of this adjustment is to account for population
structure and reduce the number of false-positives (Kang et al. 2008). Individual animal
data were run using the emma.REML.t algorithm, and AgNP or citrate treatments were
incorporated as covariates. Significance of associations was determined using a false
discovery rate (FDR) of 15%. The size effects of candidate SNPs were calculated using
Cohen’s d-statistic (Cohen 1977; Harrill et al. 2009; Labots et al. 2016). To account for
control mice, we first subtracted the mean % neutrophils in control mice from the mean of
AgNP treated mice within each strain and then assessed allele specific differences in

mean % neutrophils. The pooled standard deviation was also calculated after subtraction of
control values from AgNP mice. The UCSC genome browser was used to explore candidate
genes in regions indicated by significant SNPs (Kent et al. 2002). The Manhattan plots in
Figures 2 and 3 were generated using modified source code from the ggman R package
(Turner 2014). Other plots were created using base R, lattice or ggplot2 packages

(Deepayan 2008; Wickham 2009; R Core Team 2014)
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To determine if our candidate genes were differentially expressed in lung tissue
between AgNP and control mice, we used a one-sided t-test to determine if strain specific
mean delta delta Ct values were different than 0. Resulting p-values from the t-tests for
each gene were adjusted using the Bonferroni method. Simple linear regression was used to
investigate relationships between candidate gene mRNA expression and BALF neutrophils.

Correlations with p-values < 0.05 were considered statistically significant.

Results

Lung Inflammation

Neutrophils are key cells in acute inflammatory responses and accordingly we have
used neutrophil influx as a primary marker of ENM induced lung inflammation in previously
published studies (McConnachie et al. 2013; Scoville et al. 2015). Accordingly, we used
neutrophil influx as the phenotype of interest in this study, which was focused on identifying
genetic determinants of AgNP-induced lung inflammation. We found significant strain
dependent increases in % neutrophils in BALF in AgNP-treated mice compared to citrate-
treated strain-matched controls (Figure 1). There was a wide range of responses in AgNP
treated mice across the 25 inbred strains, ranging from 0 (SWR/J) to 60% (BALB/c)
neutrophils in BALF with coefficients of variation (CV) of 166% for AgNP treated mice and
499% for citrate controls. Importantly, statistically significant AgNP-induced lung
inflammation was found in most strains, the exceptions being SWR/J, DBA/2], SM/], BTBRT™
tf/J, and C57BL/10]. AgNP treatment- and strain-related effects along with a significant
interaction between them (by two-way ANOVA) strongly suggest a role for genetic

background in determining susceptibility to AgNP induced acute lung inflammation.

Heritability of AGNP Induced Lung Inflammation
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We calculated the broad sense heritability for % neutrophils in BALF to determine the
genetic contribution to the large amount of variability we found across the strains. We found
that heritability for % BALF neutrophils was 0.37 when AgNP was included and adjusted for
treatment in the mixed model. When evaluated separately, heritability estimates were 0.43
for citrate treated animals and 0.73 in AgNP-treated animals. These results also show that
genetic background is an important determinant of inter-strain variation in AgNP-induced

lung inflammation.

GWA Mapping

We performed GWA mapping to identify specific genomic regions and candidate
genes that may contribute to inter-strain differences in sensitivity to AgNPs. After filtering
for SNPs with missing genotype calls, 65,493 SNPs were used in EMMA to their associations
with % BALF neutrophils (Figure 2). We found 6 significant SNPs in QTL peaks on
chromosomes 4, 15, and 18 (Figure 3, Table 1). The strongest QTL spanned 3 megabases
(Mb) in the gE1 region of chromosome 18. This region held 3 of the 6 significant SNPs with -
logio(p) rank orders #1 (rs29865915-close to St8sia3), #2 (rs29959933-close to Nedd4l),
#4 (rs29778747-close to Nedd4l) (Figure 3A, Table 1). This region also contained 17 other
known genes and 2 micro-RNAs (Figure 3A). The QTL on chromosome 15 spanned 10 Mb
across the distal qE3 and proximal gF1 regions; contained 1 significant SNP with rank order
#3 (rs31581766 - intragenic in Ano6) and a SNP with rank order #6 (rs3688273 —not close
to a gene). This QTL region also contained over 100 other known genes (Figure 3B, Table
1). The QTL peak region on chromosome 4 was 62.5 Mb wide and covered the qC3 region
through part of the proximal portion of gqD3; contained 1 significant SNP with rank order #5
(rs27482013-intragenic in Rnf220); and also contained well over 100 known genes (Figure
3C, Table 1). QTL boundaries and -log;o(p-values) for the 6 significant SNPs are also listed

in Table 1.
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We also looked at the distribution of % BALF neutrophils by treatment group and
SNP allele for the 6 significant SNPs to visualize the effects that alleles and AgNP had on
BALF neutrophils. Plots for the 5 out of 6 SNPs that were either in or near a gene are shown
in Figure 4. Cohen’s effect size d-statistics for these same 5 SNPs were = 0.9, indicating
moderate to large effects on AgNP-induced neutrophil influx (Table 1) (Labots et al. 2016).
The allele distributions by strain were also examined and were all different for these 5 SNPs

(Figure 3S).

Candidate Gene Exploration Using the Mouse Phenome Database

As an initial screening step for potential candidate genes, mRNA expression values
for the potential candidate genes identified in the chromosome 18 QTL and for Ano6 and
Rnf220 were obtained from a 9-strain microarray-based gene expression study on untreated
female mice (n=3 per strain) submitted by Stearns et al. to the Mouse Phenome Database
(MPD) (Berndt and Stearns 2011). Since the QTL regions on chromosome 15 and 4
contained over 100 genes, we focused on expression of Ano6 and Rnf220 given that the
most significant SNPs in these regions were intragenic. These expression values from the
MPD were then compared to strain means of % BALF neutrophils from AgNP treated mice
from 8 overlapping strains used in our study. We found both positive and inverse
correlations between reported baseline expression levels of some of the potential candidate
genes and % BALF neutrophils from our study. The most inversely correlated genes were
Nedd4!l on chromosome 18 and Ano6 on chromosome 15 (Figure 5, panels A and B). Despite
containing a significant intragenic SNP, expression of Rnf220 on chromosome 4 was not
correlated with % BALF neutrophils (Figure 5, panel C). The most positively correlated
genes were Ccbel and Cp/x4, which are both on chromosome 18 (Figures 5, panels D and
E). St8sia3, which is also on chromosome 18, was moderately correlated but it was not

statistically significant (Figure 5, panel F).
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qRT-PCR on Candidate Genes

To determine whether the candidate genes were differentially expressed in lungs
exposed to AgNP, we performed gRT-PCR on the right lung tissue from a subset of our
strains that represented low (C57BL/6], 12951/SvimJ]), and moderate/high (MRL/MpJ, A/J)
neutrophilia (Figure 6, panel A). In addition to the list of genes with significant intra-genic
SNPs and/or those that are significantly correlated or inversely correlated with % BALF
neutrophils using the data from Berndt and Stearns (Berndt and Stearns 2011), we also
performed qRT-PCR on St8sia3, as it is adjacent to the most significant SNP (rs26865915).

We found that the fold-changes in mMRNA expression of Nedd4!/, Ano6, and Rnf220
between AgNP and control mice were all significantly inversely correlated with % BALF
neutrophils in AgNP treated mice (Figures 6, panels B-D). Interestingly, we found that three
of the genes from the chromosome 18 QTL that were either significantly correlated with %
BALF neutrophils using mRNA expression data from the mouse phenome database (Ccbel
and Cp/x4) (Berndt and Stearns 2011), or adjacent to a highly significant SNP (St8sia3)

were not expressed in lung tissue taken from either AgNP or citrate treated mice.

Discussion

In this study, we used GWA mapping with a panel of 25 inbred mouse strains to
identify 3 candidate genes in QTLs on chromosomes 4, 15, and 18 associated with a 0.25
mg/kg dose of 20 nm citrate coated AgNP-induced lung inflammation. Mouse strains were
chosen to maximize genetic diversity to improve resolution of GWA-mapping (Petkov et al.
2004; Valdar et al. 2006; Aylor et al. 2011). As such, we included members of the
Collaborative Cross founder mouse strains in our panel (Threadgill and Churchill 2012).
Some strains were selected due to their genetic similarity (ex. C57BL10/]J and C57BL/6]
mice) to determine how closely related strains would respond to AgNP exposure. Dose

selection was focused on maximizing contrast in % neutrophils in BALF across mouse strains
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to increase power for GWA mapping. Preliminary dose response data, in genetically
divergent BALB/cJ, FVB/NJ], and C57BL/6] mouse strains, showed that a dose of 0.25 mg/kg
resulted in the greatest variability across these 3 mouse strains (Figure 4S). Using a
calculation published by Wang and colleagues to translate human airborne AgNP exposures
to bolus doses, 0.25 mg/kg in mice is equivalent to a human aggregate dose of 219 ug/m3
air for 8 hr/day, 5 days/week for 4 weeks; this is within the 5 - 289 ug/m3 air observed for
occupational exposures (Wang et al. 2014). While inhalation exposures are different than
bolus doses, intratracheal instillation has been acknowledged as a valid screening tool
(Driscoll et al. 2000). Oropharyngeal aspiration, which was the exposure method used in
this study, has been shown to have superior distribution in the lungs compared to
intratracheal instillation (Lakatos et al. 2006). Furthermore, equivalent doses of multi-
walled carbon nanotubes delivered using aspiration and inhalation produced similar
pathologies in mice (Kinaret et al. 2017).

Using EMMA allowed us to reduce the number of false positives by adjusting
association values for genetic relatedness between the strains. We gained statistical power
through the capacity of EMMA to incorporate individual animal measures within a strain.
Another advantage with EMMA was the ability to incorporate AgNP treatment as a covariate
and use all of our data rather than adjusting for controls by using fold change or ignoring
control animals entirely.

We found 3 significant SNPs and 20 potential candidate genes in the chromosome 18
QTL. We used the presence of intragenic SNPs, proximity to significant SNPs, and the
correlation of the expression data from the data published by Berndt and Stearns (2011)
with % BALF neutrophils to further refine the list of candidate genes. We performed qRT-
PCR on St8sia3 based on its proximity to the most significant SNP. We chose Nedd4/ as it
had close proximity to the 2" and 4" most significant SNPs (Table 1). In addition, Nedd4/
expression from the Stearns et al. dataset at the MPD had the strongest correlation

coefficient with % BALF neutrophils. Ccbel and Cpl/x4 were chosen as candidates for gqRT-
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PCR solely based on high correlation of expression in the with % BALF neutrophils. We
found that of the 4 genes assessed, only Nedd4/ mRNA was significantly expressed in the
lungs of our mice. We found a significant inverse correlation with Nedd4/ mRNA levels

and % BALF neutrophils. Nedd4l is an E3 ubiquitin ligase that is known to target the
epithelial sodium channel (ENAC) for ubiquitination (Kamynina et al. 2001). Interestingly,
overexpression of ENAC in mice is known to result in severe lung inflammation in mice with
phenotypic similarities to cystic fibrosis (Mall et al. 2004). ENAC overexpressing mice
experience increased mucus obstruction, decreased airway surface liquid volume, increased
neutrophils, and reduced bacterial clearance (Mall et al. 2004). Mice that lack Nedd4l in lung
epithelial cells also develop severe lung inflammation (Kimura et al. 2011). Given that
Nedd4l has been shown to inhibit ENAC, and that increased expression of ENAC is
associated with lung inflammation, it is reasonable that Nedd4/ could modulate susceptibility
to AgNP-induced lung inflammation. Decreased levels of Nedd4l leading to increased ENAC
could result in a lung that is more prone to inflammation following a toxic insult, consistent
with the inverse association we found between Nedd4/ mRNA and % BALF neutrophils.
Furthermore, human GWA studies have suggested that NEDD4L may be associated with
variability in asthma susceptibility (p<1x107), blood neutrophils (p<1x107®), and lung
function (p<1x10™) (Ramos et al. 2014).

On chromosome 15, Ano6 was considered a candidate gene since it contained an
intragenic statistically significant SNP (rs31581766), and lung mRNA expression levels for
Ano6 published by Berndt and Stearns (2011) were inversely correlated with % BALF
neutrophils we found (Figure 5B). Our qRT-PCR results confirmed an inverse association
between Ano6 mRNA and % BALF neutrophils. Ano6 is a transmembrane protein that has
been shown to have ion channel activity and to influence phospholipid scrambling
(Pedemonte and Galietta 2014; Rysavy et al. 2014; Ousingsawat et al. 2015). The ion
channel activity of Ano6 has been illustrated in several studies, but its ion selectivity is not

completely understood (Pedemonte and Galietta 2014). Phospholipid scramblases mediate
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the bi-directional transport of phospholipids between the inner and outer leaflets of the cell
membrane lipid bi-layer (Rysavy et al. 2014). Asymmetrical distribution of specific
phospholipids to either the inner or outer leaflet is mediated by flippase and floppase
proteins, respectively (Rysavy et al. 2014). Scramblase mediated relocation of
phosphatidylserine (PS) to the outer leaflet of the cell membrane serves in diverse signhaling
mechanisms in multiple cell types (Pedemonte and Galietta 2014; Rysavy et al. 2014). In
Ano6, the region between amino acids 529 and 559, which spans transmembrane domains
4 and 5, is thought to be responsible for phospholipid scramblase activity (Yu et al. 2015).
Loss of function mutations in ANO6 have been associated with Scott Syndrome, which is a
condition wherein individuals have defective PS scrambling and associated reductions in
blood clotting (Toti et al. 1996; Suzuki et al. 2010). Ano6 knockout mice recapitulate
symptoms of Scott Syndrome (Yang et al. 2012).

The presence of PS in the outer leaflet can also signal for phagocytosis of apoptotic
cells, a process known as efferocytosis (Pedemonte and Galietta 2014; Rysavy et al. 2014).
It is known that efferocytosis of apoptotic cells is important for the resolution of
inflammation. Many chronic lung diseases are associated with ineffective efferocytosis
(Morimoto et al. 2012). Furthermore, recognition of dying cells is thought to influence the
polarization of alveolar macrophage towards a more M2 or inflammation resolving state
(Korns et al. 2011; Mares et al. 2011). In human kidney HEK293 cells, over expression of
ANOG increased PS on the cell surface (Yu et al. 2015). If reduced expression of ANO6 has
the opposite effect, then apoptotic inflammatory cells with lower ANO6 expression could
have less surface PS and be more resistant to efferocytosis, potentially leading to prolonged
and more severe inflammation. This hypothesis is in keeping with our observed inverse
association of Ano6 mRNA and BALF neutrophils and with recently reported evidence
indicating that peritoneal macrophages from Ano6 knockout mice have reduced phagocytic
capacity, which could work in conjunction with reduced apoptotic neutrophil PS scrambling

(Ousingsawat et al. 2015). There is also some evidence that Ano6 may also participate in PS
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scrambling in the context of mast cell degranulation (Rysavy et al. 2014). In addition,
human GWA studies have suggested that ANO6 may be associated with variability in levels
of C-reactive protein, a biomarker of inflammation (p<3x10°7°).

Given the many demonstrated functions of Ano6, AgNP-induced lung inflammation
could be impacted by a number of different mechanisms including ion transport induced
changes in airway surface fluid volume and viscosity, changes in PS signaling related
apoptosis and phagocytosis, and/or mast cell function (Mall et al. 2004; Martins et al. 2011;
Rysavy et al. 2014).

In the QTL on chromosome 4, Rnf220 was considered a candidate gene because the
most significant SNP (rs27482013) is intragenic in this gene. In addition, we found that
among 8 strains in common between our study and those in the microarray dataset
published on the Mouse Phenome Database by Berndt and Stearns (2011), lung Rnf220
mRNA was inversely correlated with % BALF neutrophils (Figure 5C). We also found that
when we performed gRT-PCR for Rnf220 mRNA in lung tissue from a subset of 4 strains in
our study, mRNA levels again were significantly inversely correlated with % BALF
neutrophils (Figure 5C). Rnf220 is an E3 ubiquitin ligase with a RING finger domain that has
been shown to stabilize B-catenin and therefore enhance canonical Wnt signaling (Ma et al.
2014). B-catenin stabilization was shown to occur through deubiquitination by a complex of
Rnf220 and the ubiquitin-specific protease 7 (USP7) (Ma et al. 2014). Promotion of Wnt/ B-
catenin signaling by canonical ligand Wnt3a and inhibition of Wnt antagonist Dkk1 has been
shown to decrease LPS-induced neutrophil influx and cytokine production (Guo et al. 2015).
In addition, ghrelin has been shown to rescue LPS-induced inhibition of B-catenin, LPS
induced apoptosis in alveolar macrophages, and improve ARDS outcomes in rats (Li et al.
2015). Thus, it is plausible that Rnf220 could modulate susceptibility to AgNP-induced lung
inflammation through increased stabilization of B-catenin and increased Wnt/B-catenin
signaling leading to a less severe inflammatory response. The inverse association we

observed between Rnf220 mRNA and % BALF neutrophils supports this hypothesis. In
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addition, human GWA studies have suggested that RNF220 may be associated with
variability in lung function (p=<1x10™*) (Ramos et al. 2014).

Acknowledging that GWA study results may be influenced by model assumptions and
the choice of mouse strains, we performed a sensitivity analysis. Since the phenotype data
in our study was collected in two laboratories, we explored an alternate method for inter-
laboratory adjustment in our sensitivity analysis than in our initial analysis. Instead of
adjusting the Kavanagh lab data using linear regression with the 4 strains that the two
laboratories had in common, we tried using un-scaled phenotype data in the EMMA model
and included laboratory as an additional covariate. We also explored the effects of running
the data from the Gordon/Chen and Kavanagh labs separately as well as excluding different
combinations of wild derived strains WSB/EiJ, PWK/PhJ and PWD/Ph]. PWK/PhJ] and
PWD/PhJ are highly genetically related to each other but divergent from the other strains.
The influence of closely related classical inbred strains was also explored by excluding
C57BL/10] from the primary analysis since they are closely related to C57BL/6] mice.
(Figure 1S). After running the alternate analyses, we compared the 6 SNPs with the highest
-log(p) values from the initial and alternate analyses (Figure 2S). We found that the most
significant SNPs on chromosomes 18 (rs29865915 - near St8sia3, rs29778747- near
Nedd4l, rs29959933 - near Nedd4/) from the initial analysis were among the top 6 SNPs in
all analyses combining strains from both laboratories, regardless of inter-laboratory
adjustment method or whether different combinations of wild-derived strains or C57BL/10J]
mice were included in the analysis. we adjusted between labs using laboratory as a
covariate; and when different combinations of wild WSB/EiJ and PW (PWK/Ph] and
PWD/PhJ) strains were excluded, regardless of how we adjusted between labs. The most
significant SNP on chromosome 15 (rs31581766 - intragenic in Ano6) from the initial
analysis was also among the top 6 SNPs in the analysis when laboratory was adjusted for as
a co-variate and PW strains were excluded and all alternate analyses where linear

regression was used to adjust for inter-laboratory differences. The most significant SNP on
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chromosome 4 (rs27482013 - intragenic in Rnf220) from the primary analysis was also
among the top 6 SNPs of all alternate analyses where linear regression was used to adjust
for inter-laboratory differences. The other significant SNP on chromosome 15 (rs3688273 -
not close to any genes) from the initial analysis also appeared in the top 6 SNPs in analyses
where linear regression adjustment was used for inter-laboratory adjustment when either
PW or C57BL/10] mice were excluded. In general, the importance of the significant SNPs
and associated candidate genes identified in the initial analysis appear relatively robust to
choice of mouse strain and methods for inter-laboratory adjustment of % BALF neutrophils.
In conclusion, our study evaluated AgNP-induced lung inflammation in 25 inbred strains of
mice and used GWA mapping to search for susceptibility genes that corresponded with the
large range of observed responses.

In conclusion, we found 3 promising candidate genes: Nedd4!/, Rnf220, and Anoé6 for
which mRNA levels were inversely correlated with AgNP-induced lung inflammation, which is
likely a complex polygenic trait. To varying degrees, Nedd4/ and Rnf220 have also been
associated with human variation in lung function in human GWA studies; Ano6 has been has
been moderately associated with C-reactive protein and thus overall inflammation (Pepys
and Hirschfield 2003; Ramos et al. 2014). Since differences in human susceptibility to drug
exposure have been associated with polymorphisms in genes identified using mouse GWA
mapping, the role of these genes in modulating susceptibility to AgNP induced lung
inflammation need to be further explored. By showing that genetic background contributes
to variation in the inflammatory response observed across our 25 inbred mouse strains and
identifying candidate susceptibility genes for further studies, we have generated information
that should guide future AgNP mechanistic studies. However, such experiments are beyond
the scope of the current study. In addition, information on inter-strain variation in mice that
differ in sensitivity to AgNP induced lung inflammation could be useful for gauging intra-

species uncertainty factors in AgNP risk assessments, thus assuring adequate protection for
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vulnerable individuals who may be genetically predisposed to AgNP-induced lung

inflammation.
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Table 1. AgNP QTL Details

QTL SNP rs -logio(p) & Effect Size
Location number SNP location Rank Order (Cohen’s d)
Chr 18:

63.5-
66.5Mb rs29865915 64292584 7.69 (1) 1.58

rs29959933 64837330 6.30 (2) 1.67
rs29778747 64837532 5.09 (4) 1.2
Chr 15:
90-100Mb rs31581766 95827212 5.44 (3) 0.90
rs3688273 96200660 4.87 (6) 1.06
Chr 4
72.5-135Mb  rs27482013 117407198 4.93 (5) 1.59
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Figure 1. Plot of % BALF neutrophils for each strain for AGNP (Ag) and citrate buffer (Ctrl)
treated mice. Bars are mean * SEM. *Significant difference between AgNP treated and
control for each strain by Student’s t-test with correction for multiple comparisons
(p<0.05), with the exception of the C57BL/10] strain, where n=1 for the control.
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Figure 2. Manhattan plot showing the results from genome-wide analysis with EMMA. Each
SNP tested is plotted by its chromosome and position on the x-axis. The y-axis shows the -
log(p) value for each tested SNP. Significance lines for Bonferroni correction and for an FDR
of 10 and 15% are also plotted.
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Figure 3S. Plot of % BALF neutrophils for the significant SNPs either in or near a candidate

gene by strain, allele and treatment group illustrating allele distribution patterns.
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Abstract

Concerns have been raised over potential occupational exposure to engineered
nanomaterials (ENMs). Potential impacts on lung function from inhalation exposures are of
particular concern as the lung has proven to be a sensitive ENM target in animal studies.
Emerging epidemiological data also suggest that occupational exposure to ENMs may impact
respiratory and cardiovascular health. Quantum dots (QDs) are a type of ENM with
outstanding semiconductor and fluorescent properties and thus have the potential for
widespread use in biomedical research and in electronics. QDs have been shown in rodent
models to induce inflammation and cytotoxicity. High dose exposures to QDs have been
shown to impact lung function, measured two weeks after exposure. However, effects of
mouse strain and the temporality of QD effects on lung function have not been established.
In this study we extend our previous research on the acute effects of QD exposure to
evaluate the impact on respiratory system mechanics in C57BL/6] and A/]J mice. We have
previously observed a greater initial inflammatory response to pulmonary QD exposure in
A/J mice compared to C57BL/6] mice. We hypothesized that A/J mice would also be more
sensitive to QD-induced acute effects on lung mechanics. Results from this study showed
that lung mechanics in A/J mice were impacted by QD exposure and that both strains

showed signs of QD-induced lung inflammation.
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Introduction

The manufacturing of engineered nanomaterial (ENMs) and ENM enabled products
has increased substantially in the last decade. However, data from rodent studies have
demonstrated that a variety of ENMs can induce lung inflammation and toxicity by inhalation
and other surrogate methods including intranasal and Intratracheal instillation, and
oropharyngeal aspiration (Ma-Hock et al. 2009; Ma-Hock et al. 2012; Ma-Hock et al. 2013;
McConnachie et al. 2013; Roberts et al. 2013; Seiffert et al. 2015; Silva et al. 2015;
Cartwright et al. 2016). Emerging epidemiological data suggests that occupational ENM
exposure can increase inflammatory cytokines in the respiratory tract (Cui 2013). Concerns
over potential ENM impact on lung function (Liao et al. 2014; Liou et al. 2015) are relevant
considering ENMs, including silver nanoparticles (AgNP) and single and multi-walled carbon
nanotubes (SWCNTs, MWCNTSs), have been shown to impact lung function in mice (Hsieh et
al. 2012; Wang et al. 2012; Seiffert et al. 2015; Botelho et al. 2016) and potentially
humans (Liao et al. 2014).

Quantum dots (QDs) are engineered semiconductor nanoparticles that are commonly
composed of either a Cadmium/Selenium (CdSe), Cd/Tellurium (CdTe), or CdSeTe core that
is surrounded by a Zinc/Sulfide (Zn/S) shell (Medintz et al. 2005). Additional outer coatings
are frequently added for functionalization of QDs for a specific application (Michalet et al.
2005; Azzazy et al. 2007). In vivo studies in rodents have shown that pulmonary exposure
to QDs can cause both acute and chronic inflammation characterized by neutrophil influx,
cytokine production, compromised alveolar/capillary barrier function, and granuloma
formation (Jacobsen et al. 2009; Ma-Hock et al. 2012; McConnachie et al. 2013; Roberts et
al. 2013; Scoville et al. 2015). In some cases cytotoxicity and DNA damage were also
observed (Jacobsen et al. 2009; Roberts et al. 2013). Changes in coatings have been shown
to modify the toxic and inflammatory potential of QDs (Ma-Hock et al. 2013; Roberts et al.

2013). Furthermore, QDs have been shown to cause changes in lung mechanics when
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measured 17 days after intratracheal installation of a high dose of QDs (Ho et al. 2013).
However, the ability for QDs to impact lung mechanics in the acute setting has not been
evaluated. The role of mouse strain has also not been evaluated for ENM effects on lung
mechanics.

In this study, we sought to determine whether pulmonary exposure to QDs elicits
changes in mouse lung mechanics in the acute setting and, if so, whether such effects
would be influenced by mouse strain. We used forced oscillation techniques, thought to
currently be the most accurate method for measuring mouse lung mechanics (Irvin and
Bates 2003; Vanoirbeek et al. 2010). Since there is some concern over occupational health
effects of ENM exposure, such as aggravation of asthma, and some ENMs have been shown
to enhance models of allergic airway disease in mice, we used a methacholine challenge to
assess airway hyperresponsiveness (AHR) (Hargreave et al. 1981; Postma and Kerstjens
1998; Nygaard et al. 2009; Golan et al. 2012; Brandenberger et al. 2013; Jonasson et al.
2013; Roy et al. 2013).

We have previously observed that C57BL6/] were more resistant than A/J mice to
acute QD-induced lung inflammation (Scoville et al. 2015), and thus used these mouse
strains to test the hypotheses that 1) QDs negatively impact mouse mechanics and 2) that
responses are more pronounced in A/J mice. Results from this study showed that QDs
induced lung inflammation in both C57L/6] and A/J mice and that A/J mice were more
susceptible to the impact of QDs on lung mechanics. These mouse strain differences suggest
that the potential for similar ENMs to affect lung function in humans could be influenced by

an individual’s genetics.

Materials and Methods

Ethics Statement
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All procedures were approved by the University of Washington Institutional Animal

Care and Use Committee (IACUC) on protocol #2384-08.

Animal Housing and Dosing

C57BL/6] and A/J mice (n=9 for QD and Saline groups for both strains) were ordered
from Jackson Laboratories (Bar Harbor, ME) and housed in an Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-approved vivarium under modified
specific pathogen free (SPF) at the University of Washington. Food and water were available
ad libitum during the 1-week acclimation period. Mice were dosed via oropharyngeal
aspiration (OPA) with either 6 ug Cd equivalents/kg body weight of a 10 nM TOPO-PMAT QD

solution or an equivalent volume of sterile saline.

Pulmonary Function Testing

At 24 hours after dosing, QD or saline treated C57BL/6] or A/J mice (N=6 for each
category) were anesthetized with pentobarbital (90 mg/kg body weight), intubated via
tracheotomy with an 18 gauge Luer stub that was secured in the trachea with a suture. The
mice were then connected to a flexiVent 5.2 instrument (SCIREQ USA Inc., Tempe AZ).
After an injection of pancuronium (0.1 mL) to eliminate reflexes from the mouse for
breathing, pulmonary function was evaluated. The lungs were ventilated with a tidal volume
of 10 mL/kg, at a rate of 180 breaths/min, with a positive end expiratory pressure of 3 cm
H,O. Subsequently, a total lung capacity maneuver was performed at 30 cm H,0 and
baseline measurements were collected. To assess airway hyperresponsiveness, progressive
doses of nebulized methacholine (MTCH) (0, 3.125, 12.5, and 50 mg/mL) were delivered to
the lungs over 15 sec periods. At each dose of MTCH, a 3 sec multi-frequency forced
oscillation maneuver was applied for determination of total lung impedance followed by a
1.5 sec single frequency oscillation for determination of Resistance (R), Elastance (E), and

Compliance (C). Airway Resistance (Rn), Tissue Damping (G), and Tissue Elastance (H)
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were calculated by the flexiVent software by applying the Constant Phase Model to the
impedance measurement. Histerisivity (eta) is the ratio of G/H. Area under the curve was
calculated for individual mice for comparisons between strain and treatment groups

(Vanoirbeek et al. 2010).

Bronchoalveolar Lavage (BAL)

After pulmonary function testing, the animals were euthanized with an overdose of
pentobarbital and BAL was performed. Mice that did not undergo lung mechanics testing
were euthanized using CO; narcosis followed by cervical dislocation (N=3 for each
category). Three 1 mL lavages were performed on each mouse using phosphate buffered
saline (PBS). Aliquots of 100 uL from the 1% lavage were centrifuged onto microscope
slides using a Cytospin 3 (Shandon Life Sciences International Ltd., Cheshire, England);
these were later fixed and stained using Diff-Quik (Siemens - Thermo Fisher Scientific,
Waltham, MA). Remaining BALF was centrifuged at 500g for 10 min and cells from the 3
lavages were pooled for flow cytometry. Supernatant from the 1% lavage was frozen at -80°

C for measuring total protein and cytokines.

BALF Protein and Cytokine Analysis

BALF total protein was measured using the Bio-Rad Protein Assay (BioRad, Hercules,
CA). Protein concentrations were interpolated from a standard curve created using dilutions
of a BSA solution (0-0.35 mg/mL). BALF cytokines IFN-y, IL-5, IL-17A, IL-33, KC (CXCL1),
and IL-10 were measured in duplicate using a U-Plex assay (Meso Scale Discovery - Meso
Scale Diagnostics, Rockville, MD). Samples below the lower limit of detection (LLOD) were

replaced with the analyte-specific LLOD divided by the square root of 2.

Lung Tissue and Glutathione
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The right lung was flash frozen in liquid nitrogen for determination of glutathione
concentration, and the left lung was fixed in 10% Neutral Buffered Formalin (NBF) at 20 cm
H,O. Levels of total glutathione were measured as previously described (Weldy et al. 2011).
Briefly, glutathione in lung tissue samples and standards (0-0.25 mM) was reduced with
TCEP (tris(2-carboxyethyl) phosphine), and then derivatized with napthelene-2,3-
dicarboxaldehyde. Relative fluorescence intensity was measured for samples and standards.
Sample concentrations were interpolated from the GSH standard curve. Standards and
samples were analyzed in triplicate and samples were normalized to total protein levels in

the lung tissue sample measured using the Bradford method.

Flow Cytometry

Combined BALF cells were prepared and analyzed using flow cytometry as previously
described (Weldy et al. 2011; Scoville et al. 2015). Briefly, cells were stained with an
antibody cocktail containing a phycoerythrin conjugated primary antibody against Cd11b
(AbCam, Cambridge,MA), a biotinylated primary antibody/ streptavidin/AlexaFluor350
secondary antibody combination against Ly-6G/Ly-6C (Grl) (BioLegend, San Diego, CA),
and an Alexafluor 488 conjugated primary antibody against F4/80 (eBioscience, San Diego,

CA). Cells high in Cd11b and low in F4/80 fluorescence were classified as neutrophils.

Statistical Analysis

The data collected in this study were analyzed using Graphpad Prism (GraphPad
Software, La Jolla, CA) and R (R Core Team 2014). Area under the methacholine dose-
response curve was calculated for each animal, and a two-way analysis of variance (ANOVA)
was used to assess mouse strain and QD treatment effects. If QD treatment effects were
significant in the two-way ANOVA, post hoc t-tests were performed between saline and QD
treated mice in both mouse strains. Two-way ANOVA was also used to determine if there

were baseline differences in measures between mice that underwent lung mechanics testing
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and those that did not. We included all mice in the study in our assessment of QD effects on
% neutrophils in BALF and lung glutathione as lung mechanic testing did not affect %
neutrophils in BALF or lung glutathione in saline control mice. However, baseline differences
were observed with concentrations of total BALF protein. To allow for comparisons across
measurements, we only further evaluated levels of total protein from mice that underwent
lung mechanics testing. Cytokines were assessed in mice that underwent lung mechanics
testing and that represented high, moderate and low % neutrophils in BALF. Pearson’s
correlation coefficients between endpoints were calculated using r.corr function in the Hmisc
R package (Harrell et al. 2016). Data was managed in Microsoft Excel and R. Plots were

generated using ggplot2 (Wickham 2009) and corrplot (Wei and Simko 2016).

Results

Lung Mechanics

Similar to a study by Nolin et al., we used total lung resistance (R) as our measure of
AHR (Nolin et al. 2016). We observed that QD treatment and mouse strain significantly
affected AHR overall (Figure 1A). Total lung elastance (E) was significantly affected by QD
treatment overall but was not different between mouse strains (Figure 1B). Total lung
compliance (C) was significantly affected by mouse strain but not QD treatment (Figure 1C).
Airway resistance (Rn) was also significantly affected by mouse strain (Figure 1D). Tissue
damping (G) was significantly increased by QD treatment in A/J mice but not in C57BL/6]
mice (Figure 1E). Hysteresisivity (eta), the ratio of G/tissue elastance (H), was significantly

affected by mouse strain overall but not by QD treatment (Figure 1F).

BALF Neutrophils, Total Protein, and Cytokines
We observed that % neutrophils in BALF were significantly increased in QD treated

C57BL/6] and A/] mice compared to saline treated strain-matched controls (Figure 2 A). In
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order to characterize potential drivers of the acute QD inflammatory response, we measured
cytokines representative of Thl (IFN- y) and Th2 (IL-5, IL-33) immune responses as
C57BL/6] are thought to be more Th1l response prone and A/J mice are thought to be more
Th2 prone (Schroder et al. 2004; Sellers et al. 2011; Hallstrand et al. 2013). We also
measured IL-17, which has been associated with neutrophil recruitment (Choy et al. 2015).
IL-10, an anti-inflammatory cytokine, is released to prevent damage and is often increased
in concert with pro-inflammatory cytokines (Saraiva and O'Garra 2010). Levels of total
protein and IL-33 in BALF were not different between the two mouse strains or between
treatment groups (Figure 2 B-C). Levels of the neutrophil chemokine KC were significantly
increased in QD treated C57BL/6] mice compared to saline (Figure 2D). We also found a
significant association between levels of KC and BALF neutrophils (Figure 2E). IL-17, IFN-y,

IL-5 and IL-10 were undetectable in virtually all mice (data not shown).

Lung Glutathione

Levels of lung glutathione were significantly different between the two mouse strains
overall (Figure 3A). Additionally, we observed significant inverse correlations between total
lung glutathione levels and the lung mechanics measures R and G in QD treated mice

(Figure 3 B-C).

Discussion

In this study we investigated the impact of mouse strain and QD treatment on lung
mechanics. The results indicate that QDs can influence mouse lung mechanics in a strain
dependent manner. We observed that QD treatment significantly increased tissue damping
(G), and lung elastance (E) in A/J mice but not in C57BL/6] mice. We also found that AHR

was significantly affected by QD treatment and mouse strain. Other measures of lung
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mechanics (Airway resistance (Rn), Compliance (C), and hysteresivity (eta)) were
significantly affected by mouse strain, but not by QD treatment.

The results from measuring lung mechanics indicate that G and E are sensitive to QD
treatment. Lung elastance (E) captures the elastic recoil properties of the lung. Increases in
E were previously observed with silica nanoparticle instillation (Ferreira et al. 2013). Tissue
damping (G) (referred to as Gy by Tomioka) captures the dissipation of air pressure wave
energy into the lung tissues (Tomioka 2002). True parenchymal tissue resistance to airflow
(Ry) can be measured directly using alveolar capsules, and although G and Ry are not
directly comparable, both parameters were significantly affected in a mouse ovalbumin
(OVA) allergic airway model (Tomioka 2002). Furthermore, G was found to be a more
sensitive measure than Rn (referred to as Raw by Tokioka), highlighting the importance of
the peripheral lung tissue to overall lung response. In a review article referencing the same
OVA study by Tomioka it was suggested that changes in peripheral lung tissue and small
airways may be related to changes in lung secretions (Tomioka 2002; Irvin and Bates
2003). The effects of lipopolysaccharide (LPS) on mouse lung mechanics and pulmonary
surfactant have also been studied (Ingenito et al. 2001). Surfactant proteins are an
essential component of the alveolar lining fluid, where they act to reduce surface tension.
LPS was found to alter lung mechanics and change the expression and function of surfactant
proteins (Ingenito et al. 2001). The authors suggested that inflammation in the lungs could
damage surfactant proteins and lipids through neutrophil-derived proteases, reactive
oxygen species, and lipid inflammatory mediators (Ingenito et al. 2001). In the context of
these other studies that studied mouse lung mechanics and inflammation, we interpret our
findings as evidence that acute exposure to QDs can adversely impact peripheral lung tissue
mechanics and that A/J mice are more sensitive compared to C57BL/6]. A study comparing
Aspergillus fumigatus allergic inflammation and airway hyperresponsiveness between
C57BL/6] and BALB/c mice attributed resistance in C57BL/6] mice to increased levels of

surfactant protein D (Atochina et al. 2003). Interestingly, a study investigating MWCNT
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effects on lung mechanics in a non-allergic model found significant MWCNT associated
increases in G in C57BL/6] mice suggesting that susceptibility to ENM-induced changes in
lung mechanics are both particle and strain specific (Wang et al. 2011).

The observed inverse correlations of R and G with lung glutathione in QD treated
mice in our study are consistent with previous reports indicating that glutathione
supplementation improved LPS induced changes in lung mechanics and inflammation and
that glutathione mediates lung permeability associated with cigarette smoke and air
pollution PM;p, (Rahman and MacNee 1999; Sharma et al. 2011).

We also observed a QD-induced inflammatory response characterized by significantly
increased % neutrophils in BALF in both C57BL/6J and A/J mice and levels of KC in
C57BL/6] mice. This is interesting in the context of our previous study showing that
C57BL/6] did not exhibit QD associated significant increases in KC or in % neutrophils in
BALF 8 hr after QD exposure (Scoville et al. 2015). In contrast, A/J mice showed significant
increases in KC 8 hr after QD exposure, and, in a sensitivity analysis where potential
outliers were removed, significant increases in BALF neutrophils (Scoville et al. 2015). These
results suggest kinetics of QD-induced inflammatory response are also mouse strain
dependent. The inability to detect IL-5, IFN-y, IL-17, or IL-10 suggests that T-helper cells
were not major contributors in the acute QD-induced immune response and that this
response has not yet transitioned to the resolution phase. The relationship between %
neutrophils and BALF KC in this study was comparable to that observed previously at 8 hr
across all 8 Collaborative Cross founder strain mice (Scoville et al. 2015).

In conclusion, the results from this study suggest that QD effects on lung mechanics
are mouse strain dependent (with A/J mice being more affected than C57BL/6 mice), and
that peripheral lung tissue may be more sensitive to QDs than central airways. The
observation of mouse strain differences in QD-induced changes in lung mechanics suggest
that the potential for ENMs to affect lung function in humans could depend on genetics.

Observations of QD-induced lung inflammation in this study and in previous studies could
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have implications for predisposition to infection and other conditions. The results from this
study showing that QDs enhanced AHR in general warrant future studies to investigate the
impact of QDs on allergen-sensitized mice. Inverse associations between QD-induced AHR
and glutathione warrant future studies to further investigate the biochemical and

pathophysiological basis for this relationship.
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Figure 1. Lung Mechanics for QD and saline treated A/J and C57BL/6 mice plotted as mean

+ SEM on the y-axes with MTCH dose on the x-axis. *p<0.05 after Bonferroni correction.
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(D) in BALF for each mouse are shown overlaid on a box plot. *p<0.05 after Bonferroni
correction. Correlations are shown between % neutrophils and KC levels in BALF (E). The
linear regression line is plotted along with the r? and p-value of the association. *p<0.05

after Bonferroni correction.
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Abstract

Quantum dot nanoparticles (QDs) have utility in many industries including
electronics, biomedical research, and medicine due to their semi-conductor and fluorescent
properties. Evidence that pulmonary exposure to QDs induces acute lung inflammation and
toxicity in mice and rats raises concerns about potential human health risks. Recent studies
in mice showing that some ENMs can exacerbate allergic airway disease (AAD) suggest that
individuals with AAD and/or other respiratory conditions may be especially sensitive to ENM
exposure. However, QD enhancement of AAD and the potential for genetic background to
modulate ENM effects on AAD have not been evaluated.

In this study, C57BL/6] and A/] mice were exposed to either saline, house dust mite
(HDM), or a combination of HDM and QDs (7 nM QDs) on day 1 of the sensitization protocol.
Mice were challenged on days 8, 9 and 10 with HDM or saline only. On day 11, airway
hyperresponsiveness (AHR) was assessed, bronchoalveolar lavage (BAL) was performed,
and lung tissue was collected. BAL fluid (BALF) supernatants were frozen and BAL and lung
tissue cells were prepared for flow cytometry.

Significant changes in AHR related to HDM exposure or HDM+QD co-exposure were
not observed. However, significant differences in several cellular and molecular markers of
AAD induced by both HDM and HDM+QD were observed between C57BL/6] and A/J mice. In
addition, HDM+QD co-exposure in A/J mice significantly increased levels of BALF IL-17, IL-
33, and IL-10 compared to saline controls, whereas HDM exposure alone did not. BALF total
protein levels in both mouse strains were also only significantly increased by HDM+QD co-
exposure. We also found that A/J mice had significantly more lung type 2 innate lymphoid
(ILC2) cells than C57BL/6] mice. In A/J mice ILC2s were significantly inversely correlated
with lung glutathione and MHC-II"9" macrophages, and positively correlated with dendritic
cells and MHC-II'" resident macrophages.

The results from this study suggest that 1) QDs influence HDM-induced AAD by
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potentiating and/or enhancing cytokine production; 2) that genetic background likely
modulates the impact of QDs on HDM sensitization; and 3) that potential ILC2 contributions

to HDM induced AAD are also likely to be modulated by genetic background.
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Introduction

Quantum dot nanoparticles (QDs) are engineered nanomaterials (ENMs) with
intriguing semiconductor and fluorescent properties including narrow emission spectra that
can be modified by changing the size and composition of the particle core (Medintz et al.
2005). In this regard, QDs have promising applications in research, biomedical, and
electronics industries (Wu et al. 2003; Kim et al. 2004; Hu et al. 2010; Jung et al. 2012).
However, QDs and other ENMs have been shown to cause lung inflammation and toxicity in
mice and rats following pulmonary exposures by inhalation and other surrogate methods
including intranasal and intratracheal instillation and oropharyngeal aspiration (Ma-Hock et
al. 2009; Wang et al. 2011; Ma-Hock et al. 2012; McConnachie et al. 2013; Roberts et al.
2013; Scoville et al. 2015; Seiffert et al. 2015; Silva et al. 2015; Cartwright et al. 2016).
There is also emerging evidence that occupational exposures to ENMs may increase the risk
of adverse respiratory and cardiovascular outcomes in humans (Cui 2013; Liao et al. 2014).

Currently, approximately 8% of people in the US are estimated to suffer from
asthma, which is commonly characterized by chronic type 2 T-helper (Th2) cell associated
airway inflammation and hyperresponsiveness (Kim and Mazza 2011; CDC 2017). Increased
eosinophils and Th2 cell related cytokines including IL-4, IL-5, and IL-13 are common in
asthma related airway inflammation (Choy et al. 2015). Type 2 innate lymphoid cells
(ILC2s), which are negative for lymphoid lineage markers, have recently been identified as
an additional source of traditional Th2 cytokines (Licona-Limon et al. 2013; Doherty and
Broide 2015). ILC2s are regulated in part by IL-33 from epithelial cells, and have been
suggested to be contributors to asthma (Hallstrand et al. 2013; Drake and Kita 2014).
Neutrophils, which can be recruited by IL-17 via CXCL1/KC induction, are also elevated in
many asthma cases (Choy et al. 2015; Lambrecht and Hammad 2015). Allergens and other
environmental exposures are common triggers for asthma attacks (Kim and Mazza 2011).

Furthermore, low glutathione levels have been shown to polarize the immune response to
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antigen exposure in the Th2 direction and reduce type 1 T-helper cell (Th1l) cytokine
production (Peterson et al. 1998; Kim et al. 2007).

Recent studies using mouse models of allergic airway disease (AAD) suggest that
some engineered nanomaterials (ENMs) including silica, titanium and zinc oxide
nanoparticles, and carbon nanotubes, can enhance sensitization to allergens. Most studies
have used the murine allergen ovalbumin (OVA) and have either tested the adjuvant
potential of ENMs in place of a traditional adjuvant (such as alum), or tested the ability for
ENMs to augment OVA challenge induced immune responses (Nygaard et al. 2009;
Brandenberger et al. 2013; Jonasson et al. 2013; Roy et al. 2013). A few studies have used
house dust mite extract (HDM), which is a murine and human allergen (Gregory and Lloyd
2011; Piyadasa et al. 2016). HDM does not require an additional adjuvant so these studies
have either examined the impact of ENMs on existing AAD or examined whether co-
exposure enhances sensitization resulting in more severe responses (Cates et al. 2004;
Ronzani et al. 2014; Shipkowski et al. 2015). However, the potential of QDs to impact
allergic sensitization in mice has not been evaluated. Genetic background, which can
modulate susceptibility to QD-induced acute lung inflammation, has yet to be explored in
the context of ENM enhancement of allergic sensitization (Scoville et al. 2015).

In this study, we tested the hypotheses that pulmonary exposure to QDs enhances
allergic sensitization to HDM, and that genetic background is a modulator of these
enhancement effects. We also sought to explore the effect of HDM and QDs on glutathione
levels. We used C57BL/6] and A/] mice because these two strains have genetically distinct
responses to QDs, as A/J mice 1) have been shown to be less susceptible than A/J mice to
QD-induced acute lung inflammation (Scoville et al. 2015), and 2) have naturally higher
levels of lung glutathione.

Mice were sensitized to either HDM, HDM + QDs, or saline using oropharyngeal
aspiration. After 1 week, mice were challenged once a day for 3 consecutive days with

either HDM (HDM and HDM+QD sensitized mice) or saline. On the day following the final
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challenge, AHR was assessed and bronchoalveolar lavage was performed to enumerate
eosinophils, neutrophils, other leukocyte populations, cytokines, and BALF protein as a
measure of lung epithelial/vascular barrier function. We also quantified ILC2s and measured
glutathione in lung tissue.

We found that HDM+QD co-exposure during sensitization elevated levels of cytokines
that were not significantly increased by HDM sensitization alone and that this response was
strain specific. Significant increases in total BALF protein in both strains were also
significantly increased with HDM+QD co-exposure during sensitization but not by HDM
alone. Sensitization to both HDM alone and HDM+QD co-exposure during sensitization
increased multiple BALF CD45+ subpopulations and lung ILC2s in a strain specific manner.
Associations with glutathione, ILC2s, and multiple leukocyte populations were also strain
dependent. To our knowledge, this is the first study to enumerate lung ILC2s in A/J mice
and compare them across different mouse strains. The results from this study suggest that
QDs may affect sensitization to HDM in a strain dependent manner by enhancing cytokine
production, and that ILC2s contributions to these phenotypes are also likely strain

dependent.

Methods

Mice and Sensitization

All procedures were approved by the University of Washington Institutional Animal
Care and Use Committee (IACUC) on protocol # 2384-08. Seven-week old male C57BL/6]
and A/J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were
housed either 2 or 3 mice per cage in a specific pathogen free (SPF) vivarium at the
University of Washington and acclimated for a week prior to sensitization. Mice were on a 12
hr light/dark cycle and food and water were available ad libitum. Groups of 6 mice from

each strain were anesthetized with Isoflurane (4%, 2L/min O, flow rate) and either
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sensitized on Day 0 to 50 pL of saline, 0.2 pg/t L HDM (Greer Laboratories, Lenoir NC -
lot# 27533) in saline (100 ug HDM), or co-exposed to HDM+QDs (100 ug HDM + 140 ng Cd
equivalents of QDs) using oropharyngeal aspiration (OPA). On Days 8, 9, and 10, mice
dosed on day 1 with saline were challenged with 50 uL saline and HDM and HDM+QD
exposed mice received 50 pL of 0.5 pg/t L (25 ug HDM) via OPA. One C57BL/6] HDM
treated mouse was euthanized after day 8 OPA due to behavioral signs of distress.
However, given that no other mice from any of the treatment groups showed any signs of
distress after multiple OPA exposures, the distress in the euthanized C57BL/6] mouse was
not considered HDM related. The dose of QDs in this study is virtually the same as that

which C57BL/6] and A/J mice received in our previous studies (Scoville et al. 2015).

Quantum Dots

QDs used in this study were synthesized and characterized in the laboratory of Dr.
Xiaohu Gao in the Department of Bioengineering at the University of Washington as
previously described (Pellegrino et al. 2004; Bagalkot and Gao 2011; McConnachie et al.
2012; McConnachie et al. 2013). The QDs are composed of a Cadmium/Selenium core and a
Zinc Sulfide shell, with an outer amphiphilic polymer coating of tri-n-octylphosphine oxide,

poly(maleic anhydride-alt-1-tetradecene (TOPO-PMAT).

Lung Mechanics

On Day 11, mice were anesthetized with pentobarbital (90 mg/kg body weight) and
intubated via tracheotomy with an 18 gauge Luer stub secured in the trachea with a suture.
The mice were then ventilated using a flexiVent apparatus (SCIREQ Inc., Montreal, QC,
Canada) to assess lung function. After an injection of pancuronium (0.1 mL) to eliminate
breathing reflexes, pulmonary function was evaluated. The lungs were ventilated with a tidal
volume of 10 mL/kg, at a rate of 180 breaths/minute, with a positive end expiratory

pressure of 3 cm H,0O. After a total lung capacity maneuver was performed at 30 cm H-,0,
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baseline measurements were collected. In order to assess airway hyper-reactivity,
progressive doses of nebulized methacholine (0, 3.125, 12.5, and 50 mg/mL) were
delivered to the lungs. At each dose of methacholine (MTCH), a 3 second multi-frequency
forced oscillation maneuver was applied for determination of total lung impedance followed
by a 1.5 sec single frequency oscillation for determination of Resistance (R), Elastance (E),
and Compliance (C). Airway Resistance (Rn), Tissue Damping (G), and Tissue Elastance (H)
were calculated by the flexiVent software by applying the Constant Phase model to the
impedance measurement. Area under the curve was calculated for each animal to allow for

strain and treatment comparisons (Vanoirbeek et al. 2010).

Bronchoalveolar Lavage (BAL)

Three lavages were performed in each mouse using 1 mL phosphate buffered saline
(PBS). Cells were collected by centrifugation of the recovered BAL fluid (BALF) at 300g for 5
min at 4°C. The supernatant from the 1% lavage in each mouse was stored at -80°C for
measuring total BALF protein and cytokines. Cells from all three lavages were combined in
500 puL RPMI media with 10% fetal bovine serum (FBS) and counted using a Cellometer
Auto 2000 (Nexcelom Bioscience, Lawrence, MA). Aliquots of BAL cells (20,000 cells/slide)
were centrifuged at 750 RPM for 5 min using a Cytopro model 7620 cytocentrifuge (Wescor
Inc., Logan, UT) and later stained with Diff-Quik (Siemens - Thermo Fisher Scientific,

Waltham, MA).

Lung Tissue Collection and Processing

Following lavage, the lungs were perfused with HBSS and right superior and inferior
lobes were collected and placed on ice in RPMI medium with 10% FBS. After removal of
medium, lung tissue was minced with scissors. A small portion was frozen for future protein
analysis and another was placed into Trizol (Invitrogen, Carlsbad, CA) and frozen for future

mMRNA extraction. Digestion media (RPMI, 5% FBS, 0.5 mg/mL Liberase (Roche,
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Indianapolis, IN), 40 U/ml DNase 1 (Qiagen, Germantown, MD) was added to the remaining
minced lung tissue. Following a 30 min incubation at 37°C, the digested lung solution was
filtered through a 40 pm filter (Corning-Falcon, Corning Inc., Corning, NY) to obtain a
single-cell suspension. The accessory and middle right lobes were flash frozen for

measurement of glutathione.

Multi-Color Flow Cytometry for BALF Cell Differentials

BALF single cell suspensions were stained for enumeration of inflammatory cell populations
as previously described (Nolin et al. 2016). Briefly, cells were blocked using Fc block (BD
Biosciences, San Jose, CA). BALF cells were then labeled with an anti-mouse antibody
cocktail (CD45-APC/Cy7', CD3-PerCP-Cy5.5%, MHC-II -BV6053, SiglecF-PE3, Cd11c-FITC?,
and Gr1-APC? -- !Biolegend, San Diego, CA 2eBiosciences, San Diego, CA 3BD Biosciences,
San Jose, CA). Cells were then incubated with eFluor 450 fixable viability dye (eBioscience).
Single stained controls used for color compensation were obtained using ArC amine reactive
beads (Thermo-Fisher, Waltham, MA) and viability single stained control was obtained using
OneComp eBeads (eBioscience). Stained cells were analyzed using a FACS LSR II flow
cytometer (Becton Dickinson Instrument Systems, Franklin Lakes, NJ) and gating and

compensation were performed using FlowJo software (TreeStar, Ashland, OR).

Multi-Color Flow Cytometry for Lung ILC2s

For detection of ILC2s, lung single cell suspensions were labeled with an anti-mouse
antibody cocktail (Mouse Hematopoietic Lineage FITC Cocktail (CD3, CD45R/B220, CD11b,
Ter119, Gr-1), CD45 (AlexaFluor 7002 or APC/Cy7'), CD90.2 (APC?), CD25(BV421'), and
ST2 (PE®) -- 'Biolegend, San Diego, CA 2eBiosciences, San Diego, CA *MD Biosciences, St
Paul, MN). Cells were blocked with Fc Block (BD Bioscience) and subsequently incubated
with the primary antibody cocktail for 30 min at 4°C in the dark. After washing, cells were

then resuspended in PBS containing eFluor 455UV fixable viability dye (eBioscience) and
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incubated for 15 min at 4°C in the dark. Cells were then fixed in 10% NBF and stored at 4°C
in MACS buffer until analyzed via flow cytometry. ArC amine reactive beads and OneComp
eBeads were used for single stain compensation controls as described above. Fluorescence
minus one (FMO) controls for CD90.2, CD25, and ST2 were also used for compensation. All
FMOs contained the lineage cocktail and the CD45 antibody with the omission of only
CD90.2, CD25 or ST2 to allow for accurate gating. All samples were analyzed using a BD
FACS LSR II flow cytometer and subsequent gating and compensation were performed using

FlowJo.

BALF Total Protein and Cytokine Analysis

Total protein levels in BALF were measured in triplicate using the Bio-Rad Protein
Assay (BioRad, Hercules, CA) according to manufacturer’s instructions. Absorbance was
read at 590 nm using a SpectraMax 190 spectrophotometric plate reader (Molecular
Devices, Sunnyvale, CA). Protein concentrations were interpolated from a standard curve
created using dilutions of a BSA solution (0-0.35 mg/mL). BALF cytokines IFN-y, IL-5, IL-
17A, IL-33, KC, and IL-10 were measured in duplicate using a U-Plex assay (Meso Scale
Discovery - Meso Scale Diagnostics, Rockville, MD). Samples below the lower limit of
detection (LLOD) were replaced with the analyte specific LLOD divided by the square root of

2.

Lung Total Glutathione

Approximately 20-40 mg of lung tissue was homogenized in 400 yL of TES/SB buffer
(TES/SB (20 mM Tris, pH 7.4, 1 mM EDTA, 250 mM sucrose, 20 mM serine, and 1 mM boric
acid with 10 pL/mL protease inhibitor (Roche, Indianapolis, IN)) using 5 mm steel beads
(Qiagen, Germantown, MD) in a 2 mL micro-tube for 5 min at 50 Hz using a TissuelLyser
(Qiagen). Levels of glutathione were measured as previously described (Weldy et al. 2011).

Briefly, glutathione in lung tissue samples and standards (0-0.25 mM) was reduced with
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TCEP (tris(2-carboxyethyl) phosphine), and then derivatized with napthelene-2,3-
dicarboxaldehyde. Relative fluorescence intensity was measured for samples and standards.
Sample concentrations were interpolated from the GSH standard curve. Standards and
samples were analyzed in triplicate and samples were normalized to total protein levels in

the lung tissue sample measured using the Bradford method.

Statistical Analysis

Differences between strains and treatment groups were analyzed using two-way
ANOVA on log transformed data. If a significant QD treatment effect was seen using two-
way ANOVA then a one-way ANOVA was performed in each strain and post-hoc comparisons
were made using Tukey’s HSD test. Pearson’s correlation coefficients between endpoints
were calculated using r.corr function in the Hmisc R package (Harrell et al. 2016). Data was
managed in Microsoft Excel and R. All analyses were done using R and plots were generated

using ggplot2 (Wickham 2009) and corrplot (Wei and Simko 2016).

Results

AHR and Lung Permeability

Similar to Nolin et al. (Nolin et al. 2016), AHR was assessed using total lung
resistance (R) (Figure 1A). AHR, defined here as an increase in R in HDM sensitized or
HDM+QD co-exposed mice compared to saline treated mice, was not observed. However,
A/]J mice were observed to be significantly more responsive to MTCH than C57BL/6] mice.
While our main focus was on AHR, differences in other lung mechanics measures were also
observed between the C57BL/6] and A/J mice. A/] mice were observed to have significant
increases in tissue elastance (H) in HDM sensitized and HDM+ QD co-exposed mice
although there was not a significant difference between HDM and HDM+QD exposures

(Figure S1). In A/]J mice, hysteresivity (eta) was significantly decreased in HDM sensitized
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compared to saline treated mice (Figure S1). Lung permeability was assessed by measuring
total protein levels in BALF (Figure 1B). Significant increases in total BALF protein were
observed in HDM+QD co-exposed C57BL/6] and A/J mice but not in mice exposed to HDM
alone. In C57BL/6] mice, a weak but significant association between levels of BALF protein

and R were observed (Figure 1C).

BALF Inflammatory Cells

To characterize lung inflammatory cells, multiple CD45+ BALF cell populations were
enumerated using flow cytometry (Figure 2). Total CD45+ cells, T-cells, eosinophils,
granulocytes, and neutrophils, were all significantly induced by HDM sensitization and
HDM+QD co-exposure in both C57BL/6J and A/J mice (Figure 2 A, E, F-H). MHC-II"9"
resident macrophages and dendritic cells were only significantly induced by HDM

sensitization and HDM+QD co-exposure in C57BL/6] mice (Figures 2B and 2C).

BALF Cytokines

To further characterize HDM and QD+HDM-induced inflammatory responses, BALF
cytokines IL-5, IL-33, IFN-y, IL-17, IL-10, and KC were measured using a MSD U-plex assay
(Figure 3). IL-17, IL-10, and IL-33, and in A/J mice were significantly induced by HDM+QD
co-exposure but not by HDM alone (Figure 3A-C). IL-5 and KC were significantly induced by
both HDM and HDM+QD co-exposure in both C57BL/6] and A/J mice (Figure 3D and 3E).
IFN-y was detectable in HDM sensitized and QD+HDM co-exposed C57BL/6] mice but was
undetectable in A/J mice (Figure 3F). Significant positive associations were observed

between total lung resistance (R) and KC and IL-33 in C57BL/6] mice (Figure 3 G and H).

Lung ILC2 cells

ILC2 cells are recently identified lymphoid cells that lack traditional lineage markers. ILC2s
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are thought to be innate sources of Th2 cytokines, and may contribute to allergic
inflammation (Doherty and Broide 2015). ILC2 cells were identified by gating for CD45+,
CD90.2+ CD25+ and ST2+ (IL-33 receptor). While neither HDM or HDM+QD co-exposure
changed numbers of ILC2 cells, A/J mice were observed to have significantly more lung
ILC2 cells than C57BL/6] mice (Figure 4A). In A/J mice, a significant positive association
was observed between ILC2 cells and MHC-II'" resident macrophages (Figure 4B). An
inverse association was observed between ILC2 cells and MHC-II"9" resident macrophages

in A/J mice (Figure 4C).

Lung Glutathione

Glutathione is essential for redox homeostasis and redox status has been associated
with immune response polarization. We measured total lung glutathione using derivatization
with 2,3-naphthalenedicarboxaldehyde. No significant differences among saline, HDM
sensitized or HDM+QD co-exposed mice in either strain were found (Figure 5A). However,
significant inverse associations between levels of glutathione and lung ILC2 cells and MHC-II

low resident macrophages were observed in A/J mice (Figure 5 B, C).

Discussion

While recent studies have shown that some ENMs can enhance allergic sensitization
in mouse models of AAD, the potential for QDs to act in a similar manner has not been
evaluated. Genetic background as a susceptibility factor to ENM enhancement of allergic
sensitization has also not yet been explored. Thus, in this study we sensitized C57BL/6] and
A/J mice to the murine and human allergen HDM and HDM + QDs to test the hypotheses
that QDs would enhance allergic sensitization to HDM and that genetic background would
modulate susceptibility.

While AHR was not observed, we did find significant increases in BALF eosinophils
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and IL-5 in HDM sensitized mice of both strains, indicative of Th2 airway inflammation.
Levels of IL-5, eosinophils and neutrophils in BALF in mice from our study were comparable
to levels in another recent study investigating HDM sensitization in BALB/c mice (Piyadasa
et al. 2016). While not significant, there is a suggestion that levels of lung resistance R may
be increased by HDM sensitization in C57BL/6] mice, and levels of total protein, IL-33 and
KC in C57BL/6] mice were significantly correlated with R. This may suggest that in addition
to IL-33, which is known to contribute to AHR, lung permeability, and KC are also
contributing to total lung resistance (R) in C57BL/6] mice (Barlow et al. 2013).
Interestingly, we found that levels of total protein in BALF were significantly elevated
in mice from both mouse strains co-exposed to HDM+QD during sensitization but not in
mice sensitized to HDM alone, suggesting that QDs may have enhanced HDM effects on lung
permeability. Furthermore, in A/J mice, BALF cytokines IL-17, IL-33, and IL-10 were
significantly increased by HDM+ QD co-exposure during sensitization but not with HDM
alone, suggesting that QDs may enhance the HDM cytokine response in a strain dependent
manner. While levels of IL-17 appear higher in C57BL/6] mice, high variability in both HDM
sensitized and HDM+QD sensitized mice lead to a lack of statistical significance. The
scenario is similar for IL-33. Levels of IL-5 and KC were significantly increased in HDM
sensitized and HDM+QD co-exposed mice in both mouse strains. IL-10 was significantly
increased by sensitization to HDM and HDM+QDs in C57BL/6] mice. IFN-y was detectable in
HDM sensitized and HDM+QD co-exposed C57BL/6] mice whereas it was undetectable in all
A/]J mice. Collectively, the cytokine data suggest that both strains mounted a Th2 response
to HDM (IL-5). It also suggests that HDM+QD co-exposure potentiated a Th17 response (IL-
17) in A/J mice in the absence of a significant increase with HDM alone. Silica nanoparticles
have also been shown to induce IL-17 in a different Th2 prone mouse strain (BALB/c)
compared to allergen alone (Sellers et al. 2011; Brandenberger et al. 2013). Detectable
levels of IFN-y in HDM-sensitized and HDM+QD co-exposed C57BL/6] mice, although not

significantly different from saline mice where IFN-y was not detected, suggests a potential
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low-grade C57BL/6] specific Thl response. This would be consistent with C57BL/6] mice
being more prone to Thl immune responses than A/J mice (Sellers et al. 2011). The
significant increases in the anti-inflammatory cytokine IL-10 in HDM-sensitized C57BL/6]
mice and QD-HDM co-exposed C57BL/6] and A/J mice suggests that both strains are
attempting to keep inflammatory responses in check (Saraiva and O'Garra 2010).

We also found that A/J mice have significantly higher numbers of lung ILC2 cells
overall than C57BL/6] mice. In A/J mice, levels of ILC2s were significantly positively
correlated with levels of MHC-II'" resident macrophages and inversely correlated with levels
of MHC-II"9" resident macrophages and total MHC-II"9" cells. The direction of these
correlations between ILC2s and macrophages are consistent with evidence that ILC2s play a
role in supporting M2 macrophages and with current thinking that increased expression of
MHC-II is associated with macrophages in the M2 state, and the opposite for M1
macrophages (Bouchery et al. 2015; Chavez-Galan et al. 2015). While we did not see
significant differences between treatment groups in ILC2s, to our knowledge this is the first
study to enumerate ILC2s in A/J mice and compare their numbers across different mouse
strains.

Although we did not observe any significant differences in glutathione levels across
treatment groups, or between mouse strains, a significant inverse correlation was observed
between lung glutathione levels and ILC2s in A/J mice. Glutathione levels were also
inversely correlated in A/J mice with MHC-II low resident macrophages. Both correlations
are in keeping with previous studies showing that lower glutathione levels are associated
with altered Thl and Th2 immune responses (Peterson et al. 1998; Chan et al. 2006; Kim et
al. 2007).

In conclusion, the results from this study suggest that 1) QDs influence HDM induced
AAD by potentiating and/or enhancing cytokine production; 2) that genetic background
likely modulates the impact of QDs on HDM sensitization; and 3) that potential ILC2

contributions to HDM induced AAD are also likely to be modulated by genetic background.
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Future studies are needed to further elucidate the influence of ILC2s and to formally

evaluate the role of glutathione in HDM induced AAD.
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Figure 1. Levels of R in different strain and treatment groups are shown as means £ SEM

(A). Concentrations of total BALF protein for each mouse are shown overlaid on a box plot

(B). Correlations of R and total BALF protein (C). The linear regression line is plotted along

with the r? and p-value of the association (C). *q<0.05 from Tukey’s HSD test.
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macrophages (K) for each mouse are shown overlaid on a box plot. *q<0.05 from Tukey's

HSD test.
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Figure 3. Concentrations of BALF IL-17 (A), II-10 (B), IL-33 (C), IL-5 (D), KC (E) and IFN-y

(F) for each mouse are shown overlaid on a box plot (A-F). Correlations of R and IL-33 (G)

and KC (H). The linear regression line is plotted along with the r*> and p-value of the

association. *q<0.05 from Tukey’s HSD test.
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Figure S1. Additional measures of lung mechanics in saline, HDM-sensitized, and HDM+QD

co-exposed C57BL/6] and A/J mice.
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Chapter 7
Conclusions and Future Directions

David K. Scoville

The nanotechnology industry continues to grow as does the number of engineered
nanomaterial-enabled products. Quantum dots (QDs) are ENMs often consisting of a
cadmium and selenium core (CdSe) and a zinc sulfide shell (ZnS). Additional coatings are
frequently added for stability and added function. QDs have useful fluorescent and
semiconductor properties that have made them valuable in biomedical research and in the
electronics industries. QDs have been shown to induce lung inflammation and cytotoxicity
following pulmonary exposures in mice and rats. QD coating has been shown to modulate
toxicity. Silver nanoparticles (AgNPs) are made from silver atoms but often contain other
metals such as gold and can also be coated with additional materials for stability and
function. AgNPs have been incorporated into numerous consumer products ranging from
socks to toothbrushes and were identified by the NIEHS Centers for Nanotechnology Health
Implications Research Consortium (NCNHIR) for inter-laboratory in vitro and in vivo toxicity
testing. AgNPs have also been shown to induce lung inflammation and cytotoxicity in
particle size, and coating dependent manner. AgNPs have been shown to negatively impact
lung mechanics in rats. However, the role of genetic background in modulating toxicity has
not been evaluated for QDs and in a limited capacity for AgNPs. The work in my dissertation
focused primarily on evaluating the role of genetic background in modulating susceptibility
for QD- and AgNP- induce lung inflammation and toxicity using multi-strain mouse models.
The Collaborative Cross (CC) has focused on creating a genetically diverse recombinant
inbred (RI) mouse panel for systems level genetics studies for over a decade. The basis of
the CC are the 8 founder mouse strains that collectively capture more than 90% of known
mouse genetic variability in M. Musculus. Chapter 2 discussed our work evaluating QD-

induced acute lung inflammation across the 8 founder strains to robustly investigate the role
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of genetic background. We found significant variation in QD-induced levels of BALF
neutrophils and inflammatory cytokines. We identified that NOD/ShiLt] and NZO/Lt] mice
had significant increases in BALF neutrophils and that A/J mice had significant increases in
cytokines KC, MIP-1a, MIP-1y, and G-CSF. In a sensitivity analysis where potential outliers
were removed, A/J mice were found to also have increased levels of BALF neutrophils. We
also found that KC and MIP-1a were the two most strongly correlated cytokines with BALF
neutrophils. In conclusion, we determined that NOD/ShiLt] and NZO/Lt] mice and A/J mice
were susceptible strains; that C57BL/6 was the least sensitive strain; and that the observed
significant inter-strain variability in susceptibility warranted future studies to identify specific
QD-induced inflammation genetic susceptibility loci. In addition, potential future work could
include testing C57BL/6 - C3H F; hypbrids (B6C3F1) mice, the test mouse strain for the
National Toxicology Program, for their sensitivity to QD-induced lung inflammation.
Determining where they rank in susceptibility among (or potentially outside) the CC founder
strains would provide insight as to how protective potential risk estimates using data from

B6C3F1 mice would be.

Building on results and recommendations from Chapter 2, Chapter 3 discussed our work
further assessing the role of genetic background in QD-induced lung inflammation and
toxicity across 12 CC RI mouse strains in collaboration with researchers at the University of
North Carolina. As we had already established significant inter-strain variability across the
CC founder strains in Chapter 2, the study discussed in Chapter 3 was designed to use GWA
mapping to identify candidate genes and pathways in quantitative trait loci (QTLS)
associated with QD-induced lung inflammation using replicate QD and saline treated mice
from each strain. We found that % neutrophils in BALF, and levels of KC and total protein
differed significantly between QD and saline treated mice overall and across the 12 CC RI
mouse strains. We also found that levels of total protein in BALF exceeded the range of the

CC founder strains. Using the EMMA R package, with individual mouse values for the three
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phenotypes and QD treatment as a co-variate, we performed GWA mapping for levels of
protein in BALF as our primary QD-induced lung inflammation phenotype using ~110K SNPs
from the GigaMuga genotyping array. After Bonferroni correction we found 177 significant
SNPs in broad QTL peaks on chromosomes 1,2,3, 4, 9, and 12, and individual SNPs on
chromosome 6 and the X chromosome. Pathway analysis using Ingenuity Pathway Analysis
(IPA) was performed with a list of over 300 genes from regions identified using the SNPs
from chromosomes 1, 2, 3, 4, 9, and 12. IPA identified the visual cycle and nucleotide
excision repair as the two most significantly enriched canonical pathways. The visual cycle
genes from our list are involved with retinol/retinoic acid metabolism, while the NER
pathway genes are involved with DNA damage surveillance and repair. Pathway analysis
suggests that CC RI strains may be differentially susceptible to potentuial QD effects on
retinol/retinoic acid metabolism and DNA damage. Even though this analysis would be
greatly strengthened with transcriptomic data, which would allow for the determination of
SNP effects on gene expression using expression QTL (eQTL) mapping, these results
warrant future work characterizing potential QD effects on retinol/retinoic acid metabolism
and DNA damage/repair. Assessing QD-induced lung inflammation in additional RI strains
and eQTL mapping would likely provide the opportunity to narrow the list of candidate

genes, which would be helpful for prioritizing future validation studies.

Differential AgNP-induced pulmonary inflammatory responses have been observed among
inbred rat strains suggesting a role for genetic background in modulating AgNP-induced lung
inflammation and toxicity. Chapter 4 discussed our work assessing AgNP induced lung
inflammation across the CC founders and in additional inbred mouse strains in collaboration
with researchers at NYU with the goal of GWA mapping to identify candidate susceptibility
genes and pathways. We used % neutrophils in BALF as our phenotype for GWA mapping
since we observed a large range of responses across 25 mouse strains in QD treated mice

(0 in SWR/J to over 60% in BALB/c). We found 10 significant SNPs using a false discovery
162



rate (FDR) approach to adjust for multiple comparisons, an issue when testing 65K SNPs.
Analysis of the SNP locations revealed that 2 of the 10 significant SNPs were located in
Nedd4!l on mouse chromosome 18 and that another 2 were located very close to Nedd4/.
Nedd4l is ubiquitin ligase that can negatively regulate the levels of ENAC, a sodium channel
located on the apical surface of epithelial cells in the lung and elsewhere. Mice that over-
express Enac develop severe lung inflammation, as do mice lacking the Nedd4/ gene. We
also found significant SNPs in Ano6 on mouse chromosome 15 and in Rnf220 on mouse
chromosome 4. Ano6 is transmembrane protein with phospholipid scrambling activity and is
thought to have ion-channel activity as well. Over-expression of Ano6 in HEK293 cells has
been shown to increase phosphatidylserine (PS) on the extracellular side of the cell
membrane, which is a signal for apoptosis/efferocytosis. Reduced expression of Ano6 could
potentially result it reduced efferocytosis of lung inflammatory cells, possibly resulting in a
lung that is more prone to inflammation. Rnf220 is also a ubiquitin ligase thought to
stabilize B-catenin in complex with another protein and therefore enhance canonical Wnt
signaling, which has been shown to reduce LPS-induced inflammation. We found inverse
associations in mRNA expression of all three of the aforementioned genes and %
neutrophils in BALF across 4 mouse strains representing high, moderate, and low
responders. Future work is needed, either through genetic or pharmacological manipulation,
to further explore the role of these candidate genes in modulating susceptibility to AgNP-

induced lung inflammation and toxicity.

ENMs including MWCNTs have been shown to have detrimental effects on mouse lung
mechanics and concerns exist regarding the potential for occupational ENM exposure to
impact worker lung function. Chapter 5 discussed our work investigating the impact of QDs
on mouse lung mechanics and influence of genetic background in a preliminary manner
using mouse strains we had previously identified as being more (A/J) and less (C57BL/6])

susceptible to acute QD-induced lung inflammation. We found that QDs increased lung
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elastance (E) and tissue damping (G) in A/J mice compared to saline in a methacholine
challenge suggesting that QD effects on lung mechanics are modulated by genetic
background. Total lung resistance (R), which we interpreted as airway hyperresponsivenes
(AHR) was increased by QD treatment compared to saline overall. We also found significant
inverse associations between glutathione and R and G in QD treated mice. The observed
overall effect on AHR and G and E in A/J mice warranted additional studies investigating the
effects on QDs on lung mechanics in allergen sensitized mice, which was carried out and
was discussed in Chapter 6. Additional future studies formally assessing the role of

glutathione in mediating QD effects on lung mechanics are still needed.

Various ENMs have been shown to enhance mouse allergic sensitization to ovalbumin
(OVA). MWCNTs have been shown to enhance mouse allergic sensitization to house dust
mite (HDM) and to encourage lung fibrosis in HDM sensitized mice. Chapter 6 discusses our
work investigating the impact of QDs on HDM allergic sensitization. We assessed the role of
genetic background in a preliminary manner using C57BL/6] mice and A/J mice. We
measured AHR, multiple BALF inflammatory leukocyte populations, BALF cytokines, and
levels of type 2 innate lymphoid cells (ILC2s). We found that BALF eosinophils, and IL-5,
both markers of Th2 inflammation used to characterize allergic airway disease were
elevated by HDM in both mouse strains. We also found that co-exposure to QDs during HDM
sensitization enhanced the production of cytokines IL-17, IL-33, and IL-10 compared to
saline controls and that HDM sensitization alone did not elevate levels over controls. A/]
mice, which are a Th2 type immune response mouse strain, had significantly higher levels
of ILC2s than C57BL/6] mice. Glutathione levels and lung resident macrophages that are
likely alternatively activated or M2 type macrophages that promote Th2 type responses,
were significantly inversely associated with ILC2 levels in A/J mice. It has been proposed
that ILC2s may play a supportive role with M2 macrophages. Overall, the results suggested

that QDs may impact allergic sensitization by enhancing cytokine production and that
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genetic background likely modulates QD effects on HDM sensitization and potential
contributions of ILC2s to HDM allergic sensitization. Future work is warranted to further
elucidate the influence of ILC2s and to formally evaluate the role of glutathione in HDM

induced allergic airway disease.

Overall, the work presented in this dissertation provides insights into the role of genetic
background as a modulator of susceptibility to QD- and AgNP-induced lung inflammation,
and QD-induced effects on lung mechanics and allergic sensitization where prior information
was non-existent or sparse. These studies performed in genetically diverse mice using
oropharyngeal aspiration at occupationally relevant doses are important given the rapid rise
in ENM manufacturing and human genetic heterogeneity. While surrogate methods such as
oropharyngeal aspiration are different than inhalation, they are useful for screening
purposes and in large studies such these where the cost, time and amount of ENMs
necessary for inhalation would be prohibitive. Furthermore, recent ENM studies suggest that
inhalation and aspiration result in similar outcomes when doses are properly compared.
Through GWA mapping with Collaborative Cross and other genetically diverse mouse
strains, we have generated new hypotheses that may provide further mechanistic
understanding of QD- and AgNP-induced lung inflammation. Our findings of substantial
inter-strain variability in response to QD and AgNP pulmonary exposures presented in this
dissertation have important regulatory implications for ENMs. Genetic background of test
animals used to gather toxicity data for current risk models is important to consider such
that uncertainty factors for regulatory standards ensure adequate protection for sensitive

populations.
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