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Silver nanoparticles (AgNP) are one of the 84,000 chemicals regulated by the U.S. 

Environmental Protection Agency’s (US EPA) Toxic Substances Control Act (TSCA) that 

have yet to be tested for potential respiratory toxicity. AgNP are used in multiple 

applications but primarily in the manufacturing of many antimicrobial products and are 

thus exposures in occupational settings that are of concern to public health.  

Interactions between host genetic and acquired factors, or gene × environment 

interactions (G×E), may play a defining role in identifying sensitive populations to AgNP 

exposures in occupational settings. Host genetic factors, such as sex, genotype, or 

polymorphism, contribute to variation in certain genes that may increase an individual’s 

sensitivity to occupational exposures. Host acquired factors, such as pre-existing chronic 

respiratory diseases, including asthma, acute bronchitis, and chronic obstructive 



 

pulmonary disease (COPD), collectively affect 16% of the total United States population; 

these contribute to impairing host defense mechanisms, such as barrier function and 

immune regulation, mucocilliary clearance and permeability, as well as enzymatic and 

non-enzymatic oxidative stress regulation, and may also increase an individual’s 

sensitivity to occupational exposures.  

Few previous studies have characterized G×E effects on AgNP toxicity. Understanding 

G×E effects is important for identifying sensitive populations, whose underlying genetics 

or diseases could directly modify their response to AgNP exposures. Typically, these 

studies have used young, healthy animals or cell lines cultured toward a “Normal” 

phenotype and thus did not address the possibility of increased AgNP toxicity in 

asthmatics. In the present studies, we used organotypic cultures derived from murine 

tracheal epithelial cells (MTEC) as a high-content in vitro model of the conducting airway 

to characterize G×E effects, or in this case—the effects of genotype × phenotype 

interaction (G×P), in order to identify determinants of sensitivity and help define both 

regulatory and mechanistic bases for these effects on AgNP toxicity. 

In our first study, we used organotypic cultures to characterize nominal and dosimetric 

dose-response relationships for AgNP-induced barrier dysfunction, glutathione (GSH) 

depletion, reactive oxygen species (ROS) production, lipid peroxidation, and cytotoxicity 

across genotypes, phenotypes, and exposures to understand G×P effects on AgNP 

toxicity. The “Type 2 (T2)-Skewed” phenotype was characterized as an in vitro model of 

chronic respiratory diseases and experienced an increased sensitivity to AgNP toxicity, 

suggesting that asthmatics could be a sensitive population to AgNP exposures in 

occupational settings.  

In our second study, we used organotypic cultures to characterize global, differential, and 

targeted gene expression, canonical pathway enrichment, and upstream transcriptional 

regulation to understand G×P effects on transcriptional response to AgNP toxicity. We 

pursued a targeted analysis to characterize dose, genotype, and phenotype effects on 

expression patterns of genes involved in the secreted factors canonical pathway that were 

also associated with T1, pro-T2, T2, and T17 responses to AgNP toxicity. We observed 



 

the “T2-Skewed” phenotype was marked by increased pro-inflammatory T17 responses 

to AgNP toxicity, which are significant predictors of neutrophilic/difficult-to-control asthma 

and suggests that asthmatics could be a sensitive population to AgNP exposures in 

occupational settings. In our third study, we utilized mechanistic information from in vitro 

and in vivo studies to highlight how key events (KE) can be modified by host genetic and 

host acquired factors at acute, subacute, and subchronic exposures, and identified two 

categories of knowledge gaps in order to more directly prioritize future research needs. 

Taken together, our results highlight the importance of considering dosimetry as well as 

G×P effects when screening and prioritizing potential respiratory toxicants. This suggests 

the importance of considering other host factors, such as age, gender, and epigenetic 

effects when screening and prioritizing potential respiratory toxicants. This is challenging 

and important for engineered nanomaterials (ENM), since their mode of action (MoA) 

have been shown to differ considerably but are still used in hundreds of consumer 

products. Prior to anticipating potential adverse organism responses arising from ENM 

toxicity, ensuring safe development of the consumer products in which they are used will 

be the most critical and necessary step toward safeguarding public health.



 i 

Table of Contents 

List of Figures ................................................................................................................... iii 
List of Tables .................................................................................................................... v 
Chapter 1. Outline of Research Aims and Implications for Risk Assessment .................. 9 
Chapter 2. The Effects of Gene × Environment Interactions on Silver Nanoparticle 
Toxicity in the Respiratory System ................................................................................. 16 

2.1 Abstract ............................................................................................................ 16 
2.2 Introduction ...................................................................................................... 16 
2.3 Host Genetic Factors ....................................................................................... 19 
2.4 Host Acquired Factors ..................................................................................... 26 
2.5 Host Genetic and Acquired Targets ................................................................. 29 
2.6 Discussion ........................................................................................................ 32 
2.7 Data ................................................................................................................. 37 

Chapter 3. The Effects of Genotype × Phenotype Interactions on Silver Nanoparticle 
Toxicity in Organotypic Cultures of Murine Tracheal Epithelial Cells ............................. 50 

3.1 Abstract ............................................................................................................ 50 
3.2 Introduction ...................................................................................................... 50 
3.3 Methods ........................................................................................................... 53 
3.4 Statistics ........................................................................................................... 56 
3.5 Results ............................................................................................................. 57 
3.6 Discussion ........................................................................................................ 61 
3.7 Data ................................................................................................................. 68 
3.8 Supplementary Data ........................................................................................ 78 

Chapter 4. The Effects of Genotype × Phenotype Interactions on Transcriptional 
Response to Silver Nanoparticle Toxicity in Organotypic Cultures of Murine Tracheal 
Epithelial Cells ................................................................................................................ 91 

4.1 Abstract ............................................................................................................ 91 
4.2 Introduction ...................................................................................................... 91 
4.3 Methods ........................................................................................................... 95 
4.4 Statistics ........................................................................................................... 96 
4.5 Results ............................................................................................................. 97 
4.6 Discussion ...................................................................................................... 105 
4.7 Data ............................................................................................................... 110 
4.8 Supplementary Data ...................................................................................... 117 

Chapter 5. The Effects of Gene × Environment Interactions on Silver Nanoparticle 
Toxicity in the Respiratory System: Toward an Adverse Outcome Pathway ............... 134 

5.1 Abstract .......................................................................................................... 134 
5.2 Introduction .................................................................................................... 134 
5.3 Methods ......................................................................................................... 138 
5.4 Results ........................................................................................................... 141 



 ii 

5.5 Discussion ...................................................................................................... 146 
5.6 Data ............................................................................................................... 153 
5.7 Supplementary Data ...................................................................................... 159 

Chapter 6. Outline of Research Findings and Implications for Risk Assessment ........ 161 
6.1 Significance of Research Findings ................................................................ 161 
6.2 Future Directions ............................................................................................ 165 

References ................................................................................................................... 168 
 



 

 iii 

List of Figures 

Figure 2.1 G×E effects on AgNP toxicity. ........................................................... 37 

Figure 3.1. The “T2-Skewed” phenotype is characterized by baseline organotypic 

morphology associated with clinical features of chronic respiratory diseases, or a 

pseudostratified columnar epithelium with an abundance of epithelial glycoproteins.

 ..................................................................................................................... 69 

Figure 3.2. The “T2-Skewed” phenotype is characterized by baseline gene expression 

associated with clinical features of chronic respiratory diseases, including barrier 

dysfunction, mucus production, allergic responses, and T2 responses. ...... 70 

Figure 3.3. Phenotype and exposure effects on the linear relationship between the 

nominal dose of AgNP mass and the dosimetric doses of Ag, Au, and Ag:Au mass.

 ..................................................................................................................... 71 

Figure 3.4. Genotype and phenotype effects on AgNP-induced barrier dysfunction.

 ..................................................................................................................... 72 

Figure 3.5. Genotype and phenotype effects on AgNP-induced GSH depletion.73 

Figure 3.6. Genotype, phenotype, and exposure effects on AgNP-induced ROS 

production. ................................................................................................... 74 

Figure 3.7. Genotype, phenotype, and exposure effects on AgNP-induced lipid 

peroxidation. ................................................................................................. 75 

Figure 3.8. Genotype and phenotype effects on AgNP-induced cytotoxicity. .... 76 

Figure 3.9. Genotype, phenotype, and exposure effects on sensitivity to AgNP-induced 

adverse cellular responses. ......................................................................... 77 

Figure 4.1. Genotype, phenotype, and dose effects on hierarchical clustering of global 

gene expression. ........................................................................................ 110 

Figure 4.2. Genotype, phenotype, and dose effects on principal components of global 

gene expression. ........................................................................................ 111 

Figure 4.3. Genotype, phenotype, and dose effects on canonical pathway enrichment.

 ................................................................................................................... 112 



 

 iv 

Figure 4.4. Genotype, phenotype, and dose effects on targeted gene expression for the 

secreted factors canonical pathway. .......................................................... 113 

Figure 4.5. Genotype, phenotype, and dose effects on Stat3 activation upstream of the 

secreted factors canonical pathway. .......................................................... 114 

Figure 4.6. Genotype, phenotype, and dose effects on Bcl6 inhibition upstream of the 

secreted factors canonical pathway. .......................................................... 115 

Figure 4.7. Genotype, phenotype, and dose effects on targeted gene expression 

associated with clinical features of severe chronic respiratory diseases. .. 116 

Figure 5.1. AOP framework. ............................................................................. 153 

Figure 5.2. Adverse cellular responses at acute exposures. ............................ 154 

Figure 5.3. Adverse cellular responses at subacute exposures. ...................... 155 

Figure 5.4. Adverse organ responses at acute exposures. .............................. 156 

Figure 5.5. Adverse organ responses at subacute exposures. ........................ 157 

Figure 5.6. Adverse organ responses at subchronic exposures. ..................... 158 

 



 

 v 

List of Tables 

Table 2.1. Adverse cellular responses. ............................................................... 40 

Table 2.2. Adverse organ responses. ................................................................. 42 

Table 2.3. Host genetic and acquired targets. .................................................... 47 



 

 vi 

Acknowledgements 

I am very grateful for the mentorship of Dr. William Altemeier, and for all of the time, 

energy, and financial support he provided for me over the last four years. Bill always took 

the time to review countless iterations of my fellowship applications, manuscripts, and 

presentations, and provided incredibly helpful feedback. Thanks to his patient guidance, 

I have become a better scientist and writer than I ever thought I could be. Bill’s enthusiasm 

for science kept me motivated despite all of the failed experiments that came my way. 

Thank you for taking me on as your student and for giving me a chance to succeed. 

I am also very grateful for the mentorship of Drs. Elaine Faustman and Terrance 

Kavanagh, and for all of the time, energy, and financial support they too have provided 

me over the last four years. Elaine and Terry always offered helping hands to pull me 

over the hurdles I had trouble clearing—and there were quite a few of them. They were a 

dynamic duo who always supported my interests, recognized the importance of having a 

life outside the lab, and also showed me incredible kindness and generosity over the 

years. Your genuine belief in my abilities will always mean the world to me. 

I would also like to thank my other supervisory committee members, Drs. Michael 

Rosenfeld and Lara Gamble. Mike, thank you for supporting me as a pre-doctoral trainee 

in the Environmental Pathology/Toxicology Training Program. The EP/T Training 

Program was instrumental in fostering my development as an interdisciplinary thinker, 

and allowed me to incorporate different aspects of pathology, toxicology, and genomics 

into my research. Lara, thank you for saving the day and becoming my GSR just days 

before my general exam. I have greatly benefited from your expertise, thoughtful 

feedback, and willingness to share core resources at the Molecular Analysis Facility. 

To the scientists in the Center for Lung Biology: thank you for taking me in as one of your 

own and for always being there to help me out in the lab. I would especially like to thank 

Nori Haick, who taught me everything I know about cell culture—without her patient 

guidance, these studies would not have been possible. Working in the CLB was an asset 

to my scientific training which instilled in me a genuine appreciation for being able to 



 

 vii 

answer research questions from an integrative clinical medicine and public health 

perspective. 

To the faculty, staff, and students in the Department of Environmental and Occupational 

Health Sciences: thank you for giving me the opportunity to learn from you, and for 

shaping my experience in graduate school in many lasting and meaningful ways. Special 

shout out to Team Tox for being the best cohort anyone could have asked for. 

To Hobbes: thank you for being my favorite co-author, for always “wow-ing” me with your 

feedback, and for walking on my keyboard while I was working—I know you were just 

trying to remind me to take a break. You brighten my day and make my house a home. 



 

 viii 

Dedication 

For my sister: the one person on this earth who totally gets me, you are my best friend in 

this life, and words fail to describe how much I love you. 

For my mom and Ken: you always told me to reach for the stars, loved me unconditionally, 

and gave me everything—thank you for being my rock. 

For Lyddie, Maddie, and Emily: your boundless wisdom, strength, and curiosity are true 

sources of inspiration—thank you for being my sisters and for making us a modern family. 

For Karen, Ian, and Sophia: you are three of my best friends and biggest supporters—

thank you for always being there for me, I consider you a part of my family. 

For Katie, Ellie, Sarah, and Bryce: you inspired me to run marathons, climb mountains, 

and never stop exploring—thank you for always packing me a beer on our adventures. 

For Ben: you inspired me to become a scientist and embody what it means to be a best 

friend, thank you for that—and for giving me a sunny place to visit.



 

 ix 

Chapter 1. Outline of Research Aims and Implications for Risk Assessment 

Silver nanoparticles (AgNP) are one of the 84,000 chemicals regulated by the U.S. 

Environmental Protection Agency’s (US EPA) Toxic Substances Control Act that have yet 

to be tested for potential respiratory toxicity. AgNP are used in multiple applications but 

primarily in the manufacturing of many antimicrobial products and are thus exposures in 

occupational settings that are of concern to public health. In recent years, we have seen 

a paradigm shift toward the use of in vitro models that reduce, replace, and refine the use 

of animals in toxicity testing (the three R’s) from both the standpoint of economic 

imperative and animal welfare.1,2 Despite these economic advantages over in vivo 

studies, in vitro studies are currently limited by: 1) the use of immortalized or transformed 

cell lines that may not recapitulate primary cell phenotypes, 2) the use of cells from a 

single genetic background or phenotype, which may not capture the impact of underlying 

genetics or diseases on toxicant response, and 3) the limited efforts to relate in vitro 

exposures to occupational exposures in order to provide a mechanistic basis for 

sensitivity to occupational exposures and inform regulatory policy aimed at protecting all 

populations, including individuals with pre-existing chronic respiratory diseases.3,4 

Therefore, it is crucial we continue to develop more robust in vitro models suitable for 

high-throughput screening in order to support global gene and protein expression 

analyses and the development of predictive, mechanistic-based biomarkers.5-10  

Organotypic cultures attempt to recapitulate in vivo physiology by using multiple cell 

populations, addition of extracellular matrix, and/or microfluidic systems; therefore, they 

are well-suited to improve the predictive power of high-throughput screening programs, 

such as ToxCast, which serve to identify and prioritize chemicals of regulatory interest. In 

the present study, we used organotypic cultures derived from murine tracheal epithelial 

cells (MTEC) as a high-content in vitro model of the conducting airway. These organotypic 

cultures contain the cell populations in the proximal region of the conducting airway, 

including basal, ciliated, club, and mucin cells, and will be used to produce more 

biologically relevant results in the context of high-throughput screening for potential 



 

 10 

respiratory toxicants. Using organotypic cultures as a tool for medium to high-throughput 

screening will allow us to capture determinants of sensitivity in order to screen and 

prioritize potential respiratory toxicants while providing relevant data on risk assessment 

for occupational exposures. 

Interactions between host genetic and acquired factors, or gene × environment 

interactions (G×E), may play a defining role in identifying sensitive populations to AgNP 

exposures in occupational settings.11-14 Host genetic factors, such as sex, genotype, or 

polymorphism, contribute to variation in certain genes that may increase an individual’s 

sensitivity to occupational exposures. Host acquired factors, such as pre-existing chronic 

respiratory diseases, including asthma, acute bronchitis, and chronic obstructive 

pulmonary disease (COPD), collectively affect 16% of the total United States population; 

these contribute to impairing host defense mechanisms, such as barrier function and 

immune regulation,15 mucocilliary clearance and permeability,16-22 as well as enzymatic 

and non-enzymatic oxidative stress regulation,23,24 and may also increase an individual’s 

sensitivity to occupational exposures.25-27 

Few studies have characterized G×E effects on AgNP toxicity.28,29 Understanding G×E 

effects is important for identifying sensitive populations, whose underlying genetics or 

diseases could directly modify their response to AgNP exposures. Typically, these studies 

have used young, healthy animals or cell lines cultured toward a “Normal” phenotype and 

thus did not address the possibility of increased AgNP toxicity in asthmatics. In the 

present studies, we will use this high-content in vitro model of the conducting airway to 

characterize G×E effects, or in this case—the effects of genotype × phenotype interaction 

(G×P), in order to identify determinants of sensitivity and help define both regulatory and 

mechanistic bases for these effects on AgNP toxicity. 

These studies will also allow us to support several important ongoing initiatives, including: 

1) the development of methods to reduce animal usage and support ongoing three R’s 

initiatives which advocate for sustainable research priorities, 2) the development of 

methods for nanotoxicity testing to capture determinants of sensitivity, and 3) the 

generation of new information to make better informed, and more timely decisions about 
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high-throughput screening.  

The Effects of Gene × Environment Interactions on Silver Nanoparticle Toxicity in the 

Respiratory System 

• Research need: There is presently a need to understand the effects of interactions 

between host genetic and acquired factors, or G×E, on AgNP toxicity in the 

respiratory system to assist in defining exposure limits to protect all populations in 

occupational settings. 

• Research aim: Review host genetic and acquired factors identified across in vitro 

and in vivo studies and prioritize those necessary for defining exposure limits to 

protect all populations in occupational settings. 

The Effects of Genotype × Phenotype Interactions on Silver Nanoparticle Toxicity in 

Organotypic Cultures of Murine Tracheal Epithelial Cells 

• Research need: There is presently a need for in vitro models to provide a 

regulatory basis for sensitivity to occupational exposures. 

• Research aim: Use organotypic cultures to characterize nominal and dosimetric 

dose-response relationships across genotypes, phenotypes, and exposures to 

understand G×P effects on AgNP toxicity. 

• Research hypothesis: Genotype and phenotype (physiological environment) will 

define G×E, or genotype × phenotype interaction (G×P), effects on AgNP toxicity. 

The Effects of Genotype × Phenotype Interactions on Transcriptional Response to 

Silver Nanoparticle Toxicity in Organotypic Cultures of Murine Tracheal Epithelial Cells 

• Research need: There is presently a need for in vitro models to provide a 

mechanistic basis for sensitivity to occupational exposures. 

• Research aim: Use organotypic cultures to characterize global and differential 

gene expression, canonical pathway enrichment, and upstream transcriptional 
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regulators to understand G×P effects on transcriptional response to AgNP toxicity. 

• Research hypothesis: Genotype and phenotype will define G×P effects on 

transcriptional response to AgNP toxicity. 

The Effects of Gene × Environment Interactions on Silver Nanoparticle Toxicity in The 

Respiratory System: Toward an Adverse Outcome Pathway 

• Research need: There is presently a need to support regulatory decision-making 

for engineered nanomaterials (ENM) through highlighting knowledge gaps where 

they exist in order to more directly prioritize future research needs. 

• Research aim: Use the Adverse Outcome Pathway (AOP) framework to organize 

and integrate data from in vitro and in vivo models to evaluate G×E effects on 

AgNP toxicity in the respiratory system. 

• Research hypothesis: Molecular initiating events (MIE) and key events (KE) for 

AgNP toxicity can be modified by different host genetic and host acquired factors 

at acute, subacute, and subchronic exposures.
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Chapter 2. The Effects of Gene × Environment Interactions on Silver Nanoparticle 

Toxicity in the Respiratory System 

2.1 ABSTRACT 

Silver nanoparticles (AgNP) are used in multiple applications but primarily in the 

manufacturing of many antimicrobial products. AgNP toxicity in the respiratory system is 

well characterized, but few in vitro or in vivo studies have evaluated the effects of 

interactions between host genetic and acquired factors, or gene × environment 

interactions (G×E), on AgNP toxicity in the respiratory system. The primary goal of this 

article is to review host genetic and acquired factors identified across in vitro and in vivo 

studies and prioritize those necessary for defining exposure limits to protect all 

populations in occupational settings. The impact of these exposures, and the work being 

done to address the current limited protections are also discussed. Future research on 

G×E effects on AgNP toxicity is warranted and will assist in defining exposure limits to 

protect all populations in occupational settings. 

2.2 INTRODUCTION 

Nanotechnology is the use of matter with at least one dimension sized 1 to 100 

nanometers. These nanoscale dimensions give rise to engineered nanomaterials (ENM) 

with unique physicochemical properties compared to their counterparts on a macroscale. 

Silver nanoparticles (AgNP) are ENM whose antimicrobial, conductive, plasmonic, and 

photovoltaic properties are of great interest to the nanotechnology industry.30-32 AgNP are 

used as antimicrobial agents in air filters, humidifiers, and purifiers as well as antimicrobial 

sprays.32 AgNP are also used as conductive agents in plastics, composites, and 

adhesives to enhance their electrical conductivity; AgNP-enabled inks, pastes, and 

epoxies also have broad utilization in the electronics industry due to their excellent 

conductivity.33,34 AgNP are also used as plasmonic agents in biomedical labels, sensors, 

and detectors as well as photovoltaic agents in solar panels; AgNP also support surface 

plasmons, which absorb and scatter specific wavelengths of light, and allow them to 

function as efficient optical antennas.35 
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In 2016, an estimated 32,000 tons of AgNP were produced worldwide for use in these 

applications; China being the largest consumer, followed by Japan, and the United 

States.36 In the United States, AgNP have been used in 685 antimicrobial products, 

accounting for over one-third of those cataloged in the inventory of the Project on 

Emerging Nanotechnologies managed by the Woodrow Wilson International Center for 

Scholars.37 Aerosols are produced during product manufacturing and thus pose a high 

risk for AgNP exposures in occupational settings. Exposure assessment studies in 

occupational settings observed AgNP exposures occur during gas- and liquid-phase 

synthesis.32,38-42 There is currently a paucity of data that links these occupational 

exposures to adverse health responses; therefore, the use of AgNP in product 

manufacturing has continued to increase at a rate that presently exceeds the scientific 

community’s capacity to evaluate AgNP toxicity, and thus inform exposure limits that 

enforce protections for all populations.43 

A new draft recommended exposure limit (REL) for AgNP exposures has only recently 

been established for occupational settings, partially due to the complexity of evaluating 

the physicochemical properties attributed to their nanoscale dimensions.44,45 AgNP 

release silver ions (Ag+) upon dissolution, which have antimicrobial properties and play a 

defining role in AgNP toxicity.46 AgNP are manufactured at different sizes, including 20 

nm and 110 nm, and coated with different compounds, including citrate and 

polyvinylpyrrolidone, (20 and 110 nm, citrate-coated AgNP, or AgNP20CIT and AgNP110CIT 

respectively; 20 and 110 nm, PVP-coated AgNP, or AgNP20PVP, and AgNP110PVP 

respectively) to optimize their attributes for use in multiple applications.47 By controlling 

size and coating, their dissolution profiles—and thus antimicrobial properties—can be 

tailored for specific applications. The effects of their physicochemical properties as well 

as interactions between host genetic and acquired factors, or gene × environment 

interactions (G×E), may also play a defining role in identifying sensitive populations to 

AgNP exposures in occupational settings.11-14 Host genetic factors, such as sex, 

genotype, or polymorphism, contribute to variation in certain genes that may increase an 

individual’s sensitivity to occupational exposures. Host acquired factors, such as pre-

existing chronic respiratory diseases, including asthma, acute bronchitis, and chronic 

obstructive pulmonary disease (COPD), collectively affect 16% of the total United States 
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population; these contribute to impairing host defense mechanisms, such as barrier 

function and immune regulation,15 mucocilliary clearance and permeability,16-22 as well as 

enzymatic and non-enzymatic oxidative stress regulation,23,24 and may also increase an 

individual’s sensitivity to occupational exposures.25-27 The effects of physicochemical 

properties on AgNP toxicity has been reviewed extensively, and this article will focus on 

reviewing current evidence supporting G×E effects on AgNP toxicity, which reflects a 

knowledge gap in the literature. 

In vitro studies observed AgNP-induced oxidative stress, altered cell physiology, 

cytotoxicity, inflammation, mitochondrial dysfunction, and cell death in airway epithelial 

cells (bronchial and alveolar epithelial cells), specialized innate immune cells (e.g., 

neutrophils, eosinophils, mast cells, basophils, dendritic cells, alveolar macrophages, and 

Natural Killer [NK] cells), and specialized adaptive immune cells (e.g., B/T cells) (Table 

1). In vivo studies observed AgNP-induced altered organ physiology (marked by 

increased lung dysfunction, microbiome dysbiosis, and type 2 [T2] lung inflammation) in 

the lungs (Table 2). However, many of these in vitro and in vivo studies have not 

accounted for G×E effects on AgNP toxicity. One strategy for identifying these effects is 

to study host genetic and acquired factors that alter putative pathways shown to be 

relevant in AgNP toxicity using in vitro or in vivo models, which may help to better reflect 

adverse cellular and organ responses in sensitive populations. 

These adverse cellular and organ responses compromise the airway epithelium’s role in 

host defense as a physical barrier and an immune regulator through secreting cytokines, 

chemokines, growth factors, antimicrobial peptides, and recruiting leukocytes to sites of 

inflammation. Its role as an immune regulator is referred to as the epithelial-immune 

interface, where airway epithelial cells regulate innate and adaptive immunity by secreting 

upstream epithelial-derived cytokines, including IL-25, IL-33, TSLP, and CC-family 

chemokines to initiate and exacerbate T2 lung inflammation.15 It is important to 

understand the mechanistic role of host genetic and acquired factors in modulating AgNP-

induced T2 lung inflammation, which may exacerbate these pro-inflammatory effects to 

further increase an individual’s sensitivity to occupational exposures. 
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Exposure limits should protect all populations, and especially sensitive populations, 

whose underlying genetics or diseases could directly modify their response to AgNP 

exposures. For example, individuals with pre-existing chronic respiratory diseases may 

be more sensitive to AgNP-induced T2 lung inflammation, which in turn, may further 

exacerbate their disease.48 AgNP toxicity within the respiratory system is well 

characterized, but no study has evaluated G×E effects on AgNP toxicity. The primary goal 

of this article is to review host genetic and acquired factors identified across in vitro and 

in vivo studies and prioritize those necessary for defining exposure limits to protect all 

populations in occupational settings. Future research on G×E effects on AgNP toxicity is 

warranted and will assist in defining exposure limits to protect all populations in 

occupational settings 

2.3 HOST GENETIC FACTORS 

Here, we review the effects of host genetic factors on adverse cellular and organ 

responses identified in studies using in vitro and in vivo models of the respiratory system. 

Typically, these in vitro and in vivo studies have used different mice genotypes to model 

the broader effects of genetic background, or different polymorphic mice to model the 

specific effects of polymorphisms. Many in vitro studies have not accounted for the effects 

of host genetic factors on AgNP toxicity. Typically, these in vitro studies have used 

immortalized or transformed cell lines that may neither recapitulate primary cell 

phenotypes, nor capture the in vitro impact of underlying genetics on toxicant response. 

However, some in vitro studies have evaluated individual effects of host genetic factors, 

such as genotype or polymorphism, but have not accounted for the effects of interactions 

between host genetic factors on AgNP toxicity. For example: the use of a single mouse 

sex from multiple genotypes has ignored the potential interaction of sex with genotype 

effects on AgNP toxicity, and therefore does not fully capture the in vitro effects of 

underlying genetics on toxicant response. Similarly, some in vivo studies have evaluated 

individual effects of more host genetic factors, such as sex, genotype, and polymorphism, 

but have also not accounted for the effects of interactions between host genetic factors 

on AgNP toxicity. For example: the use of both rat sexes from a single genotype ignores 

the potential interaction of genotype with sex effects on AgNP toxicity. Therefore, these 
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in vivo studies also do not fully capture the in vivo effects of underlying genetics on 

toxicant response. The goal of this section is to review the effects of host genetic factors 

and prioritize those necessary for defining exposure limits to protect all populations in 

occupational settings. 

In vitro models 
One in vitro study has evaluated genotype effects on AgNP toxicity in specialized innate 

immune cells. Johnson et al. treated mast cells derived from 23 genotypes of male mice 

(20 nm, CIT-coated AgNP [primary particle size]; 0, 25, or 50 μg AgNP /mL medium; 

evaluated 1 h after treatment) and observed genotype effects on AgNP-induced altered 

cell physiology (marked by increased degranulation) compared to genetically-matched 

vehicle controls, with LP/J and C57BL/6J mice being the most differentially sensitive 

genotypes (C57BL/6J mice being the most sensitive). The authors used RNA sequencing 

(RNA-seq) on mast cells isolated from these differentially sensitive genotypes and 

observed that prostaglandin E receptor 4 (Ptger4) and thioredoxin interacting protein 

(Txnip) may function as candidate polymorphisms for AgNP-induced mast cell 

degranulation. Ptger4 is a signal transduction gene involved in the mitogen-activated 

protein kinase (MAPK) signaling pathway, and Txnip is a stress response gene involved 

in kinase inhibitor activity and ubiquitin protein ligase activity.49 One limitation of this in 

vitro study was its exclusive use of male mice, which precluded the authors from 

addressing sex effects on AgNP-induced mast cell degranulation. However, their study 

highlights the importance of using multiple mice genotypes to identify candidate 

polymorphisms for AgNP-induced mast cell degranulation. Their relevance as therapeutic 

targets should be evaluated in future studies that account for the effects of interactions 

between host genetic factors, such as sex and Ptger4/Txnip deficiency, on AgNP toxicity. 

One in vitro study has evaluated polymorphism effects on AgNP toxicity in airway 

epithelial cells. Cystic fibrosis (CF) is a chronic lung disease caused by mutations in both 

copies of the gene encoding for the cystic fibrosis transmembrane conductance regulator 

(CFTR) protein. Jeannet et al. treated normal (N-HBE) and cystic fibrosis (CF-HBE) 

human bronchial epithelial cells (10-100 nm, uncoated AgNP [primary particle size]; 

4×107-109 ng AgNP/cm2; evaluated 12 and 24 h after treatment) and observed CFTR 
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effects on AgNP-induced cytotoxicity (marked by increased LDH secretion), inflammation 

(marked by increased type 1/type 2 [T1/T2] cytokine secretion) and mitochondrial 

dysfunction (marked by caspase-3 activation) compared to N-HBE cells. The authors’ 

characterization of CF-HBE cells showed higher levels of caspase-3 activation and T1/T2 

cytokine secretion, indicating that the CFTR polymorphism was responsible for baseline 

differences in its resulting phenotype when compared to N-HBE cells, and that these 

differences were exacerbated by AgNP toxicity.50 One limitation of this in vitro study was 

its limited dissociation of the CFTR polymorphism from its resulting phenotype, so 

therefore it was difficult to conclude as to whether AgNP toxicity was attributed either 

directly to the CFTR polymorphism, or indirectly to its resulting phenotype. However, one 

strength of this in vitro study was its use of primary cells, which allowed the authors to 

show how this polymorphism and its resulting phenotype captured the in vitro effects of 

underlying genetics and diseases on toxicant response. This in vitro study supports 

epidemiology studies suggesting that individuals with pre-existing chronic respiratory 

diseases may be more sensitive to particulate matter-induced toxicity and highlights the 

importance of evaluating polymorphism and phenotype effects on AgNP toxicity in future 

studies that account for interactions between these host genetic and acquired factors. 

Similarly, one in vitro study has evaluated polymorphism effects on AgNP toxicity in 

specialized innate immune cells. Hamilton et al. treated alveolar macrophages isolated 

from wildtype (WT) and macrophage receptor with collagenous structure (Marco)-

knockout, male C57BL/6J mice (20 and 110 nm, CIT- and PVP-coated AgNP [primary 

particle size]; 0, 6.25, 12.5, 25, or 50 μg AgNP /mL medium; evaluated 24 h after 

treatment) and observed Marco effects on AgNP-induced NLR family pyrin domain 

containing 3 (NLRP3) apoptosis (marked by increased IL-1β secretion) and cytotoxicity 

(marked by increased lactate dehydrogenase [LDH] secretion). The authors observed 

that AgNP20CIT induced NLRP3 apoptosis and cytotoxicity in alveolar macrophages 

isolated from WT mice, which was attributed to an interaction of host genetic factors (e.g., 

increased MARCO-mediated uptake of WT mice) and physicochemical properties (e.g., 

decreased coating stability), which facilitated their dissolution within acidic 

phagolysosomes.51 One limitation of this in vitro study was its exclusive use of male mice, 

which precluded the authors from addressing sex effects on AgNP-induced NLRP3 
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apoptosis and cytotoxicity. Additionally, their comparison of primary cells to innate 

immune cell lines, (which have shown cell effects on AgNP-induced modes of 

programmed cell death) may not be physiologically relevant. However, this in vitro study 

highlights the importance of using polymorphic mice to identify Marco’s relevance as a 

therapeutic target. This should be evaluated in future studies that account for the effects 

of interactions between host genetic factors, such as sex and Marco deficiency, on AgNP 

toxicity. 

Innate immune cell lines have shown cell effects on AgNP-induced modes of programmed 

cell death, including: NLRP3 apoptosis; receptor-interacting serine/threonine-protein 

kinase 1/3 (RIPK1/3)/mixed lineage kinase domain like pseudokinase (MLKL) 

necroptosis; and pyroptosis. These mechanisms are also relevant to AgNP-induced 

modes of programmed cell death in airway epithelial cells, as in vitro studies observed 

particulate matter-, multi-wall carbon nanotube-, and zinc oxide nanoparticle-induced 

NLRP3 apoptosis (marked by caspase-4, NLRP3, and NF-κB activation, and subsequent 

inflammasome cytokine IL-1β secretion) in HBE and A549 cells.52-55 Zielinska et al. 

observed AgNP-induced RIPK1/RIPK3/MLKL necroptosis (marked by caspase-3 

activation and subsequent Bcl-2-associated X protein [BAX], B-cell lymphoma 2 protein 

[BCL2], tumor protein p53 [p53], RIPK1, RIPK3, MLKL, and the microtubule-associated 

protein 1 light chain 3 alpha [LC3] signaling pathway) in normal (hTERT-HPNE) and 

transformed (PANC-1) human pancreatic cells.56 Simard et al. observed AgNP-induced 

pyroptosis (marked by caspase-1 and NLRP3 activation, NF-κB inhibition, as well as IL-

1β secretion) in THP-1 cells.57 The authors suggested that activation of caspase-4 is 

required for priming of the NLRP3 inflammasome, whose absence served to increase 

caspase-1 activation and decrease IL-1β secretion as well as pyroptosome positive THP-

1 cells. Priming the NLRP3 inflammasome depends upon NF-κB activation, and since 

caspase-4-deficient THP-1 cells have lower baseline NF-κB activation, this suggests that 

differences in baseline NF-κB activation may also direct AgNP-induced activation of 

different caspases and lead to different modes of programmed cell death in addition to 

oxidative stress and mitochondrial dysfunction. These in vitro studies suggest that AgNP-

induced caspase-1 and -4 activation is required for priming the NLRP3 inflammasome 

during apoptosis and pyroptosis; and that AgNP-induced caspase-3 activation mediates 
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inflammasome-independent RIPK1/RIPK3/MLKL necroptosis. While other in vitro studies 

observed AgNP-induced cytotoxicity (marked by increased LDH secretion) in BEAS-2B 

and A549 cells,34,50,58-70 none have evaluated AgNP-induced NLRP3 apoptosis, 

RIPK1/RIPK3/MLKL necroptosis, or pyroptosis in airway epithelial cells. This should be 

evaluated in future studies that account for the effects of interactions between host 

genetic factors, such as cell population and baseline NF-κB activation, on AgNP toxicity. 

In vivo models 
Several in vivo studies have evaluated sex effects on AgNP toxicity in the lungs. One in 

vivo study observed that acute exposures do not produce AgNP-induced lung 

dysfunction. Sung et al. treated male and female Sprague-Dawley rats (18-20 nm, 

uncoated AgNP [primary particle size]; 75-750 mg/m3; treated 4 h; evaluated 1, 3, 7, and 

14 d after treatment) and did not find sex effects on AgNP-induced lung dysfunction 

(marked by decreased minute and tidal volume) compared to filtered air controls.71 

Interestingly, other in vivo studies observed that subchronic exposures do produce AgNP-

induced T2 lung inflammation and lung dysfunction, which persist after a recovery period. 

In a follow up study, Sung et al. treated male and female Sprague-Dawley rats (18-20 

nm, uncoated AgNP [primary particle size]; 50-515 mg/m3; treated 6 h/d, 5 d/w, over 12 

w; evaluated immediately after treatment) and observed sex effects on AgNP-induced T2 

lung inflammation (marked by increased pro-inflammatory cell infiltrate, alveolar 

inflammation, and changes in histopathology) and lung dysfunction (marked by 

decreased minute and tidal volume) and in males after treatment with the high dose 

compared to filtered air controls, and suggested a NOAEL of 100 mg/m3.72,73 In a second 

follow-up study, Sung et al. treated male and female Sprague-Dawley rats (14-15 nm, 

uncoated AgNP [primary particle size]; 50-380 mg/m3; treated for 6 h/d, 5 d/w, over 12 w; 

evaluated 0, 4, and 12 w after treatment) and observed sex effects on AgNP-induced T2 

lung inflammation (marked by increased pro-inflammatory cell infiltrate, alveolar 

inflammation, perivascular inflammation, and changes in histopathology) and lung 

dysfunction (marked by decreased minute and tidal volume) and in males after treatment 

with the high dose compared to filtered air controls, at 0 and 12 w after the recovery 

period.74 One possible explanation for these exposure effects on AgNP toxicity was the 

use of a single rat genotype across these in vivo studies, which may be resistant to AgNP 
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toxicity at acute exposures and sensitive at subchronic exposures. This precluded the 

authors from addressing genotype effects on AgNP-induced T2 lung inflammation and 

lung dysfunction, which should be evaluated in future studies that account for the effects 

of interactions between host genetic factors, such as sex and genotype, on AgNP toxicity. 

Several in vivo studies have evaluated genotype effects on AgNP toxicity in the lungs. 

Scoville et al. treated 25 genotypes of male mice (20 nm, CIT-coated AgNP [primary 

particle size]; 0.25 mg/kgBW; evaluated 24 h after treatment) and observed genotype 

effects on AgNP-induced T2 lung inflammation (marked by increased pro-inflammatory 

cell infiltrate) compared to genetically-matched vehicle controls, with BALB/cJ and SWR/J 

mice being the most differentially sensitive genotypes. In a separate study of genotype 

effects on quantum dot (QD) toxicity in the lungs, the authors quantified dosimetric doses 

of cadmium (Cd) mass in the lungs of these differentially sensitive genotypes and 

detected higher burdens in A/J mice compared to C57BL/6J mice. This suggested that 

airway physiology (marked by alveolar size and airway branching) may be a contributing 

factor in genotype effects on QD toxicity—which may be broadly applicable to other types 

of ENM, such as AgNP.75-77 In the previous study, the authors used RNA-seq on lungs 

isolated from these differentially sensitive genotypes and observed that E3 ubiquitin-

protein ligase NEDD4-like (Nedd4l), anoctamin 6 (Ano6), and E3 ubiquitin-protein ligase 

RNF220 (Rnf220) may function as candidate polymorphisms for AgNP-induced T2 lung 

inflammation. Nedd4l is a E3 ubiquitin ligase gene involved in ubiquitin protein ligase 

activity; AgNP-induced Nedd4l downregulation may increase amiloride-sensitive 

epithelial Na+ channel (ENaC) activity and T2 lung inflammation. Ano6 is small-

conductance calcium-activated non-selective cation channel gene involved in calcium-

dependent exposure of phosphatidylserine on the cell surface; AgNP-induced Ano6 

downregulation may impair ion transport, increase airway surface fluid volume and 

viscosity, as well as apoptosis, phagocytosis, and T2 lung inflammation and/or mast cell 

degranulation via the phosphatidylserine signaling pathway. Rnf220 is another E3 

ubiquitin ligase gene involved in ubiquitin protein ligase activity; AgNP-induced Rnf220 

downregulation may inhibit β-catenin stabilization and activate the wingless/integrated 

(WNT) signaling pathway to exacerbate T2 lung inflammation.78 One limitation of this in 

vivo study was its exclusive use of male mice, which precluded the authors from 
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addressing sex effects on AgNP-induced T2 lung inflammation. However, this in vivo 

study highlights the importance of using multiple mice genotypes to identify candidate 

polymorphisms for AgNP-induced T2 lung inflammation. Their relevance as therapeutic 

targets should be evaluated in future studies that account for the effects of interactions 

between host genetic factors, such as sex and Nedd4l/Ano6/Rnf220 deficiency, on AgNP 

toxicity. 

Seiffert et al. treated male Brown-Norway and Sprague-Dawley rats (20 and 110 nm, CIT- 

and PVP-coated AgNP [primary particle size]; 0.10 mg/kgBW; evaluated 1, 7, and 21 d 

after treatment) and observed size, coating, and genotype effects on AgNP-induced T2 

lung inflammation (marked by increased T1/T2 cytokine secretion, pro-inflammatory cell 

infiltrate, immunoglobulin E [IgE], airway hyperresponsiveness [AHR], and changes in 

histopathology) compared to genetically-matched vehicle controls, with Brown-Norway 

rats being the more sensitive genotype.79 In a separate study of genotype effects on 

AgNP toxicity in the lungs, the authors treated male Brown-Norway and Sprague-Dawley 

rats (13-16 nm, uncoated AgNP [primary particle size]; 600–800 μg/mm3; evaluated 1 and 

7 d after treatment) and observed genotype effects on AgNP-induced T2/T17 lung 

inflammation (marked by increased T2/T17 cytokine secretion, pro-inflammatory cell 

infiltrate, and changes in histopathology) and lung dysfunction (marked by decreased 

airway resistance and tissue elastance) compared to genetically-matched vehicle 

controls, with Brown-Norway rats being the more sensitive genotype. The authors also 

quantified dosimetric doses of silver (Ag) mass in the lungs of these differentially sensitive 

genotypes and detected higher burdens in Brown-Norway rats compared to Sprague-

Dawley rats,80 suggesting that airway physiology (marked by alveolar size and airway 

branching) may be a contributing factor in genotype effects on AgNP toxicity. One 

limitation of this in vivo study was its exclusive use of male rats, which precluded the 

authors from addressing sex effects on AgNP-induced T2/T17 lung inflammation and lung 

dysfunction. This precluded the authors from addressing sex effects on AgNP-induced 

T2/T17 lung inflammation and lung dysfunction, which should be evaluated in future 

studies that account for the effects of interactions between host genetic factors, such as 

sex and genotype, on AgNP toxicity. 
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Few in vivo studies have evaluated polymorphism effects on ENM toxicity in the lungs. 

McConnachie et al. treated WT, glutamate-cysteine ligase modifier subunit (Gclm)-

knockdown, and Gclm-knockout male C57BL/6J mice (12-13 nm, TOPO-PMAT-coated, 

CdSe/ZnS core QD [primary particle size]; 1.53 μL/gBW; evaluated 0.5, 1, 3, 8 or 24 h after 

treatment) and observed Glcm effects on QD-induced T2 lung inflammation (marked by 

increased pro-inflammatory cell infiltrate) compared to genetically-matched vehicle 

controls, with WT and Gclm-knockout mice being the most differentially sensitive 

genotypes (WT mice being the most sensitive). Gclm-knockout mice were hypothesized 

to the most sensitive genotype, and the authors suggested these findings may be 

attributed to their increased compensatory activation of alternative antioxidant and anti-

inflammatory putative pathways, such as the nuclear factor erythroid 2-related factor 

2/Kelch ECH associating protein 1 (NRF2/KEAP1) signaling pathway, and concluded that 

differences in GSH regulation may serve to exacerbate QD-induced T2 lung 

inflammation.81 One limitation of this in vivo study was its exclusive use of male mice, 

which precluded the authors from addressing sex effects on QD-induced T2 lung 

inflammation. However, this in vivo study highlights the importance of using polymorphic 

mice to identify Gclm’s relevance as a therapeutic target, which may be broadly applicable 

to other ENM, such as AgNP. Its relevance as a therapeutic target should be evaluated 

in future studies that account for the effects of interactions between host genetic factors, 

such as sex and Gclm deficiency, on AgNP toxicity. 

2.4 HOST ACQUIRED FACTORS 

Here, we review the effects of host acquired factors on adverse organ responses 

identified in studies using in vivo models of the respiratory system. No in vitro study has 

accounted for the effects of host acquired factors on AgNP toxicity in airway epithelial 

cells, which reflects a knowledge gap in the literature. However, some in vivo studies have 

accounted for the effects of host acquired factors on AgNP toxicity in the lungs. Typically, 

these in vivo studies have focused on a single mouse sex and genotype, and thus have 

not accounted for the effects of interactions between host genetic and acquired factors. 

For example, the use of a single mouse sex and genotype has ignored the potential 

interactions between sex and genotype with antigen effects on AgNP toxicity in the lungs. 
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Therefore, these in vivo studies also do not fully capture the in vivo effects of underlying 

genetics or diseases which may directly modify their response to AgNP exposures. The 

goal of this section is to review the effects of host acquired factors and prioritize those 

necessary for defining exposure limits to protect all populations in occupational settings. 

In vivo models 
Several in vivo studies have evaluated antigen effects on AgNP toxicity in the lungs. 

Typically, these in vivo studies have used ovalbumin (OVA)-sensitized female BALB/cJ 

mice, which develop increased AHR and T2 lung inflammation than male mice or other 

mice genotypes. These in vivo studies treated OVA-sensitized, female BALB/cJ or 

C57BL6/J mice with AgNP of various sizes and coatings (Table 2) and observed 

exacerbation of the allergic airway phenotype through increased AgNP-induced mucus 

production (marked by activation of the phosphatidylinositide 3-kinase [PI3K]/hypoxia-

inducible factor 1 alpha [HIF1A]/vascular endothelial growth factor [VEGF] signaling 

pathway, and inhibition of the mucin 5AC [MUC5AC] signaling pathway), oxidative stress 

(marked by increased ROS production, NF-κB activation, leukotriene E4 [LTE4] and 8-

hydroxy-2’-deoxyguanosine [8-OHdG] production), and T2 lung inflammation (marked by 

increased T1/T2 cytokine secretion, pro-inflammatory cell infiltrate, IgE, and AHR) in 

allergic mice compared to healthy mice and filtered air controls.82-85 In a unique study of 

antigen effects on AgNP toxicity in the lungs, Alessandrini et al. treated OVA-sensitized, 

female BALB/cJ mice (50, 200 nm; CIT and PVP coated AgNP [primary particle size]; 1-

50 µg/mouse; evaluated 1 and 5 d after treatment) and observed antigen effects on 

AgNP-induced lung microbiome dysbiosis (marked by increased relative abundance of 

Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria) and T2 lung inflammation 

(marked by increased T1/T2 cytokine secretion and changes in histopathology) in allergic 

mice compared to healthy mice and vehicle controls.86 This suggests that a novel 

mechanism of lung microbiome dysbiosis may contribute toward AgNP-induced 

exacerbation of the allergic airway phenotype. 

These in vivo studies suggest that an individual’s chronic respiratory disease is a relevant 

host acquired factor in determining their response to occupational exposures. While 

AgNP-induced exacerbation of the allergic airway phenotype may occur indirectly through 
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a novel mechanism of lung microbiome dysbiosis, the immunological basis for these 

effects is not well understood. Su et al. treated OVA-sensitized, female BALB/cJ mice (33 

nm, uncoated AgNP [primary particle size]; 3.3 mg/m3; treated for 6 h/d, over 7 d; 

evaluated 5 d after treatment) and observed antigen effects on AgNP-induced T2 lung 

inflammation (marked by increased pro-inflammatory cell infiltrate) in allergic mice 

compared to healthy mice and filtered air controls. Additionally, the adjuvant effects of 

AgNP were exacerbated in allergic mice, marked by OVA-specific IgE. The authors also 

used mass spectrometry on bronchoalveolar lavage fluid (BALF) from these allergic and 

healthy mice to evaluate differences in their protein profiles and observed 79 and 106 

commonly expressed proteins in allergic and healthy mice after AgNP treatment, 

respectively, which was suggestive of AgNP-induced perturbations in cellular, immune, 

and metabolic function. Specifically, these perturbations were associated with activation 

of: blood coagulation, the integrin signaling pathway, the ubiquitin proteasome signaling 

pathway, the cytokine/chemokine signaling pathway, the dopamine receptor signaling 

pathway, the Fas signaling pathway, T cell activation, tricarboxylic acid cycle activation, 

plasminogen activating cascade, and Rho GTPase cytoskeletal regulation.83 

One limitation of these in vivo studies was their exclusive use of female BALB/cJ mice 

(except for one study [Park et al.], which used female C57BL6/J mice), as their use of a 

single mouse sex and genotype has ignored the potential interactions between sex and 

genotype with antigen effects on AgNP toxicity in the lungs. Chuang et al. compared their 

findings to those of Park et al. and attributed them, in part, to genotype effects on OVA-

sensitization, or alternatively, to differences in study design with respect to particle, dose, 

or exposure. Though not OVA-sensitized, Scoville et al. observed BALB/cJ and C57BL/6J 

mice to be differentially sensitive genotypes to AgNP-induced T2 lung inflammation 

(marked by increased pro-inflammatory cell infiltrate, and specifically neutrophil influx; 

roughly 60% for BALB/cJ mice and 20% for C57BL/6J mice).82 Together, this highlights 

the importance of evaluating sex, genotype, and antigen effects on AgNP toxicity in future 

studies that account for interactions between these host genetic and acquired factors. 
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2.5 HOST GENETIC AND ACQUIRED TARGETS 

While multiple putative pathways are known to be implicated in AgNP toxicity, oxidative 

stress is perhaps the most critical putative pathway, and can be mediated by host genetic 

and acquired factors within sensitive populations. This putative pathway is activated upon 

the production of reactive oxygen species (ROS), depletion of antioxidant defense 

systems, and attenuation of mitochondrial membrane potential (MMP). ROS production 

both depletes antioxidant defense systems (e.g., heme oxygenase 1 [HMOX1],87 catalase 

[CAT],58 peroxiredoxin [PRDX],88 glutathione peroxidase [GPX],89 thioredoxin [TRX], 

thioredoxin reductase [TRXR],90,91 and superoxide dismutase [SOD]58) and attenuates 

MMP to induce cytotoxicity through either apoptosis, autophagy, or a combination 

thereof.66,92-94 In vitro studies observed AgNP-induced ROS production was associated 

with mitochondrial-mediated cell death putative pathways through the formation of 

mitochondrial permeability transition pores,94,95 known as mitochondrial membrane 

depolarization (MMD).93,96 Therefore, attenuation of MMP, and putative pathways with 

crosstalk between the mitochondria and other cellular components, supports MMD-

induced apoptosis as the mode of action (MoA) for AgNP toxicity.94,97,98 

Host genetic targets 
One way to potentially identify sensitive individuals with polymorphisms is to evaluate 

genes that are in putative pathways of AgNP toxicity and then determine which of those 

genes have known functional polymorphisms in human populations. Ptger4, Txnip, Ano6, 

Nedd4l, and Rnf220 were candidate polymorphisms identified across in vitro and in vivo 

studies of genotype effects on AgNP toxicity, and Marco and Gclm were candidate 

polymorphisms evaluated across in vitro and in vivo studies of polymorphism effects on 

AgNP toxicity (Table 3). These genes have known functional polymorphisms in human 

populations and are involved in putative pathways of AgNP toxicity, such as oxidative 

stress. Ptger4 is a signal transduction gene involved in the MAPK signaling pathway; this 

putative pathway can be activated by oxidative stress, and can lead to sustained 

activation of uncontrolled downstream processes, such as cytotoxicity.99 Txnip is a stress 

response gene involved in kinase inhibitor activity; it is a potent TRX inhibitor whose 

sustained activation can lead to increased depletion of antioxidant defense systems in 
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the presence of oxidative stress.100 Ano6 is small-conductance calcium-activated non-

selective cation channel gene involved in the phosphatidylserine signaling pathway; this 

putative pathway can be activated by oxidative stress, and can lead to sustained 

activation of controlled downstream processes, such as apoptosis.101 Nedd4l is a E3 

ubiquitin ligase gene involved in the ubiquitin proteasome signaling pathway and the TGF-

β signaling pathway. By targeting activated Smad2/3, Nedd4l has been shown to be a 

negative regulator of the TGF-β signaling pathway, whose sustained activation can lead 

to increased depletion of antioxidant defense systems in the presence of oxidative 

stress.102 Rnf220 is another E3 ubiquitin ligase gene involved in the ubiquitin proteasome 

signaling pathway. By complexing with USP7, Rnf220 has been shown to be a positive 

regulator of the WNT signaling pathway,103 whose sustained deactivation can lead to 

increased T2 lung inflammation in the presence of oxidative stress.104 Marco is a cell 

surface receptor gene involved in the binding and uptake of ligands by scavenger 

receptors; a polymorphism resulting in its deficiency in both sensitive and non-sensitive 

populations may provide a protective effect against mitochondrial dysfunction in the 

presence of oxidative stress.51 Gclm is a regulatory enzyme-encoding gene involved in 

the first rate limiting enzyme of GSH synthesis; a polymorphism resulting in its deficiency 

in sensitive populations may lead to increased depletion of this antioxidant and impaired 

defense against oxidative stress.81 Ultimately, these candidate polymorphisms may 

modulate AgNP toxicity by exacerbating its pro-inflammatory effects to further increase 

an individual’s sensitivity to occupational exposures. Their respective mechanistic roles 

should be evaluated in future studies that account for interactions that include these host 

genetic targets. 

Host acquired targets 
One way to potentially evaluate sensitivity in individuals with pre-existing chronic 

respiratory diseases is to evaluate gene products whose expression is altered by these 

diseases and then determine which of those gene products are in putative pathways of 

AgNP toxicity. Apolipoprotein E (ApoE), heterogeneous nuclear ribonucleoproteins A2/B1 

(hnRNPA2B1), Ig alpha chain C region (IG ACC), Ig heavy chain V region MOPC 47 A 

(IG HCV MOPC 47A), Ig heavy chain V region 441 (IG HCV 441), myosin light polypeptide 

6 (MYL6), and valosin-containing protein (VCP) were amongst the most significant 
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candidate gene products identified in an in vivo study of antigen effects on AgNP toxicity 

(Table 3). These gene products were commonly expressed in allergic and healthy mice 

after AgNP treatment and are involved in putative pathways of AgNP toxicity, including 

oxidative stress and allergic inflammation. ApoE is an apolipoprotein with 

immunomodulatory and anti-inflammatory properties involved in the low-density 

lipoprotein receptor (LDLR) pathway.105 By binding to LDLR, ApoE has been shown to be 

a negative regulator of AHR and goblet cell metaplasia in asthma; activators of the ApoE–

LDLR pathway, such as ApoE mimetic peptides, might be developed into a therapeutic 

for asthmatics.106 hnRNPA2B1 is a heterogeneous nuclear ribonucleoprotein associated 

with pre-mRNA processing, and was identified as a glucocorticoid receptor binding site 

and potential therapeutic target amongst a subset of genes associated with atopic status 

in asthmatics.107 IG ACC, IG HCV MOPC 47A, and IG HCV 441 are immunoglobulin 

proteins used for antigen defense and are involved in innate immune response putative 

pathways; they were identified as potential therapeutic targets amongst a subset of genes 

associated with asthma induction via the IL-13 and TGF-β signaling pathways.108 MYL6 

is a myosin light polypeptide associated with airway smooth muscle contraction; it has 

been shown to be a positive regulator of AHR, as its overexpression leads to an increased 

velocity of shortening (and thus AHR) in asthmatics.109 VCP is a transitional endoplasmic 

reticulum ATPase associated with facilitating degradation of polypeptides mediated by 

the proteasome; it is involved in response to cellular stress and innate immune response 

putative pathways. It has been associated with NLRP3 apoptosis and inflammation, with 

a recent in vitro study showing that both the NLRP3 inflammasome and local IL-

1β(+)F4/80(+)Ly6C(+) inflammatory macrophages contribute to VCP-associated 

diseases;110 inhibitors of the NLRP3/RXR axis, such as MCC950, might be also 

developed into a therapeutic for asthmatics.111 Ultimately, these candidate gene products 

may exacerbate AgNP toxicity by modulating normal innate and adaptive immune 

responses to further increase an individual’s sensitivity to occupational exposures. Their 

respective mechanistic roles should be evaluated in future studies that account for 

interactions that include these host acquired targets. 
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2.6 DISCUSSION 

As illustrated in the in vitro and in vivo studies reviewed above, host genetic and acquired 

factors may play a role in defining sensitive populations to AgNP exposures in 

occupational settings. These G×E effects on AgNP toxicity are of relevance of public 

health as they may be broadly applicable to other types of ENM, which are used in 

manufacturing of many consumer products. Our review focused on host acquired factors, 

such as asthma, but other pre-existing chronic respiratory diseases, such as acute 

bronchitis or COPD, may also confer increased sensitivity to occupational exposures.25-

27 When defining exposure limits, it is important to determine whether sex effects on AgNP 

toxicity are present given the effects of sexual dimorphism on adverse health responses 

to oxidative stress and allergic inflammation. An additional consideration is whether there 

are known polymorphisms identified in the putative pathways by which different 

occupational exposures cause adverse health responses. It is also important to evaluate 

whether individuals with pre-existing chronic respiratory diseases, such as asthma, may 

be more sensitive to occupational exposures. Future studies should evaluate interactions 

between host genetic or acquired factors in order to identify genes or gene products that 

may contribute to risk for AgNP toxicity. 

An individual’s sex is a relevant host genetic factor in determining their response to a 

variety of infections, sterile injuries, or occupational exposures. One approach to 

determining risk for any given exposure is to use male and female mice to identify 

candidate sensitivity genes associated with increased risk to the target exposure. Sexual 

dimorphism is observed in the prevalence, progression, and severity of cardiovascular, 

autoimmune, and chronic respiratory diseases. Sexual dimorphism in the endocrine and 

immune systems likely contributes to these differences; recent studies suggest this may 

also extend to genetic background, which effects baseline phenotypes of reproductive, 

physiological, and disease states. It is likely that differential regulation of sex steroid-

responsive genes across males and females plays a mechanistic role in sexual 

dimorphism.112 Therefore, when defining exposure limits, it is important to evaluate 

whether an individual’s sex confers increased sensitivity to occupational exposures. 
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An individual’s genetic background is another relevant host genetic factor in determining 

their response to occupational exposures. Another approach to determining risk for any 

given exposure is to use mouse genetic resources such as the Collaborative Cross or 

Diversity Outbred mice to identify quantitative trait loci and candidate sensitivity genes 

associated with increased risk to the target exposure. However, this requires substantial 

investment in time and resources to identify and confirm specific candidate sensitivity 

genes. An alternative approach is to use existing information on putative pathways 

involved in exposure toxicity, e.g., oxidative stress for AgNP toxicity, and then determine 

what common functional polymorphisms have been identified for genes within this 

putative pathway. This can then serve as a basis for targeted analyses of specific genetic 

risks associated with exposure toxicity. While there are likely many potential sensitivity 

genes for a target exposure, each gene will usually exert a small effect rather than a few 

individual genes exerting a large effect when contributing to exposure toxicity. Due to the 

intersection of putative pathways associated with AgNP toxicity and asthma, there is a 

strong potential for variation in these genes (amongst many others) to increase an 

individual’s sensitivity to occupational exposures. 

An individual’s chronic respiratory disease is a relevant host acquired factor in 

determining their response to occupational exposures. Our review focused on asthma, 

which is a complex airway disease whose prevalence, progression, and severity are can 

be affected by host genetic and acquired factors as well as occupational exposures.28 

Exposure assessment studies on AgNP exposures in occupational settings are in their 

infancy, and given the potential for effects of G×E on AgNP toxicity, there is an urgent 

need to develop better methods for exposure assessment as well as biomarker 

development. If we cannot relate the genetic effects of AgNP exposures to specific 

quantities in occupational settings, our ability to define a mechanistic basis for G×E effects 

on AgNP toxicity will continue to be limited. Therefore, the progress in the fields of 

toxicology, genetics, and genomics calls for a greater investment in the development of 

improved methods for exposure assessment. 

When defining exposure limits, it is important to use models of pre-existing chronic 

respiratory diseases which may directly modify their response to AgNP exposures. For 
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example, in vivo models suggest that asthma may increase risk of AgNP toxicity. 

Therefore, using in vitro or in vivo models of asthma may identify a more appropriate 

exposure limit. Epidemiology studies would also be useful to confirm that these pre-

clinical findings are relevant in human populations. The impacts of AgNP exposures on 

public health have the potential to be significant, as they can occur during the lifecycle of 

the products in which they are utilized, either directly through raw materials extraction, 

synthesis, product manufacturing, product use, or indirectly through release into the 

environment, or disposal at the end of product life.113-118 Weldon et al. observed multiple 

routes of AgNP exposures in their review of exposure assessment studies in occupational 

settings, and identified the most critical route of exposure as cleaning the systems in 

which the particles are synthesized.38-40 While identifying these routes of exposure is an 

important first step, follow-up for adverse health responses is both critical and necessary 

to inform whether AgNP exposures produce biologically significant effects. Future 

exposure assessment studies on AgNP exposures in occupational settings should 

conduct follow-up and include workers with polymorphisms and/or pre-existing chronic 

respiratory diseases to understand G×E effects on AgNP toxicity in human populations. 

It is very likely that many of the in vitro and in vivo studies reviewed above utilized extreme 

doses rather than realistic tissue burdens which may have implications for the 

interpretation of their findings when predicting response to AgNP exposures. The use of 

dosimetry methods to derive physiologically-relevant, dosimetric dose response 

relationships as well as additional exposure assessment studies in occupational settings 

would be important for reconciling the findings of some in vitro and in vivo studies. Weldon 

et al. used a benchmark dose (BMD) approach to derive a health-based occupational 

exposure limit (OEL) of 0.19 µg AgNP/m3 using dosimetric human equivalent 

concentrations (HEC) based upon the faction of deposited Ag mass in different target 

organs; the authors identified the liver, followed by the lungs, as the most sensitive targets 

for adverse organ responses.119 The dosimetric BMD for T2 lung inflammation was 

recognized as a tissue burden between 1 and 20 µg AgNP/mg tissue. This approach 

allowed for a comparison of physiologically-relevant, dosimetric dose response 

relationships in order to anchor these within a mechanistic framework and inform 

regulatory policy aimed at protecting all populations. Similar approaches should be 
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implemented in future in vitro studies, as there is presently a need for in vitro models to 

provide relevant data on risk assessment for occupational exposures. 

While NIOSH has established REL for total Ag, including dusts, fumes, and soluble 

compounds for occupational settings, a draft REL for AgNP exposures has only recently 

been established for occupational settings. In August 2018, NIOSH revised its draft 

Current Intelligence Bulletin on the Health Effects of Occupational Exposure to Silver 

Nanomaterials, which contains an updated review of scientific literature on AgNP 

exposures in occupational settings and proposes a new draft REL that would apply to 

processes involved in product manufacturing. NIOSH now recommends that AgNP 

exposures in occupational settings not exceed 0.9 µg AgNP/m3 measured as an airborne 

respirable 8-hour time-weighted average concentration. NIOSH continues to recommend 

its existing REL for Ag mass of 10.0 µg Ag/m3 as an 8-hour time-weighted average 

concentration of dusts, fumes, and soluble compounds, which is the same as the OSHA 

permissible exposure limit (PEL) for Ag. Further, NIOSH continues to recommend the use 

of exposure assessments, engineering controls, safe working practices, as well as worker 

training and education, and surveillance programs to prevent adverse health responses 

from AgNP exposures in occupational settings. 

NIOSH has proposed the following priority areas for research to address knowledge gaps 

on these adverse health responses from AgNP exposures in occupational settings: 1) 

assure that the hazards of exposure are consistent with current scientific knowledge; 2) 

assure that the proposed sampling and analytical methods are adequate to measure 

exposure; 3) assure that the recommended strategies (e.g., engineering controls, 

personal protective equipment, and/or work practices) are reasonable to control 

exposure; 4) assure that the accuracy of the relationship between exposure and toxicity 

are consistent with current scientific knowledge; 5) assure that the risk assessment and 

dosimetry methods are consistent with current scientific practice; 6) assure that the 

evidence of adverse health responses is consistent with current scientific knowledge; 7) 

assure that the new draft REL for AgNP exposures is well-supported by current scientific 

knowledge; 8) assure that the knowledge gaps and future research needs are completely 

and clearly described.120 To address some of these knowledge gaps and future research 



 

 36 

needs, we recommend that future studies focus on G×E effects on AgNP toxicity. Further, 

we recommend that regulatory agencies consider G×E effects on AgNP toxicity when 

finalizing the REL for AgNP exposures, as the studies reviewed above illustrate that 

underlying genetics or diseases may directly modify response to AgNP exposures. 
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2.7 DATA 

 

Figure 2.1 G×E effects on AgNP toxicity. Representative G×E effects on AgNP toxicity 
under four different model scenarios: (A) individual effect of host acquired factor, no G×E; 
(B) individual effects of host genetic and acquired factors, no G×E; (C) interaction of host 
genetic and acquired factors in the same direction, G×E; (D) interaction of host genetic 
and acquired factors in the opposite direction, G×E.
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  Size (nm) Coating Dose Exposure Cell Line/Species/Genotype Adverse Cellular Response Significance (P) Reference 
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l E
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l C
e
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50-250 Uncoated 0.1-10 μg/mL 24 h BEAS-2B/Human Cytotoxicity 
DNA damage 
ROS production 

*** 
*** 
** 

58 

250-385 Uncoated 0.1-10 μg/mL 4, 24 h BEAS-2B/Human Cytotoxicity 
DNA damage 

NS 
NS 

59 

10-100 PVP 2-180 μg/mL 4-48 h BEAS-2B/Human Chromosomal aberration 
Cytokinesis inhibition 
Cytotoxicity 
DNA damage 
Micronuclei induction 

NS 
NS 
*** 
*** 
NS 

34 

10-75 CIT, PVP 5-100 μg/mL 4, 24 h BEAS-2B/Human Cytotoxicity 
DNA damage 
Mitochondrial activity 
ROS production 

*** 
** 
*** 
NS 

60 

100-500 Uncoated 0.1-10 μg/mL 4, 24 h BEAS-2B/Human Cytotoxicity NS 61 

10-100 Uncoated 4×107-109 ng/cm2 12, 24 h N-HBE/Human 
CF-HBE/Human 

Apoptosis 
Cytotoxicity 
T1 cytokine secretion 

*** 
** 
*** 

50 

50-300 Uncoated 1.8-7.4 μg/mL 24 h BEAS-2B/Human Apoptosis 
DNA damage 
ROS production 
Scavenger enzyme activity 

* 
* 
* 
* 

121 

7-10 CIT 0.1-0.7 ug/cm2 4, 24 h BEAS-2B/Human Cytotoxicity 
ROS production 

*** 
** 

62 

20 CIT, PVP 0.1-50 μg/mL 24 h BEAS-2B/Human Antioxidant enzyme activity 
GSH depletion 
Mitochondrial activity  

* 
* 
* 

87 

20-200 Uncoated 0.13-1.33 μg/mL 16 w BEAS-2B/Human Apoptosis 
Cytotoxicity 

** 
** 

63 
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e
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40  Uncoated 3-6 μg/mL 22-66 h R3-1/Rat ROS production * 122 

80 PVP 0.5-20 μg/mL 24 h A549/Human Apoptosis 
Cytotoxicity 
DNA adducts 
Mitochondrial activity 
ROS production 

* 
* 
* 
* 
* 

64 

20, 200 PVP 10-100 μg/mL 2-72 h A549/Human Cytotoxicity * 69 
<100 PVP 25-200 μg/mL 24-72 h A549/Human Apoptosis 

Cytotoxicity 
Mitochondrial activity 
Mitochondrial membrane potential 
ROS production 
S phase cell cycle arrest 
Sub-G1 phase cell cycle arrest 

* 
* 
* 
* 
* 
* 
* 

65 

250-385 Uncoated 0.1-10 μg/mL 4, 24 h A549/Human Cytotoxicity 
DNA damage 

NS 
NS 

59 

20 CIT 30, 270 ng/cm2 4, 24 h A549/Human Cytotoxicity 
Inflammation 
Oxidative stress 
T1 cytokine secretion 

NS 
NS 
NS 
NS 

67 

70 PVP 0.03-3 ug/cm2 4, 24 h A549/Human Cytotoxicity 
T1 cytokine secretion 

NS 
NS 

68 

10-40 Uncoated 3.0625-50 μg/mL 24 h A549/Human Cytotoxicity 
DNA damage 

** 
* 

66 
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Mitochondrial activity 
ROS production 

*** 
*** 

7-10 CIT 0.1-0.7 ug/cm2 4, 24 h A549/Human Cytotoxicity 
ROS production 

NS 
NS 

62 

20, 200 PVP 10-100 μg/mL 2-72 h A549/Human Inflammation 
NF-κB activation 
Oxidative stress 
T1 cytokine secretion 

*** 
* 
* 
* 

123 
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 C
e

lls
 

M
a

st
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e
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20, 110 CIT, PVP 6.25-50 μg/mL 1 h Primary/Mouse/C57BL/6J Cell degranulation 
Osteopontin production 

* 
* 

124 

20 CIT 25 μg/mL 1 h Primary/Mouse/C57BL/6J Ca2+ influx 
Cell degranulation 
Mitochondrial activity 

* 
* 
* 

125 

20 CIT 25 μg/mL 1 h Primary/Mouse/129X1/SvJ 
Primary/Mouse/BALB/cByJ 
Primary/Mouse/BALB/cJ  
Primary/Mouse/BXD100/RwwJ 
Primary/Mouse/BXD50/RwwJ 
Primary/Mouse/BXD61/RwwJ 
Primary/Mouse/BXD73/RwwJ 
Primary/Mouse/BXD90/RwwJ 
Primary/Mouse/C3H/HeJ 
Primary/Mouse/C57BL/6J 
Primary/Mouse/CAST/EiJ 
Primary/Mouse/CBA/J 
Primary/Mouse/DBA/2J 
Primary/Mouse/FVB/NJ 
Primary/Mouse/I/LnJ 
Primary/Mouse/LP/J 
Primary/Mouse/NOD/ShiLtJ 
Primary/Mouse/NZW/LacJ 
Primary/Mouse/PL/J 
Primary/Mouse/PWD/PhJ 
Primary/Mouse/RIIIS/J 
Primary/Mouse/SJL/J 
Primary/Mouse/SWR/J 

Candidate genes 
Cell degranulation 

*** 
* 

49 

B
a

so
p

h
ils

 15 Uncoated 50 μg/mL 5-20 m RBL-2H3/Rat Ca2+ influx 
Cell degranulation 
Cell size 

* 
** 
* 

126 

20 CIT 25 μg/mL 1 h RBL-2H3/Rat Ca2+ depletion 
Cell degranulation 
Mitochondrial activity 

* 
* 
* 

125 

E
o

si
n

o
p

h
ils

 1-2.5 Uncoated 1-30 ppm 72 h Primary/Human Cell influx 
T1 cytokine secretion 
T2 cytokine secretion 

* 
* 
* 

127 

20, 70 CIT 100 μg/mL 6-24 h AML14.3D10/Human Apoptosis 
T1 cytokine secretion 
T2 cytokine secretion 

* 
* 
* 

128 

N
e

u
tr

o
p

h
ils

 

20 CIT 10, 100 μg/mL 24 h Primary/Human Apoptosis 
Cell size 
Cytotoxicity 
De novo protein synthesis 

* 
* 
* 
* 

129 

20 CIT 10, 100 μg/mL 24 h Primary/Human Apoptosis 
Cell degranulation 
Cytotoxicity 
NLRP3 inflammasome activation 

*** 
*** 
*** 
*** 

130 
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ROS production NS 

D
e

n
d

ri
tic

 C
e

lls
 40-300 Uncoated 10 μg/mL 24 h Primary/Mouse/C57BL/6J, 

Primary/Mouse/OTII.2 
Cell proliferation 
T1 cytokine secretion 
T2 cytokine secretion 

*** 
** 
*** 

131 

2 nm PVP 0.125-3 μg/mL 12-48 h DC2.4/Mouse Apoptosis 
Cytotoxicity 
Mitochondrial activity 
ROS production 

*** 
*** 
** 
*** 

132 
A

lv
e

o
la

r 
M

a
cr

o
p

h
a

g
e
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15-55 Uncoated 10-75 μg/mL 24 h Primary/Rat GSH depletion 
Mitochondrial activity 
ROS production 
T1 cytokine secretion 

* 
* 
** 
* 

133 

20, 110 CIT, PVP 6.25-50 μg/mL 24 h Primary/C57BL/6J/Mouse 
Primary/Marco/Mouse 

Cytotoxicity 
Mitochondrial Activity 
NLRP3 Inflammasome Activation 

*** 
*** 
*** 

51 

N
K

 C
e

lls
 

1-2.5 Uncoated 1-30 ppm 72 h Primary/Human Cell proliferation 
T1 cytokine secretion 
T2 cytokine secretion 

* 
* 
* 

127 

20 CIT 1-10 µg/mL 12 h Primary/Human Killing potential 
Mitochondrial activity 
Surface receptor activation 

* 
* 
NS 

134 

A
d

a
p

tiv
e
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m
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e
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e
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B
 C

e
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3-8 Uncoated 5-80 μg/mL 2, 24 h Primary/Human Cell proliferation 
Chromosomal aberration 
Cytokinesis inhibition 
DNA damage 
Lipid peroxidation 
Micronuclei induction 

* 
* 
* 
* 
* 
* 

135 

80 CIT, PVP 12.5-50 μg/mL 72 h Primary/Human Cell proliferation 
Mitochondrial activity 

* 
* 

136 

T
 C

e
lls

 

50-90 PVP 5-30 μg/mL 24 h Primary/Human Apoptosis 
Cell proliferation 
ROS production 
Surface receptor activation 
T1 cytokine secretion 

NS 
NS 
* 
NS 
* 

137 

80 CIT, PVP 12.5-50 μg/mL 72 h Primary/Human Cell proliferation 
Mitochondrial activity 

* 
* 

136 

Table 2.1. Adverse cellular responses. Coating: CIT (citrate); PVP (polyvinylpyrrolidone). Exposure: m (minutes); h (hours); 
w (weeks). Significance: NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001) for the highest dose only, as reported in the 
respective paper.

  Size (nm) Coating Dose Exposure Genotype/Sex Adverse Organ Response Significance (P) Reference 
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M
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G
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20 CIT 0.25 mg/kg Period: 0 h 
Assessment: 1 d 

129S1/SvImJ/Male 
A/J/Male 
AKR/J/Male 
BALB/cJ/Male 
BTBRT+ tf/J/Male 
C3H/HeJ/Male 
C57BL/10J/Male 
C57BL/6J/Male 
C57L/J/Male 
CBA/J/Male 
DBA/2J/Male 
FVB/NJ/Male 
MRL/MpJ/Male 
NOD/ShiLtJ/Male 
NZB/BlNJ/Male 
NZO/HlLtJ/Male 
NZW/LacJ/Male 
PL/J/Male 
PWD/PhJ/Male 
PWK/PhJ/Male 
SJL/J/Male 
SM/J/Male 
SWR/J/Male 
TALLYHO/JngJ/Male 
WSB/EiJ/Male 

Candidate genes 
Cell count: BALF 

* 
* 

78 

A
n

tig
e

n
 

50, 200 CIT, PVP 1-50 μg/mL Period: 0 h 
Assessment: 1, 5 d 

BALB/cJ/Female Cell count: BALF 
Histopathology 
Microbiome dysbiosis 
T2 cytokine secretion 

** 
* 
* 
* 

86 

6 Uncoated 20 ppm Period: 1 h/d, 5 d 
Assessment: 2 d 

BALB/cJ/Female Airway resistance 
Cell count: BALF 
Histopathology 
T2 cytokine secretion 
VEGF signaling 

* 
* 
* 
* 
* 

84 

33 Uncoated 3.3 mg/m3 Period: 6 h/d, 7 d 
Assessment: 7 d 

BALB/cJ/Female Ag quantification 
Airway resistance 
Allergic reaction 
Cell count: blood 
Histopathology 
Inflammation 
Oxidative stress 
T2 cytokine secretion 

NS 
** 
* 
** 
NS 
** 
* 
* 

82 

33 Uncoated 3.3 mg/m3 Period: 6 h/d, 7 d 
Assessment: 5 d 

BALB/cJ/Female OVA-specific IgE secretion 
Blood coagulation 
Chemokine signaling 
Cytokine signaling 
Dopamine receptor signaling 
Fas signaling 
Integrin signaling 
Plasminogen activating cascade 
Rho GTPas cytoskeletal regulation 
T cell activation 
Tricarboxylic acid cycle activation 
Ubiquitin proteasome signaling 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

83 

5, 20 Uncoated 20 ppm Period: 1 h/d, 5 d 
Assessment: 2 d 

C57BL/6J/Female Airway resistance 
Biochemistry: blood 
Cell count blood 

* 
NS 
NS 

85 
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Cell count: BALF 
Histopathology 
NF-κB activation 
T2 cytokine secretion 

NS 
* 
* 
* 

R
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G
e

n
o
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e
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e
x 

15 Uncoated 133 μg/m3 Period: 6 h 
Assessment: 0 h, 1, 4, 7 d 

Fischer 344/Female Ag quantification NS, * 138 

15, 410 PVP 179, 167 μg/m3 Period: 6 h/d, 4 d 
Assessment: 1, 7 d 

Fischer 344/Male Ag quantification 
Cell count: BALF 
Cell count: blood 
Cytotoxicity 
GSH depletion 
Histopathology 
T1 cytokine secretion 

* 
* 
NS 
* 
* 
NS 
* 

139 

18 Uncoated 0.5-61 μg/m3 Period: 6 h/d, 5 d/w, 4 w 
Assessment: 0 h 

Sprague-Dawley/Male, Female Ag quantification 
Biochemistry: blood 
Cell count: blood 
Histopathology 

** 
* 
* 
NS 

140 

18 Uncoated 49-515 μg/m3 Period: 6 h/d, 5 d/w, 13 w 
Assessment: 0 h 

Sprague-Dawley/Male, Female Biochemistry: blood 
Cell count: BALF 
Histopathology 
Lung function: minute volume 
Lung function: peak inspiration 
Lung function: tidal volume 

** 
** 
* 
** 
** 
** 

72 

18 Uncoated 49-515 μg/m3 Period: 6 h/d, 5 d/w, 13 w 
Assessment: 0 h 

Sprague-Dawley/Male, Female Ag quantification 
Biochemistry: blood 
Cell count: blood 
Histopathology 

*** 
NS 
* 
** 

73 

18-20 Uncoated 76-750 μg/m3 Period: 4 h 
Assessment: 2 w 

Sprague-Dawley/Male, Female Lung Function: minute volume 
Lung Function: tidal volume 

NS 
NS 

71 

14-15 Uncoated 49-381 μg/m3 Period: 6 h/d, 5 d/w, 12 w 
Assessment: 4, 12 w 

Sprague-Dawley/Male, Female Ag quantification 
Histopathology 
Lung function: minute volume 
Lung function: peak inspiration 
Lung function: tidal volume 

** 
* 
** 
** 
** 

74 

20, 110 CIT, PVP 0.10 mg/kgBW Period: 0 h 
Assessment: 1, 7, 21 d 

Brown-Norway/Male 
Sprague-Dawley/Male 

Cell count: BALF 
Histopathology 
IgE secretion 
Lung function: airway resistance 
Lung function: airway responsiveness 
Lung function: dynamic compliance 
T2 cytokine secretion 

*** 
*** 
** 
*** 
*** 
*** 
** 

79 

13-16 Uncoated 600-800 μg/mm3 Period: 3 h/d, 4 d 
Assessment: 1 

Brown-Norway/Male 
Sprague-Dawley/Male 

Ag quantification 
Cell count: BALF 
Histopathology 
Lung function: airway resistance 
Lung function: tissue elastance 
T2 cytokine secretion 
T17 cytokine secretion 

*** 
*** 
*** 
* 
** 
*** 
** 

80 

Table 2.2. Adverse organ responses. Coating: CIT (citrate); PVP (polyvinylpyrrolidone). Exposure: m (minutes); h (hours); 
w (weeks); # (exposure prior to ovalbumin challenge and sensitization). Significance: NS (P>0.05); * (P<0.05); ** (P<0.01); 
*** (P<0.001) for the highest dose only, as reported in the respective paper.
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  Target Target ID Study Host Genetic Factor Host Acquired Factor Putative Pathway Reference 
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Ano6 MGI:2145890 In Vivo Genotype - Immune system 
Innate immune system 
Ion channel transport 
Neutrophil degranulation 
Stimuli-sensing channels 
Transport of small molecules 

78 

Gclm MGI:104995 In Vivo Polymorphism - Biological oxidations 
Glutathione conjugation 
Glutathione synthesis and recycling 
Metabolism 
Phase II - conjugation of compounds 

81 

Marco MGI:1309998 In Vitro Polymorphism - Binding and uptake of ligands by scavenger receptors 
Scavenging by class A receptors 
Vesicle-mediated transport 

51 

Nedd4l MGI:1933754 In Vivo Genotype - Adaptive immune system 
Antigen processing: ubiquitination & proteasome degradation 
Class I MHC mediated antigen processing & presentation 
Downregulation of SMAD2/3:SMAD4 transcriptional activity 
Gene expression (transcription) 
Generic transcription pathway 
Immune system 
Ion channel transport 
RNA Polymerase II transcription 
Signal transduction 
Signaling by TGF-beta family members 
Signaling by TGF-beta receptor complex 
Stimuli-sensing channels 
Transcriptional activity of SMAD2/SMAD3:SMAD4 heterotrimer 
Transport of small molecules 

78 

Ptger4 MGI:104311 In Vitro Genotype - Class A/1 (Rhodopsin-like receptors) 
Eicosanoid ligand-binding receptors 
G alpha (s) signaling events 
GPCR downstream signaling 
GPCR ligand binding 
Prostanoid ligand receptors 
Signal transduction 
Signaling by GPCR 

49 

Rnf220 MGI:1913993 In Vivo Genotype - Adaptive immune system 
Antigen processing: ubiquitination & proteasome degradation 
Class I MHC mediated antigen processing & presentation 
Immune system 

78 

Txnip MGI:1889549 In Vitro Genotype - - 49 
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ANXA2 P07356 In Vivo - Antigen Dissolution of fibrin clot 
Hemostasis 
Immune system 
Innate immune system 
Neutrophil degranulation 

83 

APOE P08226 In Vivo - Antigen Binding and uptake of ligands by scavenger receptors 
Chylomicron assembly 
Chylomicron clearance 
Chylomicron remodeling 
G alpha (i) signaling events 
GPCR downstream signaling 
HDL remodeling 
Metabolism 
Metabolism of fat-soluble vitamins 
Metabolism of proteins 
Metabolism of vitamins and cofactors 
Plasma lipoprotein assembly, remodeling, and clearance 
Post-translational protein modification 
Post-translational protein phosphorylation 
Regulation of IGF transport 
Regulation of IGFBP uptake 
Retinoid metabolism and transport 
Scavenging by class A receptors 
Signal transduction 
Signaling by GPCR 
Transport of small molecules 
Vesicle-mediated transport 
Visual phototransduction 

83 

CFTR P26361 In Vitro Polymorphism Phenotype ABC-family proteins mediated transport 
Cargo recognition for clathrin-mediated endocytosis 
Clathrin-mediated endocytosis 
Deubiquitination 
Membrane trafficking 
Metabolism of proteins 
Post-translational protein modification 
Transport of small molecules 
Ub-specific processing proteases 
Vesicle-mediated transport 

50 

HIF1A Q61221 In Vivo - Antigen Cellular responses to hypoxia 
Cellular responses to external stimuli 
Cellular responses to stress 
Deubiquitination 
Metabolism of proteins 
Neddylation 
Oxygen-dependent asparagine hydroxylation of HIF1A 
Oxygen-dependent proline hydroxylation of HIF1A 
Post-translational protein modification 
PTK6 promotes HIF1A stabilization 
Regulation of gene expression by HIF 
Regulation of HIF by oxygen 
Signal transduction 
Signaling by non-receptor tyrosine kinases 
Signaling by PTK6 
Ub-specific processing proteases 

84 

HIST1H2AF Q8CGP5 In Vivo - Antigen Chromatin organization 83 
HIST1H4A P62806 In Vivo - Antigen Nucleosome assembly 83 
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HNRNPA2B1 O88569 In Vivo - Antigen Metabolism of RNA 
mRNA splicing 
mRNA splicing - major pathway 
Processing of capped intron-containing Pre-mRNA 

83 

HSPA4 Q61316 In Vivo - Antigen Cellular responses to external stimuli 
Cellular responses to heat stress 
Cellular responses to stress 
Regulation of HSF1-mediated heat shock response 

83 

GLOD4 Q9CPV4 In Vivo - Antigen - 83 
IG ACC P01878 In Vivo - Antigen Binding and uptake of ligands by scavenger receptors 

Cell surface interactions at the vascular wall 
Hemostasis 
Scavenging of heme from plasma 
Vesicle-mediated transport 

83 

IG HCV MOPC 47A P01786 In Vivo - Antigen Adaptive immune response 
B cell activation 
B cell receptor signaling 
Defense response to bacterium 
Humoral immune response 
Immune effector process 
Innate immune response 
Membrane invagination 
Phagocytosis 
Positive regulation of lymphocyte activation 
Protein metabolic process 
Vesicle budding from membrane 

83 

IG HCV 441 P01806 In Vivo - Antigen Adaptive immune response 
B cell activation 
B cell receptor signaling 
Defense response to bacterium 
Humoral immune response 
Immune effector process 
Innate immune response 
Membrane invagination 
Phagocytosis 
Positive regulation of lymphocyte activation 
Protein metabolic process 
Vesicle budding from membrane 

83 

IG LCC P01843 In Vivo - Antigen Response to stimulus 83 
ITIH2 Q61703 In Vivo - Antigen - 83 
MYL6 Q60605 In Vivo - Antigen Muscle contraction 

RHO GTPase effectors 
RHO GTPases activate PAKs 
Signal transduction 
Signaling by Rho GTPases 
Smooth muscle contraction 

83 

MYL9 Q9CQ19 In Vivo - Antigen Developmental process 
Muscle contraction 

83 
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PI3K Q9JHG7 In Vivo - Antigen G beta:gamma signaling through PI3Kgamma 
G-protein beta:gamma signaling 
GPCR downstream signaling 
GPVI-mediated activation cascade 
Hemostasis 
Metabolism 
Metabolism of lipids 
Phospholipid metabolism 
PI Metabolism 
Platelet activation, signaling and aggregation 
Signal Transduction 
Signaling by GPCR 
Synthesis of PIPs at the plasma membrane 

84 

PSMA1 Q9R1P4 In Vivo - Antigen Proteasome-mediated Ub-dependent protein catabolic process 
Protein ubiquitination 

83 

SOD3 O09164 In Vivo - Antigen Cellular responses to oxidative stress 
Cellular responses to oxygen-containing compound 
Reactive oxygen species metabolic process 
Response to inorganic substance 
Response to reactive oxygen species 
Response to toxic substance 

83 

VCP Q01853 In Vivo - Antigen ABC-family proteins mediated transport 
Asparagine N-linked glycosylation 
Cellular responses to external stimuli 
Cellular responses to heat stress 
Cellular responses to stress 
Deubiquitination 
DNA damage bypass 
DNA repair 
Hedgehog ligand biogenesis 
HSF1 activation 
Immune system 
Innate immune system 
Metabolism of proteins 
N-glycan trimming in the ER and calnexin/calreticulin cycle 
Neutrophil degranulation 
Ovarian tumor domain proteases 
Post-translational protein modification 
Protein methylation 
Signal transduction 
Signaling by hedgehog 
Translesion synthesis by POLH 
Translesion synthesis by Y family DNA polymerases 
Transport of small molecules 

83 
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VEGF  Q00731 In Vivo - Antigen Axon guidance 
Developmental biology 
EGF ligand-receptor interactions 
EPH-Ephrin signaling 
EPHB-mediated forward signaling 
Hemostasis 
Platelet activation, signaling, and aggregation 
Platelet degranulation 
Response to elevated platelet cytosolic Ca2+ 
Signal transduction 
Signaling by receptor tyrosine kinases 
Signaling by VEGF 
VEGF binds to VEGFR leading to receptor dimerization 
VEGFA-VEGFR2 Pathway 
VEGFR2 mediated cell proliferation 

84 

VIM P20152 In Vivo - Antigen - 83 

Table 2.3. Host genetic and acquired targets. Host Genetic Targets: Ano6 (anoctamin 6); Gclm (glutamate-cysteine ligase 
modifier subunit); Marco (macrophage receptor with collagenous structure); Nedd4l (E3 ubiquitin-protein ligase NEDD4-
like); Ptger4 (prostaglandin E receptor 4); Rnf220 (E3 ubiquitin-protein ligase RNF220); Txnip (thioredoxin interacting 
protein). Host Acquired Targets: ANXA2 (Annexin A2); APOE (Apolipoprotein E); CFTR (Cystic fibrosis transmembrane 
conductance regulator); HIF1A (Hypoxia-inducible factor 1-alpha); HIST1H2AF (Histone H2A type 1-F); HIST1H4A (Histone 
H4); HNRNPA2B1 (Heterogeneous nuclear ribonucleoproteins A2/B1); HSPA4 (Heat shock 70 kDa protein 4); GLOD4 
(Glyoxalase domain-containing protein 4); IG ACC (Ig alpha chain C region); IG HCV MOPC 47A (Ig heavy chain V region 
MOPC 47 A); IG HCV 441 (Ig heavy chain V region 441); IG LCC (Ig lambda-1 chain C region); ITIH2 (Inter-alpha-trypsin 
inhibitor heavy chain H2); MYL6 (Myosin light polypeptide 6); MYL9 (Myosin regulatory light polypeptide 9); PI3K 
(Phosphoinositide 3-kinase); PSMA1 (Proteasome subunit alpha type-1); SOD3 (Extracellular superoxide dismutase [Cu-
Zn]); VCP (Valosin-containing protein); VEGF (Vascular endothelial growth factor); VIM (Vimentin).
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List of Abbreviations 
 

5×4 h: subacute exposure of 4 hours, every other day, over 5 days 
Ag: silver mass 
Ag+: silver ions 
AgNP: silver nanoparticles 
AJ or B6:Normal: A/J or C57BL6/J, “Normal” phenotype 
AJ or B6:T2-Skewed: A/J or C57BL6/J, “T2-Skewed” phenotype 
ALI: air-liquid interface 
Au: gold mass 
BMD: benchmark dose 
BMDL: benchmark dose lower 95% confidence limit 
Cd: cadmium mass 
Clca1: calcium-activated chloride channel 1 
COPD: chronic obstructive pulmonary disease 
DCF: 2,7-dichlorofluorescein 
DIV: day in vitro 
DMEM: Dulbecco’s Modified Eagle Media 
ENaC: amiloride-sensitive epithelial Na+ channel 
ENM: engineered nanomaterials 
G×E: gene × environment interactions 
G×P: genotype × phenotype interactions 
GSH: glutathione 
HEC: human equivalent concentration 
ICPMS: inductively coupled plasma mass spectrometry 
IHC: immunohistochemistry 
ILC2: type 2 innate lymphoid cells 
LDH: lactate dehydrogenase 
MDA: malondialdehyde 
MoA: mode of action 
MTEC: murine tracheal epithelial cells 
Muc5ac: mucin 5AC 
NACIVT: Nano Aerosol Chamber for in vitro Toxicity studies 
NDA: 2,3-naphthalenedicarboxaldehyde 
Nedd4l: E3 ubiquitin-protein ligase NEDD4-like 
NRC: National Research Council 
OEL: occupational exposure limit 
OR: odds ratio 
PBPK: physiologically-based pharmacokinetic/toxicokinetic 
QD: quantum dots 
qRT-PCR: quantitative reverse transcription polymerase chain reaction 
ROS: reactive oxygen species 
T1/T2: type 1/type 2 
TEER: transepithelial electrical resistance 
TSCA: Toxic Substances Control Act 
US EPA: U.S. Environmental Protection Agency
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Chapter 3. The Effects of Genotype × Phenotype Interactions on Silver 
Nanoparticle Toxicity in Organotypic Cultures of Murine Tracheal Epithelial Cells 

3.1 ABSTRACT 

Silver nanoparticles (AgNP) are used in multiple applications but primarily in the 

manufacturing of many antimicrobial products. Previous studies have identified AgNP 

toxicity in airway epithelial cells, but no in vitro studies to date have used organotypic 

cultures as a high-content in vitro model of the conducting airway to characterize the 

effects of interactions between host genetic and acquired factors, or gene × phenotype 

interactions (G×P), on AgNP toxicity. In the present study, we derived organotypic 

cultures from primary murine tracheal epithelial cells (MTEC) to characterize nominal and 

dosimetric dose-response relationships for AgNP-induced barrier dysfunction, glutathione 

(GSH) depletion, reactive oxygen species (ROS) production, lipid peroxidation, and 

cytotoxicity across two genotypes (A/J and C57BL/6J mice), two phenotypes (“Normal” 

and “Type 2 [T2]-Skewed”), and two AgNP exposures (an acute 24 h exposure and a 

subacute exposure of 4 hours, every other day, over 5 days [5×4 h]). We characterized 

the “T2-Skewed” phenotype as an in vitro model of chronic respiratory diseases, which 

was marked by increased sensitivity to AgNP-induced barrier dysfunction, GSH depletion, 

ROS production, lipid peroxidation, and cytotoxicity, suggesting that asthmatics could be 

a sensitive population to AgNP exposures in occupational settings. This also suggests 

that exposure limits, which should be based upon the most sensitive population, should 

be derived using in vitro and in vivo models of chronic respiratory diseases. This study 

highlights the importance of considering dosimetry as well as G×P effects when screening 

and prioritizing potential respiratory toxicants. Such in vitro studies can be used to inform 

regulatory policy aimed at protecting all populations. 

3.2 INTRODUCTION 

There is presently a need for in vitro models to provide relevant data on risk assessment 

for occupational exposures. In recent years, there has been a gradual paradigm shift 

toward the use of in vitro models that reduce, replace, and refine the use of animals in 
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toxicity testing (the three R’s) from both the standpoint of economic imperative and animal 

welfare.1,2 Despite these economic advantages over in vivo models, in vitro models are 

currently limited by: 1) the use of immortalized or transformed cell lines that may not 

recapitulate primary cell phenotypes, 2) the use of cells from a single genetic background 

or phenotype, which may not capture the impact of underlying genetics or diseases on 

toxicant response, and 3) the limited efforts to relate in vitro exposures to occupational 

exposures in order to provide a regulatory basis for sensitivity to occupational exposures 

and inform regulatory policy aimed at protecting all populations.3,4 

Chronic respiratory diseases, including asthma, acute bronchitis, and chronic obstructive 

pulmonary disease (COPD), collectively affect 16% of the United States population; these 

diseases impair host defense mechanisms, such as barrier function and immune 

regulation,15 mucocilliary clearance and permeability,16-22 as well as enzymatic and non-

enzymatic regulation of oxidative stress,23,24 and may increase an individual’s sensitivity 

to occupational exposures.25-27 Chronic respiratory diseases place a major burden on 

individuals, their workplaces, and the healthcare system, and yet less than 1% of the 

chemicals regulated by the U.S. Environmental Protection Agency’s (US EPA) Toxic 

Substances Control Act (TSCA) have been tested for respiratory toxicity.3,141 Together, 

the above limitations highlight a need to develop in vitro models suitable for high-

throughput screening that also capture determinants of sensitivity in order to screen and 

prioritize potential respiratory toxicants while providing relevant data on risk assessment 

for occupational exposures.142,143 

Silver nanoparticles (AgNP) have been tested for respiratory toxicity in previous studies, 

as they are used in the manufacturing of many antimicrobial consumer products, including 

air filters, humidifiers, and purifiers as well as antimicrobial sprays.31,32,37 Previous in vitro 

studies observed the mode of action (MoA) for their antimicrobial properties (e.g., release 

of bioactive silver ions [Ag+] upon dissolution11-13) is also a defining factor of AgNP toxicity 

in mammalian cells.144 One MoA in airway epithelial cells is Ag+-mediated reactive oxygen 

species (ROS) production, which leads to adverse cellular responses including oxidative 

stress, mitochondrial dysfunction, inflammation, and cytotoxicity.50,58-63,87,121,145 

Asthmatics are possibly a sensitive population to AgNP exposures in occupational 
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settings, as these adverse cellular responses may further modulate innate and adaptive 

immune responses at the epithelial-immune interface to exacerbate this chronic airway 

disease.48 

Few previous studies have characterized the effects of interactions between host genetic 

and acquired factors, or gene × environment interactions (G×E),28,29 on AgNP toxicity. 

Understanding G×E effects is important for identifying sensitive populations, whose 

underlying genetics or diseases could directly modify their response to AgNP exposures. 

Typically, these studies have used young, healthy animals or cell lines cultured toward a 

“Normal” phenotype and thus did not address the possibility of increased AgNP toxicity in 

asthmatics. The present study was designed to test the hypothesis that genotype and 

phenotype (physiological environment) will define G×E, or genotype × phenotype 

interaction (G×P), effects on AgNP toxicity. 

We derived organotypic cultures from primary murine tracheal epithelial cells (MTEC) of 

differentially sensitive genotypes (A/J and C57BL/6J mice) to airway 

hyperresponsiveness,146-148 antigen sensitization,149 T2 lung inflammation,150 and 

engineered nanomaterial (ENM) toxicity77,78 to model the effects of host genetic factors 

on AgNP toxicity. We differentiated organotypic cultures toward either “Normal” or “Type 

2 [T2]-Skewed” phenotypes to model the effects of host acquired factors on AgNP toxicity. 

To acquire the “Normal” phenotype, we used a defined differentiation media to achieve 

differentiation toward the cell populations in the proximal region of the conducting airway, 

including basal, ciliated, club, and mucin cells.151 To acquire the “T2-Skewed” phenotype, 

we used a defined differentiation media supplemented with IL-13 to skew differentiation 

toward an in vitro model of chronic respiratory diseases, characterized by barrier 

dysfunction,152 mucus production,153 allergic responses,153 and T2 responses.154-156 

Using this high-content in vitro model of the conducting airway, we characterized nominal 

and dosimetric dose-response relationships for AgNP-induced barrier dysfunction, GSH 

depletion, ROS production, lipid peroxidation, and cytotoxicity across genotypes, 

phenotypes, and exposures to understand G×P effects on AgNP toxicity. To our 

knowledge, this is the first study to use organotypic cultures as a high-content in vitro 
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model of the conducting airway to characterize G×P effects on AgNP toxicity. By pairing 

organotypic cultures with dosimetry, we can define the basis for physiologically-relevant 

dose-response relationships by accounting for association and dissolution, and by using 

a benchmark dose (BMD) approach, we can identify the most sensitive adverse cellular 

responses to help define a regulatory basis for G×P effects on AgNP toxicity. 

3.3 METHODS 

Cell culture 

All animal studies were approved by the Institutional Animal Care and Use Committee at 

the University of Washington. We harvested tracheas from A/J and C57BL/6J mice (The 

Jackson Laboratory, Bar Harbor, ME, USA), and isolated MTEC using enzymatic 

digestion, as previously described.151,157,158 We suspended MTEC in a defined 

proliferation media [Dulbecco’s Modified Eagle Media (DMEM) with 10 µg/mL insulin, 5 

µg/mL apo-transferrin, 0.1 µg/mL cholera toxin, 25 ng/mL epidermal growth factor, 30 

µg/mL bovine pituitary extract, and 50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, 

USA)] to culture at a density of 1.5×104 cells/well in collagen-coated 24-Transwell plates 

(Corning, Corning, NY, USA). We allowed organotypic cultures to proliferate with media 

in both apical and basal compartments starting on day in vitro (DIV) 0. We changed the 

defined proliferation media every other day until DIV 7-9, when transepithelial electrical 

resistance (TEER) exceeded 1000 Ω×cm2, which marked the end of proliferation. 

For the “Normal” phenotype, we allowed organotypic cultures to differentiate at an air-

liquid interface (ALI) in a defined differentiation media [DMEM with 2% v/v NuSerum (BD 

BioSciences, San Jose, CA, USA), and 50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, 

USA)] in the basal compartment starting on DIV 7. We changed the defined differentiation 

media every other day until DIV 28, which marked the end of differentiation. 

For the “T2-Skewed” phenotype, we allowed organotypic cultures to differentiate at an 

ALI in a defined differentiation media supplemented with IL-13 [DMEM with 2% v/v 

NuSerum (BD BioSciences, San Jose, CA, USA), 50 nM retinoic acid (Sigma-Aldrich, St. 

Louis, MO, USA)], and 25 ng/mL IL-13 (PeproTech, Rocky Hill, NJ, USA)]. We identified 
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this concentration of IL-13 in a preliminary study and supplemented it to the defined 

proliferation media starting on DIV 5, and then to the defined differentiation media from 

DIV 7-28, which we changed every other day until DIV 28. 

Immunohistochemistry 

We used immunohistochemistry (IHC) to characterize organotypic morphology in 

unexposed organotypic cultures on DIV 28. We washed organotypic cultures three times 

with 1× PBS (each wash for 10 min), fixed in 4% PFA (for 24 h at 4°C), embedded in 

paraffin, sectioned, and then stained with hematoxylin and eosin using an Autostainer XL 

(Leica Biosystems, Buffalo Grove, IL, USA). We acquired images at 40× on an Eclipse 

90i light microscope and processed using associated digital microscopy software (Nikon 

Instruments, Melville, NY, USA). 

Quantitative reverse transcription-polymerase chain reaction 

We used quantitative reverse transcription polymerase chain reaction (qRT-PCR) to 

quantify gene expression for markers of barrier function, cell populations, allergic 

responses (airway remodeling and hyperresponsiveness), as well as type 1 (T1), T2, and 

pro-T2 cytokines in unexposed organotypic cultures on DIV 28. We isolated total RNA 

from organotypic cultures using a RNEasy Micro Kit (Qiagen, Hilden, Germany), and 

synthesized cDNA using a RevertAid RT Reverse Transcription Kit (ThermoFisher 

Scientific, Waltham, MA, USA). We performed qRT-PCR using 20 ng cDNA per reaction 

with commercially available primer probe sets (Table 1), and master mix (Integrated DNA 

Technologies, Coralville, IA, USA) on a 7900HT Fast Real-Time PCR System (Applied 

BioSystems, Foster City, CA, USA). We normalized data to a baseline condition of the Ct 

values for each gene averaged across AJ:Normal, B6:Normal, AJ:T2-Skewed, and 

B6:T2-Skewed and then to the average Ct values of housekeeping genes Hprt1, Pol2ra, 

and Tbp using the 2−ΔΔCt method, as previously described.78 

AgNP exposure 

We exposed organotypic cultures in the apical compartment on DIV 28 to either 2 mM 

sodium citrate (vehicle control; 0 µg AgNP/mL media), or to silver nanoparticles (AgNP; 
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20 nm, gold-core, citrate-coated, at 1 mg/mL in 2 mM sodium citrate; nanoComposix, San 

Diego, CA, USA) for an acute exposure of 24 hours, or a subacute exposure of 4 hours, 

every other day, over 5 days (5×4 h) at nominal doses of 12.5, 25, or 50 µg AgNP/mL 

media, as freshly prepared in suspensions of defined differentiation media. 

Inductively coupled plasma-mass spectrometry 

We used inductively coupled plasma mass spectrometry (ICP-MS) to quantify dosimetric 

doses of silver (Ag), gold (Au), and the ratio of silver to gold (Ag:Au) mass associated on 

organotypic cultures. We washed organotypic cultures three times, each wash for 10 m, 

with 1× PBS to remove unassociated AgNP. We lysed organotypic cultures with CelLytic 

M Cell Lysis Reagent (Sigma-Aldrich, St. Louis, MO, USA) for 10 m at 4°C and pelleted 

the lysates at 50,000×g for 1 h at 4°C using an Optima MAX-XP ultracentrifuge (Beckman 

Coulter, Brea, CA, USA). We re-suspended cell fractions in 500 µL water and stored the 

samples at 4°C until analysis, as previously described.159 We used a Bradford assay (Bio-

Rad Laboratories, Hercules, CA, USA) to measure protein content, as previously 

described.160 We normalized data by dividing the Ag, Au, and Ag:Au mass in each cell 

fraction by the protein content. The Ag:Au mass is an indirect measurement of the 

colocation of Ag and Au mass, and a high Ag:Au mass therefore suggests that the two 

metals have not separated through dissolution. 

Transepithelial electrical resistance assay 

We used a EVOM2 Epithelial Volt/Ohm Meter (World Precision Instruments, Sarasota, 

FL, USA) to quantify TEER as a measure of barrier function in exposed organotypic 

cultures, as previously described.161 We normalized data by subtracting the average 

background resistance (in 1× PBS) and multiplying by the area of the semi-permeable 

transwell membrane (0.33 cm2). 

2,3-Naphthalenedicarboxaldehyde assay 

We used a 2,3-naphthalenedicarboxaldehyde (NDA) assay to quantify NDA fluorescence 

at 472/528 nm as a measure of GSH depletion/oxidative stress in exposed organotypic 

cultures, as previously described.162 We normalized data by subtracting the average 
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background absorbance of defined differentiation media, multiplying by a sample dilution 

factor (1/100) for fitting to a standard curve of known GSH concentrations in media, and 

dividing by the protein content. 

2,7-Dichlorofluorescein assay 

We used a 2,7-dichlorofluorescein (DCF) assay (Abcam, Cambridge, MA, USA) to 

quantify DCF fluorescence at 485/535 nm as a measure of ROS production/oxidative 

stress in exposed organotypic cultures, as previously described.163 We normalized data 

by subtracting the average background absorbance of defined differentiation media and 

dividing by the DCF fluorescence of vehicle controls. 

Malondialdehyde assay 

We used a malondialdehyde (MDA) assay (Abcam, Cambridge, MA, USA) to quantify 

MDA fluorescence at 523/553 nm as a measure of lipid peroxidation/oxidative stress in 

exposed organotypic cultures, as previously described.164 We normalized data by 

subtracting the average background absorbance in media, multiplying by a correction 

factor (4) for using 200 µL of the 800 µL reaction mix, multiplying by a dilution factor 

(1/100) for fitting to a standard curve of known MDA concentrations in media, and dividing 

by the protein content. 

Lactate dehydrogenase assay 

We used a lactate dehydrogenase (LDH) assay (Promega, Madison, WI, USA) to quantify 

LDH absorbance in cell culture supernatant at 490 nm as a measure of cytotoxicity in 

exposed organotypic cultures, as previously described.165 We normalized data by 

subtracting the average background absorbance in media and dividing by the LDH 

absorbance of positive controls. 

3.4 STATISTICS 

We used linear mixed effects models to test the fixed effects of genotype, phenotype, and 

exposure using R statistical software.166 We adjusted each model for random effects to 

account for variability across and within biological and technical replicates. We used 
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ANOVA to test the significance of each fixed effect as well as interactions between these 

fixed effects using the nominal dose of AgNP mass as a categorical variable. We tested 

the significance of interactions between these fixed effects to characterize G×P effects 

on AgNP toxicity. For all analyses, we considered an effect with a P-value less than 0.05 

(P<0.05) statistically significant and adjusted all effects for multiple comparisons when 

comparing each nominal dose of AgNP mass to vehicle controls. We used a BMD 

approach to characterize G×P effects on the sensitivity of adverse cellular responses by 

accounting for differences in the effective dose ranges to induce AgNP toxicity measured 

by the nominal and dosimetric BMD and their lower 95% confidence limits (BMDL) across 

genotypes, phenotypes, and exposures using the dosimetric dose of Ag mass as a 

continuous variable (Equation 1). 

3.5 RESULTS 

The “T2-Skewed” phenotype is an in vitro model of chronic respiratory diseases 

We compared genotype and phenotype effects for organotypic morphology and gene 

expression to achieve baseline characterization of organotypic cultures. We did not 

observe genotype effects on organotypic morphology; however, we observed phenotype 

effects on organotypic morphology (Figure 1). We observed organotypic morphology of 

the “T2-Skewed” phenotype recapitulated clinical features of airway remodeling, marked 

by a shift toward a pseudostratified columnar epithelium with an abundance of epithelial 

glycoproteins. We observed an increase in epithelial thickness due to cell proliferation 

(marked by blue-stained nuclei), shifted the simple cuboidal epithelium under the 

“Normal” phenotype to the pseudostratified columnar epithelium under the “T2-Skewed” 

phenotype. An increase in the density of ciliated cells is a distinguishing feature of 

pseudostratified columnar epithelium, which we also observed on the apical surface 

under the “T2-Skewed” phenotype. An increase in epithelial glycoproteins, including 

mucus and chitin (marked by unstained or light pink-stained inclusion bodies), is a 

distinguishing feature of T2 airway inflammation, which we also observed under the “T2-

Skewed” phenotype. 

We did not observe genotype effects on gene expression (P>0.05); however, we 
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observed phenotype effects on gene expression (P<0.001) (Figure 2). We observed 

gene expression under the “T2-Skewed” phenotype recapitulated clinical features of 

chronic respiratory diseases, including barrier dysfunction,22 mucus production,19 allergic 

responses,20 and T2 responses.154,167 We observed barrier dysfunction under the “T2-

Skewed” phenotype by downregulation of Tuba1a, Tubb4a, Tjp1, Jup, and Gja1, which 

are markers for α-tubulin, β-tubulin, tight, adherens, and gap junctions, respectively. We 

observed genotype effects on gene expression for Tubb4a, Jup, and Gja1 under the 

“Normal” phenotype (P<0.001 - P<0.05). We observed mucus production under the “T2-

Skewed” phenotype by upregulation of Muc5ac, a marker for mucin cells; however, we 

did not observe mucin cell metaplasia under the “T2-Skewed” phenotype due to no 

evidence of reciprocal regulation with Foxj1, a marker for ciliated cells. We observed 

genotype effects on gene expression for Scgb1a1 and Muc5ac under the “T2-Skewed” 

phenotype (P<0.001 - P<0.01). We observed allergic responses associated with airway 

remodeling and hyperresponsiveness under the “T2-Skewed” phenotype by upregulation 

of Pcna, Ym1/2, and Pla2g10, which are markers for cellular proliferation, agglutination, 

and eicosanoid production, respectively. We observed genotype effects on gene 

expression for Pcna and Pla2g10 under the “T2-Skewed” phenotype (P<0.001). We 

observed reciprocal regulation of T1/T2 responses under the “T2-Skewed” phenotype by 

downregulation of T1 cytokines Il2, Infg, and Tnfb and upregulation of upstream pro-T2 

cytokines Il25, Il33, and Tslp as well as downstream T2 cytokines Il4, Il5, Il6, Il9, Il10, and 

Il13. We observed genotype effects on gene expression for Il2 and Infg under the 

“Normal” phenotype (P<0.001) as well as Tnfb, Il33, Il6, and Il10 under the “T2-Skewed” 

phenotype (P<0.001 - P<0.01). 

Exposure and phenotype effects on the linear relationship between the nominal 
dose of AgNP mass and the dosimetric dose of Ag, Au, and Ag:Au mass 

We compared genotype, phenotype, and exposure effects for linear relationships 

between the nominal dose of AgNP mass and the dosimetric dose of Ag, Au, and Ag:Au 

mass. We observed positive linear relationships between the nominal dose of AgNP mass 

and the dosimetric dose of Ag mass (Figure 3A-B; Supplementary Data) and Au mass 

(Figure 3C-D; Supplementary Data) for AJ:Normal, B6:Normal, AJ:T2-Skewed, and 
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B6:T2-Skewed at the acute 24 h exposure and the subacute 5×4 h exposure. We did not 

observe genotype or phenotype effects on the dosimetric dose of Ag and Au mass 

(P>0.05); however, we observed exposure effects on the dosimetric dose of Ag and Au 

mass, with the highest dosimetric dose of Ag and Au mass detected at the acute 24 h 

exposure (P<0.001). Additionally, we observed G×P effects on the dosimetric dose of Ag 

and Au mass at the acute 24 h exposure and the subacute 5×4 h exposure (P<0.001). 

We did not observe a linear relationship between the nominal dose of AgNP mass and 

the dosimetric dose of Ag:Au mass (Figure 3E-F; Supplementary Data) for AJ:Normal, 

B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed at the acute 24 h exposure and the 

subacute 5×4 h exposure. We did not observe genotype or exposure effects on the 

dosimetric dose of Ag:Au mass (P>0.05); however, we observed phenotype effects on 

the dosimetric dose of Ag:Au mass, with the lowest dosimetric dose of Ag:Au mass 

detected in the “T2-Skewed” phenotype (P<0.05). Additionally, we observed G×P effects 

on the dosimetric dose of Ag:Au mass at the acute 24 h exposure (P<0.05) and the 

subacute 5×4 h exposure (P<0.001). 

Genotype and phenotype effects on AgNP-induced barrier dysfunction 

We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

dose-response relationships for TEER as a measure of barrier function. We observed 

negative dose-response relationships for AgNP-induced barrier dysfunction for AJ:T2-

Skewed at the acute 24 h exposure and the subacute 5×4 h exposure (P<0.001) (Figure 
4; Supplementary Data). We observed genotype and phenotype effects on AgNP-

induced barrier dysfunction (P<0.001), with increased sensitivity to barrier dysfunction 

detected in AJ:T2-Skewed. We did not observe exposure effects on AgNP-induced barrier 

dysfunction (P>0.05); however, we observed G×P effects on AgNP-induced barrier 

dysfunction at the acute 24 h exposure and the subacute 5×4 h exposure (P<0.001). 

Genotype and phenotype effects on AgNP-induced GSH depletion 

We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

dose-response relationships for NDA fluorescence as a measure of GSH content. We 

observed negative dose-response relationships for AgNP-induced GSH depletion for 
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AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed at the acute 24 h exposure 

and the subacute 5×4 h exposure (P<0.001 - P<0.05) (Figure 5; Supplementary Data). 
We observed genotype and phenotype effects on AgNP-induced GSH depletion 

(P<0.001), with increased sensitivity to GSH depletion detected in AJ:T2-Skewed. We did 

not observe exposure effects on AgNP-induced GSH depletion (P>0.05); however, we 

observed G×P effects on AgNP-induced GSH depletion at the acute 24 h exposure and 

the subacute 5×4 h exposure (P<0.001). 

Genotype, phenotype, and exposure effects on AgNP-induced ROS production 

We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

dose-response relationships for DCF fluorescence as a measure of ROS production. We 

observed positive dose-response relationships for AgNP-induced ROS production for 

AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed at the acute 24 h exposure 

and the subacute 5×4 h exposure (P<0.001) (Figure 6; Supplementary Data). We 

observed genotype, phenotype, and exposure effects on AgNP-induced ROS production 

(P<0.001), with increased sensitivity to ROS production detected in AJ:T2-Skewed at the 

acute 24 h exposure. Additionally, we observed G×P effects on AgNP-induced ROS 

production at the acute 24 h exposure and the subacute 5×4 h exposure (P<0.001). 

Genotype, phenotype, and exposure effects on AgNP-induced lipid peroxidation 

We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

dose-response relationships for MDA fluorescence as a measure of lipid peroxidation. 

We observed positive dose-response relationships for AgNP-induced lipid peroxidation 

for AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed at the acute 24 h exposure 

and the subacute 5×4 h exposure (P<0.001) (Figure 7; Supplementary Data). We 

observed genotype, phenotype, and exposure effects on AgNP-induced lipid peroxidation 

(P<0.001), with increased sensitivity to lipid peroxidation detected in AJ:T2-Skewed at 

the acute 24 h exposure. Additionally, we observed G×P effects on AgNP-induced lipid 

peroxidation at the acute 24 h exposure and the subacute 5×4 h exposure (P<0.001). 

Genotype and phenotype effects on AgNP-induced cytotoxicity 
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We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

dose-response relationships for LDH absorbance as a measure of cytotoxicity. We 

observed positive dose-response relationships for AgNP-induced cytotoxicity for 

AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed at the acute 24 h exposure 

and the subacute 5×4 h exposure (P<0.001) (Figure 8; Supplementary Data). We 

observed genotype and phenotype effects on AgNP-induced cytotoxicity (P<0.001), with 

increased sensitivity to cytotoxicity detected in AJ:T2-Skewed. We did not observe 

exposure effects on AgNP-induced cytotoxicity (P>0.05); however, we observed G×P 

effects on AgNP-induced cytotoxicity at the acute 24 h exposure and the subacute 5×4 h 

exposure (P<0.001). 

Genotype, phenotype, and exposure effects on sensitivity to AgNP-induced 
adverse cellular responses 

We compared genotype, phenotype, and exposure effects for nominal and dosimetric 

BMD (BMDL) as a measure of sensitivity to adverse cellular responses by accounting for 

differences in the effective dose ranges to induce AgNP toxicity. We observed similar 

patterns of nominal and dosimetric BMD (BMDL) across genotypes, phenotypes, and 

exposures for each adverse cellular response (Figure 9; Supplementary Data). The 

most sensitive adverse cellular response across nominal and dosimetric dose-response 

relationships was marked by the lowest effective dose to induce AgNP toxicity, which was 

ROS production at the acute 24 h exposure and the subacute 5×4 h exposure. 

3.6 DISCUSSION 

This is the first study to use organotypic cultures as a high-content in vitro model of the 

conducting airway to characterize G×P effects on AgNP toxicity. We characterized 

nominal and dosimetric dose-response relationships for AgNP-induced barrier 

dysfunction, GSH depletion, ROS production, lipid peroxidation, and cytotoxicity across 

genotypes, phenotypes, and exposures to understand G×P effects on AgNP toxicity. 

Across each of the nominal and dosimetric dose-response relationships, we observed 

increased sensitivity to AgNP toxicity under AJ:T2-Skewed at the acute 24 h exposure. 

We observed higher dosimetric doses of Ag and Au mass under the “T2-Skewed” 
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phenotype at the acute 24 h exposure and lower dosimetric doses of Ag:Au mass under 

the “T2-Skewed” phenotype at the subacute 5×4 h exposure, suggesting that phenotype 

and exposure effects on association and dissolution are greatest for the “T2-Skewed” 

phenotype at acute and subacute exposures, respectively. The dosimetric dose of Ag:Au 

mass is an indirect measurement of the colocation of Ag and Au mass, and a low Ag:Au 

mass suggests that the two metals have separated through dissolution, potentially leading 

to increased AgNP bioavailability and bioactivity. We used a BMD approach to 

characterize G×P effects on the sensitivity of adverse cellular responses by accounting 

for differences in the effective dose ranges to induce AgNP toxicity across genotypes, 

phenotypes, and exposures, and identified ROS production as the most sensitive adverse 

cellular response at the acute 24 h exposure and the subacute 5×4 h exposure.  

These data suggest that phenotype and exposure effects on AgNP particokinetics are 

greatest for the “T2-Skewed” phenotype at the acute 24 h exposure, rather than the 

subacute 5×4 h exposure. For the subacute 5×4 h exposure, when the delivered dose 

was separated across days, the peak exposures per day seemed to drive the overall 

exposure. The subacute 5×4 h exposure was chosen to model a work-week exposure 

scenario, as previous studies have suggested a potential high-risk for AgNP exposures 

in occupational settings.32,38-41 Together, this highlights the importance of using multiple 

genotypes, phenotypes, and exposures when screening and prioritizing other potential 

respiratory toxicants in order to produce more biologically robust predictions of adverse 

organism responses resulting from occupational exposures.119 

We used dosimetric dose-response relationships to account for genotype, phenotype, 

and exposure effects on AgNP particokinetics and/or airway physiology of organotypic 

cultures. However, when we used these data to derive dosimetric BMD (BMDL), the 

sensitivity of the “T2-Skewed” phenotype decreased for the acute 24 h exposure but 

increased (alongside the “Normal” phenotype) for the subacute 5×4 h exposure. This 

suggests the importance of considering exposure effects on AgNP toxicity. While electron 

microscopy may better inform whether these genotype, phenotype, and exposure effects 

on association and dissolution lead to differences in uptake of whole particles, the 

approach used in the present study allowed for the detection of AgNP toxicity that can be 
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translated to physiologically-relevant units measurable in occupational settings. 

While we addressed some of these differences in AgNP particokinetics and/or airway 

physiology using dosimetric dose-response relationships, the in vitro to in vivo 

extrapolation (IVIVE) from organotypic cultures to the lungs may still exhibit significant 

variability. This was highlighted by Bachler et al., who developed a physiologically-based 

pharmacokinetic/toxicokinetic (PBPK) model for AgNP toxicity in various organ systems. 

For the lungs, the authors calibrated their human respiratory tract model to estimate the 

deposition fraction of inhaled particles from 1 to 1000 nm among the extrathoracic, 

endothoracic, bronchial, bronchiolar, and alveolar-interstitial compartments, and 

accounted for mucociliary clearance as well as time-dependent uptake of particles to the 

systemic blood circulation.168 While deposition and dissolution can occur throughout the 

conducting and respiratory airways, deposition in the conducting airway of healthy 

individuals will be reduced by mucociliary clearance, with a fraction of deposited Ag mass 

undergoing dissolution upon inhalation. However, this host defense mechanism may be 

impaired in individuals with pre-existing chronic respiratory diseases, and raises the 

potential for increased deposition, dissolution, and thus AgNP toxicity. This could be 

evaluated in future studies using healthy and allergic mice that also incorporate IVIVE or 

PBPK models to derive human equivalent concentrations (HEC). Weldon et al. used HEC 

based upon the dosimetric dose of Ag mass associated in the lungs, which showed the 

highest retention time and burden compared to other organs as reported in the in vivo 

study by Sung et al., to derive a health-based occupational exposure limit (OEL) of 0.19 

µg AgNP/m3.119 Together, this highlights the importance of considering PBPK parameters 

within sensitive populations when deriving dose-response relationships, HEC, and OEL 

which can be used to contribute relevant data and efficient characterization toward risk 

assessment for occupational exposures. 

Our observations were supported by previous in vitro and in vivo studies on the effects of 

host genetic and acquired factors on ENM toxicity. With regard to host genetic factors, 

Weldon et al. exposed organotypic cultures derived from primary murine embryonic 

midbrain cells, and observed size, coating, genotype, and developmental stage effects 

on AgNP-induced cytotoxicity, with A/J and C57BL/6J mice being differentially sensitive 
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genotypes.165 Scoville et al. exposed eight genotypes of male mice and observed 

genotype effects on quantum dot (QD)-induced T2 lung inflammation, with A/J and 

C57BL/6J mice being the most differentially sensitive genotypes. The authors quantified 

dosimetric doses of cadmium (Cd) mass in the lungs of these differentially sensitive 

genotypes and detected higher burdens in A/J mice compared to C57BL/6J mice, 

suggesting that airway physiology (marked by alveolar size and airway branching) may 

be a contributing factor in genotype effects on QD toxicity—which may be broadly 

applicable to other types of ENM, such as AgNP.75-77 With regard to host acquired factors, 

Chuang et al. treated OVA-sensitized, female BALB/cJ mice by inhalation and observed 

antigen effects on AgNP-induced oxidative stress in allergic mice compared to healthy 

mice and fresh air controls, with allergic and healthy mice being differentially sensitive to 

AgNP toxicity.82 In a similar study, Alessandrini et al. exposed OVA-sensitized, female 

BALB/cJ mice by tracheal instillation and observed size, coating, dose, and antigen 

effects on AgNP-induced T2 lung inflammation in allergic mice compared to healthy mice 

and vehicle controls, with allergic and healthy mice also being differentially sensitive to 

AgNP toxicity.86 Interestingly, the authors observed AgNP-induced T2 lung inflammation 

in a biphasic manner, with AgNPCIT200 and AgNPPVP200 attenuating T2 lung inflammation, 

and AgNPCIT50 and AgNPPVP50 exacerbating T2 lung inflammation. In the present study; 

we observed genotype effects to be more understated than phenotype effects on baseline 

characterization of organotypic cultures. However, we observed G×P effects on AgNP 

toxicity and therefore suggest these were primarily driven by phenotype rather than 

genotype effects on AgNP toxicity. 

The “T2-Skewed” phenotype’s sensitivity to AgNP toxicity may be attributed to increased 

association and dissolution, which can be mediated by particle interactions with chloride 

ions (Cl-) within secreted mucus. Yasuo et al. observed IL-13 induced upregulation of 

Muc5ac and calcium-activated chloride channel 1 (Clca1) when skewing differentiation of 

airway epithelial cells.169 Therefore, under the “T2-Skewed” phenotype, IL-13 may induce 

upregulation of Clca1 in addition to Muc5ac, potentially leading to increased AgNP 

bioavailability and bioactivity. The “T2-Skewed” phenotype’s sensitivity to AgNP toxicity 

may also be attributed to impaired ion transport, which can be mediated by amiloride-

sensitive epithelial Na+ channel (ENaC) activity. Kimura et al. observed E3 ubiquitin-
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protein ligase NEDD4-like (Nedd4l) regulates ENaC activity in the lungs, and under 

normal conditions, it inhibits ENaC activity to prevent T2 airway inflammation.170 Campbell 

et al. observed a positive association between a 6 kbp deletion in an intron of Nedd4l and 

the odds of asthma (Odds Ratio [OR] = 3.13; P<0.05);171 and as a critical mediator of 

asthma, IL-13 may induce downregulation of Nedd4l to promote ENaC activity and T2 

airway inflammation.  

The “T2-Skewed” phenotype’s sensitivity to AgNP toxicity may also be attributed to GSH 

depletion, which can be mediated by T2 responses and/or NF-κB activation. Nam et al. 

observed IL-13 induced NADPH oxidase activity and iNOS to promote ROS/RNS 

production and GSH depletion in hippocampal neurons.172 Although no studies have 

confirmed this mechanism of IL-13-induced GSH depletion in airway epithelial cells, GSH 

depletion has been shown to promote T2 responses during chronic respiratory diseases. 

Kato et al. observed endocrine disrupting chemicals induced both GSH depletion and 

reciprocal regulation of IL-10/IL-12 production in airway epithelial cells.173 Reductive 

redox status, marked by high levels of GSH content, has been shown to promote IL-12 

production via MAPK signaling in monocytes,174 whereas oxidative redox status, marked 

by low levels of GSH content, has been shown to promote IL-10 production via NF-κB 

activation in monocytes, B cells, T cells, and NK cells.175,176 The “T2-Skewed” phenotype 

was marked by oxidative redox status, and thus AgNP-induced pro-inflammatory cytokine 

production likely contributed toward higher levels of ROS production, and potentially 

toward inhibition of GSH synthesis enzymes. GSH has regulatory mechanisms in 

apoptosis, vascularisation, mitochondrial integrity, and the immune system. GSH is not 

only inhibitory for the pro-inflammatory response to respiratory toxicants, it is critical for 

mounting innate and adaptive immune responses, including: T-lymphocyte 

proliferation,177 polymorphonuclear leukocyte phagocytosis, and dendritic cell functions 

such as antigen presentation, degradation, and processing which depend upon the GSH-

mediated reduction of disulfide bonds.178,179 Although GSH inhibits the production of most 

pro-inflammatory cytokines, it is required to maintain sufficient IFN-γ production by 

dendritic cells.180 Therefore, the regulatory mechanisms of GSH in the immune system 

might explain why in chronic respiratory diseases, including asthma, acute bronchitis, and 

COPD, GSH depletion is associated with T1/T2 imbalance and an increased sensitivity 
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to occupational exposures.181 No studies have confirmed these mechanisms of GSH 

depletion-induced T2 responses in organotypic cultures. These hypotheses should be 

tested in future studies to better understand G×P effects on association, dissolution, 

impaired ion transport, and GSH depletion in relation to AgNP toxicity. 

This is the first study to use organotypic cultures as a high-content in vitro model of the 

conducting airway to characterize G×P effects on AgNP toxicity, and therefore, refining 

this in vitro model in future studies is warranted. One limitation of this study was our use 

of only one sex and two genotypes; the use of both sexes and additional genotypes (e.g., 

BALB/cJ and SWR/J mice) or knockouts (e.g., Nedd4l-/- or Nfkb1-/- mice) would increase 

genetic diversity and assist in defining a mechanistic basis for G×P effects on AgNP 

toxicity in future studies. A second limitation of this study was our use of IL-13 to skew 

differentiation toward an in vitro model of chronic respiratory diseases; the use of co-

cultures with relevant cell populations, including mast cells or type 2 innate lymphoid cells 

(ILC2), would increase cellular diversity and improve the physiological relevance of this 

in vitro model in future studies. A third limitation of this study was our administration of 

the nominal dose of AgNP using suspensions in defined differentiation media. This 

approach may have contributed to their dissolution; the use of a Nano Aerosol Chamber 

for in vitro Toxicity studies (NACIVT) would allow for direct deposition of ENM onto the 

apical surface of organotypic cultures;50,61,182 or alternatively, the use of microfluidic 

systems would improve our understanding of the kinetics and dynamics of the conducing 

airway in future studies.183 Both approaches would allow this in vitro model to better 

recapitulate the physiological conditions of AgNP exposures in occupational settings. 

Despite these limitations, this study establishes organotypic cultures derived from MTEC 

as a medium-throughput, high-content in vitro model for the conducing airway to 

characterize chemical perturbation as a means to screen and prioritize potential 

respiratory toxicants. Our results highlight the importance of considering dosimetry as 

well as G×P effects when screening and prioritizing potential respiratory toxicants. This 

is challenging and important for ENM, since their MoA have been shown to differ 

considerably but are still used in hundreds of consumer products. Prior to anticipating 

potential adverse organism responses arising from ENM toxicity, ensuring safe 
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development of the consumer products in which they are used will be the most critical 

and necessary step toward safeguarding public health. 
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Equation 3.1. Nominal and dosimetric BMD (BMDL). Yi = adverse cellular response, A = 
intercept, B = slope, Xi = dose, Ri = random effect of preparation date for ith sample, r = 
variance for random effects, s = residual variance for fixed effects, σ = population 
variability.
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Figure 3.1. The “T2-Skewed” phenotype is characterized by baseline organotypic 
morphology associated with clinical features of chronic respiratory diseases, or a 
pseudostratified columnar epithelium with an abundance of epithelial glycoproteins. 
Representative H&E staining of untreated organotypic cultures (A) AJ:Normal, (B) 
B6:Normal, (C) AJ:T2-Skewed, and (D) B6:T2-Skewed on DIV 28. Scale bar: 100 µm. 
Arrows: epithelial glycoproteins.
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Figure 3.2. The “T2-Skewed” phenotype is characterized by baseline gene expression 
associated with clinical features of chronic respiratory diseases, including barrier 
dysfunction, mucus production, allergic responses, and T2 responses. Total RNA was 
isolated from untreated organotypic cultures on DIV 28, and cDNA was subjected to qRT-
PCR analysis for gene expression of markers associated with (A) barrier function, (B) cell 
populations, (C) allergic responses, (D) T1 responses, (E) pro-T2 responses, and (F) T2 
responses. The fold change in gene expression was compared between genotypes 
(asterisks) for each phenotype. n = 3 biological replicates with technical replicates. Data 
represent mixed effects estimate ± 95% CI; NS (P>0.05); * (P<0.05); *** (P<0.001).
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Figure 3.3. Phenotype and exposure effects on the linear relationship between the 
nominal dose of AgNP mass and the dosimetric doses of Ag, Au, and Ag:Au mass. 
Organotypic cultures were exposed to nominal doses of 0, 12.5, 25, or 50 µg AgNP/mL 
media for an acute 24 h exposure and a subacute 5×4 h exposure, and cell lysates were 
subjected to ICP-MS analysis for dosimetric doses of Ag (A, B), Au (C, D), and Ag:Au (E, 
F) mass. Dosimetric doses of Ag and Au mass were normalized to the protein content 
and were then divided to derive dosimetric doses of Ag:Au mass. n = 3 biological 
replicates. Data represent mixed effects estimate ± 95% CI.
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Figure 3.4. Genotype and phenotype effects on AgNP-induced barrier dysfunction. 
TEER, a non-specific method to assay barrier function in epithelial monolayers, was 
assayed in organotypic cultures exposed to nominal doses of 0, 12.5, 25, or 50 µg 
AgNP/mL media for an acute 24 h exposure and a subacute 5×4 h exposure. TEER was 
normalized to the background resistance and area of the semi-permeable transwell 
membrane, then compared to vehicle controls (asterisks) across genotypes and 
phenotypes; G×P effects were compared across genotypes and phenotypes (pounds) for 
each exposure across nominal (A, B) and dosimetric (C, D) dose-response relationships. 
n = 3 biological replicates with technical replicates. Data represent mixed effects estimate 
± 95% CI; NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001); ### (P<0.001).
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Figure 3.5. Genotype and phenotype effects on AgNP-induced GSH depletion. NDA 
fluorescence, a specific method to assay dissolved GSH concentrations in media, was 
assayed in organotypic cultures exposed to nominal doses of 0, 12.5, 25, or 50 µg 
AgNP/mL media for an acute 24 h exposure and a subacute 5×4 h exposure. NDA 
fluorescence was normalized to the protein content, then compared to vehicle controls 
(asterisks) across genotypes and phenotypes; G×P effects were compared across 
genotypes and phenotypes (pounds) for each exposure across nominal (A, B) and 
dosimetric (C, D) dose-response relationships. n = 3 biological replicates with technical 
replicates. Data represent mixed effects estimate ± 95% CI; NS (P>0.05); * (P<0.05); ** 
(P<0.01); *** (P<0.001); ### (P<0.001).

Genotype:Phenotype ●● ●●AJ:Normal B6:Normal AJ:T2−Skewed B6:T2−Skewed

●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###

0

10

20

30

40

50

0.0 12.5 25.0 50.0
 

 

Acute 24 Hour ExposureA

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●
●●● ●●●

●●● ●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###

0

10

20

30

40

50

0.0 12.5 25.0 50.0
 

 

Subacute 5×4 Hour ExposureB

Nominal Dose (µg AgNP/mL media)

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●●
●●● ●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●● ●●●

●●●
●●● ●●●

●●●

●●●
●●● ●●●

●●●

●●●
●●● ●●●

●●●

●●●
●●● ●●●

●●●

●●●
●●● ●●●

●●●

●●●
●●● ●●●

●●●

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###

0

10

20

30

40

50

0 10 20 30 40 50
 

 

Acute 24 Hour ExposureC

●●● ●●●

●●●●●●
●●● ●●●

●●●●●●
●●● ●●●

●●●●●●
●●● ●●●

●●●●●●
●●● ●●●

●●●●●●
●●● ●●●

●●●●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●
●●●

●●●●●●

●●●
●●●

●●●●●●

●●●
●●●

●●●●●●

●●●
●●●

●●●●●●

●●●
●●●

●●●●●●

●●●
●●●

●●●●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

●●●

●●●

●●●
●●●

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************

************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************ ************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************************ G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###G×P: ###

0

10

20

30

40

50

0 1 2 3 4 5 6 7 8 9 10
 

 

Subacute 5×4 Hour ExposureD

Dosimetric Dose (µg Ag/mg protein)

G×P Effects on Nominal vs. Dosimetric 2,3−Naphthalenedicarboxaldehyde
nm

ol
es

 N
DA

/m
g 

pr
ot

ei
n



 

 74 

 

Figure 3.6. Genotype, phenotype, and exposure effects on AgNP-induced ROS 
production. DCF fluorescence, a non-specific method to assay ROS production in media, 
was assayed in organotypic cultures exposed to nominal doses of 0, 12.5, 25, or 50 µg 
AgNP/mL media for an acute 24 h exposure and a subacute 5×4 h exposure. The fold 
change in DCF fluorescence was normalized to the vehicle controls, then compared 
between genotypes (asterisks) for each phenotype; G×P effects were compared across 
genotypes and phenotypes (pounds) for each exposure across nominal (A, B) and 
dosimetric (C, D) dose-response relationships. n = 3 biological replicates with technical 
replicates. Data represent mixed effects estimate ± 95% CI; NS (P>0.05); *** (P<0.001); 
### (P<0.001).
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Figure 3.7. Genotype, phenotype, and exposure effects on AgNP-induced lipid 
peroxidation. MDA fluorescence, a specific method to assay dissolved MDA 
concentrations in media, was assayed in organotypic cultures exposed to nominal doses 
of 0, 12.5, 25, or 50 µg AgNP/mL media for an acute 24 h exposure and a subacute 5×4 
h exposure. MDA fluorescence was normalized to the protein content, then compared to 
vehicle controls (asterisks) across genotypes and phenotypes; G×P effects were 
compared across genotypes and phenotypes (pounds) for each exposure across nominal 
(A, B) and dosimetric (C, D) dose-response relationships. n = 3 biological replicates with 
technical replicates. Data represent mixed effects estimate ± 95% CI; NS (P>0.05); ** 
(P<0.01); *** (P<0.001); ### (P<0.001).
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Figure 3.8. Genotype and phenotype effects on AgNP-induced cytotoxicity. LDH 
absorbance, a specific method to assay dissolved LDH concentrations in media, was 
assayed in organotypic cultures exposed to nominal doses of 0, 12.5, 25, or 50 µg 
AgNP/mL media for an acute 24 h exposure and a subacute 5×4 h exposure. LDH 
absorbance was normalized to positive controls, then compared to vehicle controls 
(asterisks) across genotypes and phenotypes; G×P effects were compared across 
genotypes and phenotypes (pounds) for each exposure across nominal (A, B) and 
dosimetric (C, D) dose-response relationships. n = 3 biological replicates with technical 
replicates. Data represent mixed effects estimate ± 95% CI; NS (P>0.05); * (P<0.05); ** 
(P<0.01); *** (P<0.001); ### (P<0.001).
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Figure 3.9. Genotype, phenotype, and exposure effects on sensitivity to AgNP-induced 
adverse cellular responses. BMD (BMDL) were used to compare sensitivity to adverse 
cellular responses. BMD (BMDL) were derived from significant nominal (A, B) and 
dosimetric (C, D) dose-response relationships for each genotype, phenotype, and 
exposure using the dosimetric dose of Ag mass as a continuous variable. n = 3 biological 
replicates with technical replicates. Data represent BMD - BMDL.
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3.8 SUPPLEMENTARY DATA 

 

GSH-EE supplementation attenuates AgNP-induced barrier dysfunction. TEER, a non-
specific method to assay barrier function in epithelial monolayers, was assayed under the 
“T2-Skewed” phenotype pre-exposed with concentrations of 0, 500, 750, or 1000 µM 
GSH-EE for 1 h, and then exposed to nominal doses of 0, 12.5, 25, or 50 µg AgNP/mL 
media for an acute 24 h exposure. TEER was normalized to the background resistance 
and area of the semi-permeable transwell membrane, then compared to non-
supplemented controls (pounds) for AJ:T2-Skewed (A) and B6:T2-Skewed (B). n = 3 
biological replicates with technical replicates. Data represent mixed effects estimate ± 
95% CI; ### (P<0.001).
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GSH-EE supplementation attenuates AgNP-induced GSH depletion. NDA fluorescence, 
a specific method to assay dissolved GSH concentrations in media, was assayed under 
the “T2-Skewed” phenotype pre-exposed with concentrations of 0, 500, 750, or 1000 µM 
GSH-EE for 1 h, and then exposed to nominal doses of 0, 12.5, 25, or 50 µg AgNP/mL 
media for an acute 24 h exposure. NDA fluorescence was normalized to the protein 
content, then compared to non-supplemented controls (pounds) for AJ:T2-Skewed (A) 
and B6:T2-Skewed (B). n = 3 biological replicates with technical replicates. Data 
represent mixed effects estimate ± 95% CI; ### (P<0.001).
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GSH-EE supplementation attenuates AgNP-induced ROS production. DCF fluorescence, 
a non-specific method to assay ROS production in media, was assayed under the “T2-
Skewed” phenotype pre-exposed with concentrations of 0, 500, 750, or 1000 µM GSH-
EE for 1 h, and then exposed to nominal doses of 0, 12.5, 25, or 50 µg AgNP/mL media 
for an acute 24 h exposure. The fold change in DCF fluorescence was normalized to the 
vehicle controls, then compared to non-supplemented controls (pounds) for AJ:T2-
Skewed (A) and B6:T2-Skewed (B). n = 3 biological replicates with technical replicates. 
Data represent mixed effects estimate ± 95% CI; ### (P<0.001).
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GSH-EE supplementation attenuates AgNP-induced lipid peroxidation. MDA 
fluorescence, a specific method to assay dissolved MDA concentrations in media, was 
assayed under the “T2-Skewed” phenotype pre-exposed with concentrations of 0, 500, 
750, or 1000 µM GSH-EE for 1 h, and then exposed to nominal doses of 0, 12.5, 25, or 
50 µg AgNP/mL media for an acute 24 h exposure. MDA fluorescence was normalized to 
the protein content, then compared to non-supplemented controls (pounds) for AJ:T2-
Skewed (A) and B6:T2-Skewed (B). n = 3 biological replicates with technical replicates. 
Data represent mixed effects estimate ± 95% CI; ### (P<0.001).
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GSH-EE supplementation attenuates AgNP-induced cytotoxicity. LDH absorbance, a 
specific method to assay dissolved LDH concentrations in media, was assayed under the 
“T2-Skewed” phenotype pre-exposed with concentrations of 0, 500, 750, or 1000 µM 
GSH-EE for 1 h, and then exposed to nominal doses of 0, 12.5, 25, or 50 µg AgNP/mL 
media for an acute 24 h exposure. LDH absorbance was normalized to positive controls, 
then compared to non-supplemented controls (pounds) for AJ:T2-Skewed (A) and B6:T2-
Skewed (B). n = 3 biological replicates with technical replicates. Data represent mixed 
effects estimate ± 95% CI; NS (p>0.05); ### (P<0.001).
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Gene Cluster Gene Biological Function Reference 
Barrier Function Tuba1a Forms and organizes microtubules 184 

Tubb4a Forms and organizes microtubules 151,184 
Tjp1 Forms tight junctions 151 
Jup Forms adherens junctions 185 
Gja1 Forms gap junctions 186 

Cell Distribution Krt14 Controls production of intermediate filaments 187 
Foxj1 Controls production of motile cilia 188 
Scgb1a1 Controls production and secretion of uteroglobin 189 
Muc5ac Controls production and secretion of mucus 151,190 

Allergic Responses Pcna Correlated with epithelial thickness 191 
Ym1/2 Inhibits 12(S)-HETE production via 12/15-LOX 192-194 
Pla2g10 Promotes eicosanoid formation and arachidonic release 195,196 

T1 Responses Il2 Promotes effector memory, and regulatory T cell differentiation 197 
Infg Inhibits T2 cell differentiation 198,199 
Tnfb Activates NF-κB signaling 200 

Pro-T2 Responses Il25 Promotes IL-4, IL-5, and IL-13 production to increase eosinophils 201 
Il33 Promotes IL-9 production to induce airway remodeling and hyperresponsiveness 202 
Tslp Promotes dendritic cell activation to increase regulatory T cells 203 

T2 Responses Il4 Promotes B cell activation to increase IgE and T2 cells 198,199 
Il5 Promotes B cell activation to increase IgE and eosinophils 204 
Il6 Promotes B cell activation to increase IgE and neutrophils 205 
Il9 Promotes B cell activation to increase IgE and mast cells 161 
Il10 Inhibits NF-κB signaling 206 
Il13 Promotes B cell activation to increase IgE and mucin cells 156,161,198,207-209 

Genes used for baseline characterization of organotypic cultures. Gene: Tuba1a (tubulin 
alpha 1a); Tubb4a (tubulin beta 4A class IVa); Tjp1 (tight junction protein 1); Jup (junction 
plakoglobin); Gja1 (gap junction protein alpha 1); Krt14 (keratin 14); Foxj1 (forkhead box 
J1); Scgb1a1 (secretoglobin family 1A member 1) ; Muc5ac (mucin 5AC); Pcna 
(proliferating cell nuclear antigen); Ym1/2 (chitinase-3-like protein 1); Pla2g10 (group 10 
secretory phospholipase A2); Il2 (interleukin 2); Ifng (interferon gamma); Tnfb (tumor 
necrosis factor beta); Il25 (interleukin 25); Il33 (interleukin 33); Tslp (thymic stromal 
lymphopoietin); Il4 (interleukin 4); Il5 (interleukin 5); Il6 (interleukin 6); Il9 (interleukin 9); 
Il10 (interleukin 10); Il13 (interleukin 13).
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Exposure Genotype:Phenotype Nominal Dose (AgNP) Dosimetric Dose (Ag) Dosimetric Dose Au) Dosimetric Dose (Ag:Au) 
24 h AJ:Normal 0 0.00 0.00 - 

12.5 4.03 0.75 5.41 
25 9.43 1.06 8.90 
50 21.07 4.00 5.27 

B6:Normal 0 0.00 0.00 - 
12.5 1.18 0.78 1.51 
25 2.63 1.67 1.57 
50 20.40 2.98 6.85 

AJ:T2-Skewed 0 0.00 0.00 - 
12.5 5.39 0.94 5.72 
25 8.18 2.37 3.45 
50 29.12 5.04 5.78 

B6:T2-Skewed 0 0.04 0.00 - 
12.5 7.34 0.31 23.76 
25 15.94 0.70 22.81 
50 29.25 5.91 4.95 

5×4 h AJ:Normal 0 0.00 0.00 - 
12.5 0.69 0.06 12.46 
25 7.89 0.70 11.23 
50 3.94 0.33 12.10 

B6:Normal 0 0.01 0.00 22.80 
12.5 1.20 0.10 11.74 
25 1.93 0.17 11.46 
50 3.79 0.33 11.36 

AJ:T2-Skewed 0 0.00 0.00 - 
12.5 0.37 0.09 4.08 
25 0.26 0.06 4.12 
50 7.86 1.87 4.21 

B6:T2-Skewed 0 0.00 0.00 - 
12.5 0.28 0.06 4.58 
25 2.05 0.43 4.73 
50 7.84 1.57 5.01 

Nominal dose of AgNP mass vs. dosimetric dose of Ag, Au, and Ag:Au mass. Exposure: 
h (hours). Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); B6:Normal 
(C57BL6/J, “Normal” phenotype); AJ:T2-Skewed (A/J, “T2-Skewed” phenotype); B6:T2-
Skewed (C57BL6/J, “T2-Skewed” phenotype). Nominal Dose: AgNP (µg AgNP/mL 
media). Dosimetric Dose: Ag mass (µg Ag/mg protein); Au mass (µg Au/mg protein); 
Ag:Au mass (µg Ag:Au/mg protein). n = 3 biological replicates.
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Dosimetric Dose Exposure Genotype:Phenotype Slope (β) Intercept (B) Correlation (r2) Significance (P) 
Ag 24 h AJ:Normal 0.49 -1.98 0.91 *** 

B6:Normal 0.30 -1.20 0.83 *** 
AJ:T2-Skewed 0.68 -2.76 0.92 *** 
B6:T2-Skewed 0.66 -0.12 0.98 *** 

5×4 h AJ:Normal 0.06 0.31 0.24 NS 
B6:Normal 0.08 0.10 0.99 * 
AJ:T2-Skewed 0.19 -1.44 0.82 *** 
B6:T2-Skewed 0.18 -1.22 0.87 *** 

Au 24 h AJ:Normal 2.48E-04 -9.33E-04 0.91 *** 
B6:Normal 2.47E-04 -6.67EE-05 0.99 *** 
AJ:T2-Skewed 4.91E-04 -2.00E-03 0.91 *** 
B6:T2-Skewed 3.49E-04 -1.47E-03 0.81 *** 

5×4 h AJ:Normal 1.52E-05 0.00E+00 0.29 NS 
B6:Normal 2.29E-05 -1.88E-19 0.73 *** 
AJ:T2-Skewed 1.85E-04 -1.47E-03 0.81 *** 
B6:T2-Skewed 1.31E-04 -8.67E-04 0.85 *** 

Ag:Au 24 h AJ:Normal -0.01 6.40 0.00 NS 
B6:Normal 0.02 3.23 0.02 NS 
AJ:T2-Skewed 0.01 5.98 0.00 NS 
B6:T2-Skewed -0.56 33.13 0.22 NS 

5×4 h AJ:Normal 0.07 8.96 0.40 * 
B6:Normal -0.19 18.46 0.44 * 
AJ:T2-Skewed -0.03 5.14 0.30 * 
B6:T2-Skewed 0.03 3.47 0.49 ** 

Linear mixed effects model parameters of nominal dose of AgNP mass vs. dosimetric 
dose of Ag, Au, and Ag:Au mass. Dosimetric Dose: Ag mass (µg Ag/mg protein); Au mass 
(µg Au/mg protein); Ag:Au mass (µg Ag:Au/mg protein). Exposure: h (hours). 
Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); B6:Normal (C57BL6/J, 
“Normal” phenotype); AJ:T2-Skewed (A/J, “T2-Skewed” phenotype); B6:T2-Skewed 
(C57BL6/J, “T2-Skewed” phenotype). n = 3 biological replicates. Data represent mixed 
effects estimate of the linear slope parameters for each model; NS (P>0.05); * (P<0.05); 
** (P<0.01); *** (P<0.001).
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Adverse Cellular Response Exposure Genotype:Phenotype Slope (β) Intercept (B) Correlation (r2) Significance (P) 
Barrier dysfunction 24 h AJ:Normal 0.13 1805.10 0.91 NS 

B6:Normal -0.03 1776.83 0.86 NS 
AJ:T2-Skewed -5.20 557.70 0.67 *** 
B6:T2-Skewed -0.28 664.73 0.42 NS 

5×4 h AJ:Normal 0.96 1796.30 0.81 NS 
B6:Normal -0.32 1836.78 0.62 NS 
AJ:T2-Skewed -5.92 560.78 0.68 *** 
B6:T2-Skewed -0.11 663.41 0.43 NS 

GSH depletion 24 h AJ:Normal -0.09 26.33 0.34 *** 
B6:Normal -0.07 35.13 0.26 ** 
AJ:T2-Skewed -0.07 5.91 0.46 *** 
B6:T2-Skewed -0.09 14.51 0.27 *** 

5×4 h AJ:Normal -0.07 26.32 0.18 *** 
B6:Normal -0.08 36.70 0.12 ** 
AJ:T2-Skewed -0.05 4.80 0.22 *** 
B6:T2-Skewed -0.04 13.88 0.06 * 

ROS production 24 h AJ:Normal 2.46 11.55 0.92 *** 
B6:Normal 1.89 13.09 0.88 *** 
AJ:T2-Skewed 12.56 9.76 0.98 *** 
B6:T2-Skewed 4.50 37.59 0.84 *** 

5×4 h AJ:Normal 0.99 11.76 0.78 *** 
B6:Normal 0.63 5.68 0.85 *** 
AJ:T2-Skewed 10.02 8.73 0.98 *** 
B6:T2-Skewed 3.43 5.85 0.97 *** 

Lipid peroxidation 24 h AJ:Normal 0.96 22.83 0.80 *** 
B6:Normal 0.43 18.34 0.41 *** 
AJ:T2-Skewed 3.38 18.61 0.93 *** 
B6:T2-Skewed 2.49 23.17 0.87 *** 

5×4 h AJ:Normal 0.81 15.23 0.78 *** 
B6:Normal 0.66 19.53 0.66 *** 
AJ:T2-Skewed 2.95 10.36 0.87 *** 
B6:T2-Skewed 1.17 24.18 0.70 *** 

Cytotoxicity 24 h AJ:Normal 0.00 2.60 0.00 NS 
B6:Normal 0.03 1.06 0.32 *** 
AJ:T2-Skewed 0.63 7.28 0.83 *** 
B6:T2-Skewed 0.32 3.55 0.72 *** 

5×4 h AJ:Normal 0.01 1.32 0.10 NS 
B6:Normal 0.02 0.85 0.45 *** 
AJ:T2-Skewed 0.46 6.39 0.82 *** 
B6:T2-Skewed 0.28 5.70 0.85 *** 

Linear mixed effects model parameters of nominal dose-response relationships. 
Exposure: h (hours). Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); 
B6:Normal (C57BL6/J, “Normal” phenotype); AJ:T2-Skewed (A/J, “T2-Skewed” 
phenotype); B6:T2-Skewed (C57BL6/J, “T2-Skewed” phenotype). n = 3 biological 
replicates with technical replicates. Data represent mixed effects estimate of the linear 
slope parameters for each model; NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001).
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Adverse Cellular Response Exposure Genotype:Phenotype Slope (β) Intercept (B) Correlation (r2) Significance (P) 
Barrier dysfunction 24 h AJ:Normal -0.15 1809.30 0.90 NS 

B6:Normal -0.06 1776.53 0.86 NS 
AJ:T2-Skewed -6.85 526.51 0.56 *** 
B6:T2-Skewed -0.42 664.59 0.42 NS 

5×4 h AJ:Normal 13.31 1796.98 0.81 NS 
B6:Normal -2.87 1834.73 0.62 NS 
AJ:T2-Skewed -23.10 492.59 0.43 *** 
B6:T2-Skewed -2.32 667.34 0.43 NS 

GSH depletion 24 h AJ:Normal -0.16 25.66 0.27 *** 
B6:Normal -0.20 34.76 0.25 ** 
AJ:T2-Skewed -0.09 5.49 0.40 *** 
B6:T2-Skewed -0.14 14.50 0.27 *** 

5×4 h AJ:Normal -1.27 26.64 0.26 *** 
B6:Normal -1.04 36.71 0.11 * 
AJ:T2-Skewed -0.14 4.13 0.08 * 
B6:T2-Skewed -0.13 13.37 0.02 NS 

ROS production 24 h AJ:Normal 4.65 24.38 0.85 *** 
B6:Normal 5.68 23.53 0.76 *** 
AJ:T2-Skewed 17.66 71.50 0.93 *** 
B6:T2-Skewed 6.83 38.53 0.84 *** 

5×4 h AJ:Normal 12.21 14.95 0.58 *** 
B6:Normal 8.47 4.69 0.87 *** 
AJ:T2-Skewed 44.76 108.97 108.97 *** 
B6:T2-Skewed 16.30 36.98 0.79 *** 

Lipid peroxidation 24 h AJ:Normal 1.81 27.93 0.73 *** 
B6:Normal 1.39 20.20 0.41 *** 
AJ:T2-Skewed 4.64 36.63 0.84 *** 
B6:T2-Skewed 3.79 23.51 0.88 *** 

5×4 h AJ:Normal 8.83 19.44 0.46 *** 
B6:Normal 8.73 18.69 0.67 *** 
AJ:T2-Skewed 13.02 40.28 0.70 *** 
B6:T2-Skewed 5.23 35.78 0.50 *** 

Cytotoxicity 24 h AJ:Normal -0.02 2.73 0.03 NS 
B6:Normal 0.08 1.14 0.30 *** 
AJ:T2-Skewed 0.85 10.77 0.73 *** 
B6:T2-Skewed 0.50 3.60 0.73 *** 

5×4 h AJ:Normal 0.04 1.38 0.07 NS 
B6:Normal 0.21 0.85 0.41 *** 
AJ:T2-Skewed 1.95 11.18 0.63 *** 
B6:T2-Skewed 1.27 8.33 0.64 *** 

Linear mixed effects model parameters of dosimetric dose-response relationships. 
Exposure: h (hours). Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); 
B6:Normal (C57BL6/J, “Normal” phenotype); AJ:T2-Skewed (A/J, “T2-Skewed” 
phenotype); B6:T2-Skewed (C57BL6/J, “T2-Skewed” phenotype). n = 3 biological 
replicates with technical replicates. Data represent mixed effects estimate of the linear 
slope parameters for each model; NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001).
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Adverse Cellular Response Exposure Genotype:Phenotype Nominal BMD (BMDL) Significance (P) Dosimetric BMD (BMDL) Significance (P) 
GSH depletion 24 h AJ:Normal 27.40 (21.30) *** 17.40 (12.80) *** 

B6:Normal 51.70 (33.50) *** 17.50 (11.00) *** 
AJ:T2-Skewed 22.00 (17.90) *** 18.00 (14.10) *** 
B6:T2-Skewed 35.50 (25.90) *** 20.00 (15.20) *** 

5×4 h AJ:Normal 39.40 (27.90) *** 2.10 (1.60) *** 
B6:Normal 55.60 (35.10) *** 4.50 (2.70) *** 
AJ:T2-Skewed 35.50 (25.90) *** 12.80 (7.70) *** 
B6:T2-Skewed 75.60 (42.20) * >8.70 NS 

ROS production 24 h AJ:Normal 5.30 (5.00) *** 3.90 (3.60) *** 
B6:Normal 6.70 (6.30) *** 3.20 (2.90) *** 
AJ:T2-Skewed 2.60 (2.50) *** 3.50 (3.30) *** 
B6:T2-Skewed 8.00 (7.40) *** 5.30 (4.90) *** 

5×4 h AJ:Normal 9.90 (9.00) *** 1.10 (1.00) *** 
B6:Normal 7.90 (7.30) *** 0.60 (0.50) *** 
AJ:T2-Skewed 2.60 (2.50) *** 1.80 (1.60) *** 
B6:T2-Skewed 3.30 (3.20) *** 1.80 (1.70) *** 

Lipid peroxidation 24 h AJ:Normal 9.40 (8.50) *** 5.80 (5.20) *** 
B6:Normal 21.00 (17.20) *** 6.50 (5.30) *** 
AJ:T2-Skewed 5.20 (4.90) *** 5.60 (5.20) *** 
B6:T2-Skewed 7.00 (6.50) *** 4.50 (4.20) *** 

5×4 h AJ:Normal 9.90 (9.00) *** 1.40 (1.20) *** 
B6:Normal 13.20 (11.60) *** 1.00 (0.90) *** 
AJ:T2-Skewed 7.30 (6.80) *** 3.50 (3.00) *** 
B6:T2-Skewed 11.90 (10.60) *** 8.30 (3.70) *** 

Cytotoxicity 24 h AJ:Normal >50.00 NS >24.50 NS 
B6:Normal 16.50 (14.10) *** 5.60 (4.70) *** 
AJ:T2-Skewed 7.10 (6.60) *** >33.50 NS 
B6:T2-Skewed 10.80 (9.70) *** 7.00 (6.30) *** 

5×4 h AJ:Normal 55.40 (35.10) *** 8.30 (3.70) *** 
B6:Normal 20.50 (16.90) *** 1.70 (1.40) *** 
AJ:T2-Skewed 7.20 (6.70) *** 2.90 (2.50) *** 
B6:T2-Skewed 7.80 (7.20) *** 2.60 (2.30) *** 

Nominal BMD (BMDL) vs. dosimetric BMD (BMDL) for adverse cellular responses. Exposure: h (hours). 
Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); B6:Normal (C57BL6/J, “Normal” phenotype); AJ:T2-Skewed 
(A/J, “T2-Skewed” phenotype); B6:T2-Skewed (C57BL6/J, “T2-Skewed” phenotype). Nominal BMD (BMDL): µg AgNP/mL 
media; Dosimetric BMD (BMDL): µg Ag/mg protein. n = 3 biological replicates with technical replicates. Data represent BMD 
(BMDL); NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001).
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5×4 h: repeated exposure of 4 hours, every other day, over 5 days 
Ag: silver metals 
Ag+: silver ions 
AgNP: silver nanoparticles 
AJ or B6:Normal: A/J or C57BL6/J, “Normal” phenotype 
AJ or B6:T2-Skewed: A/J or C57BL6/J, “T2-Skewed” phenotype 
AOP: Adverse Outcome Pathways 
COPD: chronic obstructive pulmonary disease 
DEG: differentially expressed genes 
DMEM: Dulbecco’s Modified Eagle Media 
G×E: gene × environment interactions 
G×P: genotype × phenotype interactions 
GSEA: gene set enrichment analysis 
GSH: glutathione 
ILC2: type 2 innate lymphoid cells 
IPA: Ingenuity Pathway Analysis 
MIE: molecular initiating event 
MoA: mode of action 
MTEC: murine tracheal epithelial cells 
NES: normalized enrichment score 
NRC: National Research Council 
PCA: Principal Components Analysis 
RNA-seq: RNA sequencing 
ROS: reactive oxygen species 
STAR: Spliced Transcripts Alignment to a Reference 
T1/T2/T17: type 1/type 2/type 17 
TEER: transepithelial electrical resistance 
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US EPA: U.S. Environmental Protection Agency 
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Chapter 4. The Effects of Genotype × Phenotype Interactions on Transcriptional 
Response to Silver Nanoparticle Toxicity in Organotypic Cultures of Murine 
Tracheal Epithelial Cells 

4.1 ABSTRACT 

The airway epithelium is critical for maintaining innate and adaptive immune responses, 

and occupational exposures that disrupt its immune homeostasis may initiate and amplify 

airway inflammation. In our previous study, we demonstrated that silver nanoparticles 

(AgNP), which are engineered nanomaterials used in multiple applications but primarily 

in the manufacturing of many antimicrobial products, induce toxicity in organotypic 

cultures derived from murine tracheal epithelial cells (MTEC), and those differentiated 

toward a “Type 2 [T2]-Skewed” phenotype experienced an increased sensitivity to AgNP 

toxicity, suggesting that asthmatics could be a sensitive population to AgNP exposures in 

occupational settings. However, the mechanistic basis for this genotype × phenotype 

interaction (G×P) has yet to be defined. In the present study, we conducted transcriptional 

profiling using RNA-sequencing (RNA-seq) to predict the enrichment of specific canonical 

pathways and upstream transcriptional regulators to assist in defining a mechanistic basis 

for G×P effects on AgNP toxicity. Organotypic cultures were derived from MTEC across 

two genetically inbred mouse strains (A/J and C57BL/6J mice), two phenotypes (“Normal” 

and “T2-Skewed”), and one AgNP exposure (an acute 24 h exposure) to characterize 

G×P effects on transcriptional response to AgNP toxicity. The “T2-Skewed” phenotype 

was marked by increased pro-inflammatory T17 responses to AgNP toxicity, which are 

significant predictors of neutrophilic/difficult-to-control asthma and suggests that 

asthmatics could be a sensitive population to AgNP exposures in occupational settings. 

This study highlights the importance of considering G×P effects when identifying these 

sensitive populations, whose underlying genetics or diseases could directly modify their 

response to AgNP exposures. 

4.2 INTRODUCTION 

Upstream perturbations of canonical inflammatory pathways within the respiratory system 
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can lead to adverse cellular responses, such as inflammation, which can profoundly 

impact the ability of exposed airways to maintain cellular function and overall health. 

These perturbations can be caused by many environmental toxicants, and in the airway 

epithelium, they can impair host defense mechanisms by altering its secretion of different 

cytokines, chemokines, growth factors, antimicrobial peptides, and recruited immune 

cells to sites of inflammation.15 Immune dysregulation is a clinical feature of many chronic 

respiratory diseases, including asthma, acute bronchitis, and chronic obstructive 

pulmonary disease (COPD),210 which collectively affect 16% of the United States 

population. Pre-existing chronic respiratory diseases impair other host defense 

mechanisms, including barrier function,15 mucocilliary clearance and permeability,16-22 as 

well as enzymatic and non-enzymatic regulation of oxidative stress,23,24 and together with 

immune dysregulation, may increase an individual’s sensitivity to occupational 

exposures.25-27 

Chronic respiratory diseases place a major burden on individuals, their workplaces, and 

the healthcare system, and yet less than 1% of the chemicals regulated by the U.S. 

Environmental Protection Agency’s (US EPA) Toxic Substances Control Act (TSCA) have 

been tested for potential respiratory toxicity.3 In a pivotal report, the National Research 

Council (NRC) outlined a vision for toxicity testing that shifts the focus from downstream 

pathological changes in animals to upstream perturbations of toxicant response canonical 

pathways using lower, and more environmentally relevant doses.4 This incited a paradigm 

shift in toxicity testing toward the use of in vitro models suitable for high-throughput 

screening in order to support global gene and protein expression analyses and the 

development of predictive, mechanistic-based biomarkers.5-10 Validation of these in vitro 

models will enable screening and prioritization of potential respiratory toxicants in order 

to inform regulatory policy aimed at protecting all populations. However, the sensitivity 

and specificity of these in vitro models must be well characterized before they can be 

translated into regulatory frameworks.143 

There is presently a need for the development of in vitro models to provide relevant data 

on risk assessment for occupational exposures. In recent years, there has been a gradual 

paradigm shift toward the use of in vitro models that reduce, replace, and refine the use 
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of animals in toxicity testing (the three R’s) from both the standpoint of economic 

imperative and animal welfare.1,2 Despite these economic advantages over in vivo 

models, in vitro models are currently limited by: 1) the use of immortalized or transformed 

cell lines that may not recapitulate primary cell phenotypes, 2) the use of cells from a 

single genetic background or phenotype, which may not capture the impact of underlying 

genetics or diseases on toxicant response, and 3) the limited efforts to relate in vitro 

exposures to occupational exposures in order to provide a mechanistic basis for 

sensitivity to occupational exposures and inform regulatory policy aimed at protecting all 

populations.3,4 Together, the above limitations highlight a need to develop in vitro models 

suitable for high-throughput screening that also capture determinants of sensitivity in 

order to screen and prioritize potential respiratory toxicants while providing relevant data 

on risk assessment for occupational exposures.142,143 

Silver nanoparticles (AgNP) have been tested for respiratory toxicity in previous studies, 

as they are used in the manufacturing of many antimicrobial consumer products, including 

air filters, humidifiers, and purifiers as well as antimicrobial sprays.31,32,37 Previous in vitro 

studies observed the mode of action (MoA) for their antimicrobial properties (e.g., release 

of bioactive silver ions [Ag+] upon dissolution11-13) is also a defining factor of AgNP toxicity 

in mammalian cells.144 One MoA in airway epithelial cells is Ag+-mediated reactive oxygen 

species (ROS) production, which leads to adverse cellular responses including oxidative 

stress, mitochondrial dysfunction, inflammation, and cytotoxicity.50,58-63,87,121,145 Cytokines 

are critical mediators of asthma, and regulate this heterogeneous chronic airway disease 

through divergent mechanisms of type 2 (T2) and T17 inflammation to produce the distinct 

endotypes of increasing severity, T2/T17-low, T2-high, and T17-high.211 The T2-high 

endotype is associated with eosinophilic/easy-to-control asthma,212,213 whereas the T17-

high endotype is associated with neutrophilic/difficult-to-control asthma, and is thus 

characterized by the secretion of potent neutrophil-attractant chemokines.214,215 

Asthmatics are possibly a sensitive population to AgNP exposures in occupational 

settings, as these adverse cellular responses may further modulate innate and adaptive 

immune responses at the epithelial-immune interface to exacerbate this chronic airway 

disease by shifting it toward a T17-high endotype.48 
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We previously characterized the effects of interactions between host genetic and acquired 

factors, or gene × environment interactions (G×E),28,29 on AgNP toxicity. Understanding 

G×E effects is important for identifying sensitive populations, whose underlying genetics 

or diseases could directly modify their response to AgNP exposures. The present study 

was designed to test the hypothesis that genotype and phenotype (physiological 

environment) will define G×E, or genotype × phenotype interaction (G×P), effects on 

transcriptional response to AgNP toxicity. We derived organotypic cultures from primary 

murine tracheal epithelial cells (MTEC) of differentially sensitive genotypes (A/J and 

C57BL/6J mice) to airway hyperresponsiveness,146-148 antigen sensitization,149 T2 lung 

inflammation,150 and engineered nanomaterial toxicity77,78 to model the effects of host 

genetic factors on AgNP toxicity.  We differentiated organotypic cultures toward either 

“Normal” or “T2-Skewed” phenotypes to model the effects of host acquired factors on 

AgNP toxicity. To acquire the “Normal” phenotype, we used a defined differentiation 

media to achieve differentiation toward the cell populations in the proximal region of the 

conducting airway, including basal, ciliated, club, and mucin cells.151 To acquire the “T2-

Skewed” phenotype, we used a defined differentiation media supplemented with IL-13 to 

skew differentiation toward an in vitro model of chronic respiratory diseases, 

characterized by barrier dysfunction,152 mucus production,153 allergic responses,153 and 

T2 responses.154-156 

Using this high-content in vitro model of the conducting airway, we characterized global, 

differential, and targeted gene expression, canonical pathway enrichment, and upstream 

transcriptional regulation to understand G×P effects on transcriptional response to AgNP 

toxicity. To our knowledge, this is the first study to use organotypic cultures as a high-

content in vitro model of the conducting airway paired with RNA sequencing (RNA-seq) 

to characterize G×P effects on transcriptional response to AgNP toxicity. RNA-seq and 

other omics technologies can be used to extract information that has mechanistic and 

diagnostic value by associating changes in global and targeted gene, protein, or 

metabolite expression with a physiological endpoint of interest. By pairing organotypic 

cultures with RNA-seq, we can capture the enrichment of specific canonical pathways 

and identify their transcriptional regulators to assist in defining a mechanistic basis for 

G×P effects on AgNP toxicity. 
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4.3 METHODS 

Cell culture 

All animal studies were approved by the Institutional Animal Care and Use Committee at 

the University of Washington. We harvested tracheas from A/J and C57BL/6J mice (The 

Jackson Laboratory, Bar Harbor, ME, USA), and isolated MTEC using enzymatic 

digestion, as previously described.151,157,158 We suspended MTEC in a defined 

proliferation media [Dulbecco’s Modified Eagle Media (DMEM) with 10 µg/mL insulin, 5 

µg/mL apo-transferrin, 0.1 µg/mL cholera toxin, 25 ng/mL epidermal growth factor, 30 

µg/mL bovine pituitary extract, and 50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, 

USA)] to culture at a density of 1.5×104 cells/well in collagen-coated 24-Transwell plates 

(Corning, Corning, NY, USA). We allowed organotypic cultures to proliferate with media 

in both apical and basal compartments starting on day in vitro (DIV) 0. We changed the 

defined proliferation media every other day until DIV 7-9, when transepithelial electrical 

resistance (TEER) exceeded 1000 Ω×cm2, which marked the end of proliferation. 

For the “Normal” phenotype, we allowed organotypic cultures to differentiate at an air-

liquid interface (ALI) in a defined differentiation media [DMEM with 2% v/v NuSerum (BD 

BioSciences, San Jose, CA, USA), and 50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, 

USA)] in the basal compartment starting on DIV 7. We changed the defined differentiation 

media every other day until DIV 28, which marked the end of differentiation. 

For the “T2-Skewed” phenotype, we allowed organotypic cultures to differentiate at an 

ALI in a defined differentiation media supplemented with IL-13 [DMEM with 2% v/v 

NuSerum (BD BioSciences, San Jose, CA, USA), 50 nM retinoic acid (Sigma-Aldrich, St. 

Louis, MO, USA)], and 25 ng/mL IL-13 (PeproTech, Rocky Hill, NJ, USA)]. We identified 

this concentration of IL-13 in a preliminary study and supplemented it to the defined 

proliferation media starting on DIV 5, and then to the defined differentiation media from 

DIV 7-28, which we changed every other day until DIV 28. 

AgNP exposure 

We exposed organotypic cultures in the apical compartment on DIV 28 to either 2 mM 
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sodium citrate (vehicle control; 0 µg AgNP/mL media), or to silver nanoparticles (AgNP; 

20 nm, gold-core, citrate-coated, at 1 mg/mL in 2 mM sodium citrate; nanoComposix, San 

Diego, CA, USA) for an acute exposure of 24 hours at nominal doses of 12.5 or 50 µg 

AgNP/mL media, as freshly prepared in suspensions of defined differentiation media. 

RNA-sequencing 

We used RNA-seq to quantify global, differential, and targeted gene expression in 

exposed organotypic cultures on DIV 28. We isolated total RNA from organotypic cultures 

using a RNEasy Micro Kit (Qiagen, Hilden, Germany), and estimated RNA quality and 

quantity using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) 

to visualize the 18S and 28S rRNA bands. We performed library preparation was using a 

combination of two protocols which allowed for smaller volumes while minimizing handling 

steps, first using a SMART-seq v4 Ultra Low Input RNA Kit (Clontech Laboratories, 

Mountain View, CA, USA) to convert the RNA to full length cDNA and to amplify it, and 

then using a Nextera XT Library Preparation Kit (Fluidigm, San Francisco, CA, USA) to 

fragment the cDNA and add Illumina adapters. We sequenced the library products using 

the Illumina HiSeq2500 platform (Illumina, San Diego, CA, USA), and aligned the trimmed 

sequencing reads to the Ensembl mouse transcriptome (version GRCm38.84) using 

Spliced Transcripts Alignment to a Reference (STAR) software.216 

4.4 STATISTICS 

We used average read counts (≥ 10; n = 9,642) to characterize dose, genotype, and 

phenotype effects on: 1) global gene expression, 2) differential gene expression, 3) 

canonical pathway enrichment, 4) targeted gene expression for the secreted factors 

canonical pathway, 5) ingenuity pathway analysis for the secreted factors canonical 

pathway, and 6) targeted gene expression for T1, pro-T2, T2, and T17 responses. We 

characterized hierarchical clustering of global gene expression using z-scores of 

log2(average read counts) on the pheatmap package for R statistical software.166 We 

characterized principal components of global gene expression using log2(average read 

counts) on the DESeq2 package for R statistical software.166 We characterized differential 

gene expression using log2(average read counts) with a false discovery rate (FDR<0.10) 
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to generate more robust networks and to adjust for multiple comparisons on the DESeq2 

package for R statistical software.166 We characterized canonical pathway enrichment 

using Gene Set Enrichment Analysis (GSEA; Broad Institute, Cambridge, MA, USA) with 

the Benjamini-Hochberg method (FDR<0.10) for rank-ordered z-scores of log2(average 

read counts) (n = 9,642) on the clusterProfiler package for R statistical software.166 We 

repeated these analyses using more stringent cut-offs (FDR<0.01 and FDR<0.05) and 

observed similar numbers of differentially expressed genes (DEG) and patterns of 

canonical pathway enrichment. We characterized targeted gene expression for the 

secreted factors canonical pathway using z-scores of log2(average read counts) (n = 54) 

on the pheatmap package for R statistical software.166 We characterised upstream 

transcriptional regulators and downstream functions and diseases associated with the 

secreted factors canonical pathway using Ingenuity Pathway Analysis (IPA; Ingenuity 

Systems, Redwood City, CA, USA). 

4.5 RESULTS 

Genotype, phenotype, and dose effects on global gene expression 

We characterized dose, genotype, and phenotype effects on hierarchical clustering of 

global gene expression using Pearson correlation distance and average linkage distance 

on z-scores of log2(average read counts) (n = 9,642) for AJ:Normal (Figure 1A), 
B6:Normal (Figure 1B), AJ:T2-Skewed (Figure 1C), and B6:T2-Skewed (Figure 1D) 
exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h 

exposure. We observed dose, genotype and phenotype effects on hierarchical clustering 

of global gene expression, with the largest differences between the “Normal” and “T2-

Skewed” phenotypes. We characterized dose, genotype, and phenotype effects on 

principal components of global gene expression using principal components analysis 

(PCA) on log2(average read counts) (n = 9,642) for AJ:Normal, B6:Normal, AJ:T2-

Skewed, and B6:T2-Skewed exposed to nominal doses of 0 (Figure 2A), 12.5 (Figure 
2B), or 50 (Figure 2C) µg AgNP/mL media for an acute 24 h exposure. We observed 

dose, genotype effects on principal components of global gene expression, which 

explained 3%, 4%, and 19% of the total variance at 0, 12.5, and 50 µg AgNP/mL media, 
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respectively. We observed phenotype effects on principal components of global gene 

expression, which explained 89%, 90%, and 77% of the total variance at 0, 12.5, and 50 

µg AgNP/mL media, respectively. We observed the largest separation between AJ:T2-

Skewed and B6:T2-Skewed at 50 µg AgNP/mL media. 

Genotype, phenotype, and dose effects on differential gene expression 

We characterized dose, genotype, and phenotype effects on differential gene expression 

using a t-test for significant differences in log2(average read counts) (n = 9,642) for 

AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed exposed to nominal doses of 

0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure (FDR<0.10). We observed 

dose effects on upregulated DEG, with 49 and 38 genes uniquely expressed in AJ:Normal 

(12.5 and 50 µg AgNP/mL media vs. vehicle controls, respectively), 2 and 4 genes 

uniquely expressed in B6:Normal (12.5 and 50 µg AgNP/mL media vs. vehicle controls, 

respectively), 15 and 122 genes uniquely expressed in AJ:T2-Skewed (12.5 and 50 µg 

AgNP/mL media vs. vehicle controls, respectively), and 188 and 163 genes uniquely 

expressed in B6:T2-Skewed (12.5 and 50 µg AgNP/mL media vs. vehicle controls, 

respectively) (Supplementary Data). We observed dose effects on downregulated DEG, 

with 43 and 262 genes uniquely expressed in AJ:Normal (12.5 and 50 µg AgNP/mL media 

vs. vehicle controls, respectively), 4 and 37 genes uniquely expressed in B6:Normal (12.5 

and 50 µg AgNP/mL media vs. vehicle controls, respectively), 84 and 93 genes uniquely 

expressed in AJ:T2-Skewed (12.5 and 50 µg AgNP/mL media vs. vehicle controls, 

respectively), and 160 and 202 genes uniquely expressed in B6:T2-Skewed (12.5 and 50 
µg AgNP/mL media vs. vehicle controls, respectively) (Supplementary Data). 

Genotype, phenotype, and dose effects on canonical pathway enrichment 

We characterized dose, genotype, and phenotype effects on canonical pathway 

enrichment using GSEA with the Benjamini-Hochberg method (FDR<0.10) on rank-

ordered z-scores of log2(average read counts) (n = 9,642) for AJ:Normal, B6:Normal, 

AJ:T2-Skewed, and B6:T2-Skewed exposed to nominal doses of 0 (Figure 3A-3D), 12.5 

(Figure 3E-3H), or 50 (Figure 3I-3J) µg AgNP/mL media for an acute 24 h exposure. We 

defined directionality of enrichment using a normalized enrichment score > 0 to represent 
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activation, and a normalized enrichment score < 0 to represent inhibition. 

Five of the top activated canonical pathways predicted for AJ:Normal at 0 µg AgNP/mL 

media were “N-Glycan Trimming” (n = 12 genes; -log[P-value] = 2.70), “GCR Signaling 

Pathway” (n = 13 genes; -log[P-value] = 2.69), “β-Catenin Signaling Pathway” (n = 13 

genes; -log[P-value] = 2.69), “DNA Unwinding” (n = 11 genes; -log[P-value] = 2.69), and 

“Antigen Presentation Folding Assembly” (n = 15 genes; -log[P-value] = 2.69). Five of the 

top inhibited canonical pathways predicted for AJ:Normal at 0 µg AgNP/mL media were 

“Ribosome” (n = 50 genes; -log[P-value] = 2.74), “Influenza vRNA Transcription” (n = 64 

genes; -log[P-value] = 2.74), “Peptide Chain Elongation” (n = 49 genes; -log[P-value] = 

2.74), “Class 1A Rhodopsin Like Receptor Binding” (n = 43 genes; -log[P-value] = 2.74), 

and “Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 2.73) (Figure 3A). 

Five of the top activated canonical pathways predicted for AJ:Normal at 12.5 µg AgNP/mL 

media were “L1 Recycling Pathway” (n = 20 genes; -log[P-value] = 2.68), “Lipid Digestion, 

Mobilization, and Transport” (n = 19 genes; -log[P-value] = 2.68), “Antigen Presentation 

Folding Assembly” (n = 15 genes; -log[P-value] = 2.68), “Adherens Junctions Interactions” 

(n = 15 genes; -log[P-value] = 2.68), and “TRiC/CCT-Mediated Protein Biosynthesis” (n 

= 24 genes; -log[P-value] = 2.68). Five of the top inhibited canonical pathways predicted 

for AJ:Normal at 12.5 µg AgNP/mL media were “Influenza vRNA Transcription” (n = 64 

genes; -log[P-value] = 2.76), “Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 

2.76), “Peptide Chain Elongation” (n = 49 genes; -log[P-value] = 2.73), “Ribosome” (n = 

50 genes; -log[P-value] = 2.72), and “N-Glycan Biosynthesis” (n = 25 genes; -log[P-value] 

= 2.11) (Figure 3E). 

Five of the top activated canonical pathways predicted for AJ:Normal at 50 µg AgNP/mL 

media were “TNF Signaling Pathway” (n = 27 genes; -log[P-value] = 2.71), 

“Ribonucleoprotein Transport” (n = 27 genes; -log[P-value] = 2.71), “Rho Signaling 

Pathway” (n = 27 genes; -log[P-value] = 2.71), “NS2-Mediated Cellular Export” (n = 27 

genes; -log[P-value] = 2.71), and “Aurora Signaling Pathway” (n = 27 genes; -log[P-value] 

= 2.71). Five of the top inhibited canonical pathways predicted for AJ:Normal at 50 µg 

AgNP/mL media were “Peptide Chain Elongation” (n = 49 genes; -log[P-value] = 2.73), 
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“Ribosome” (n = 50 genes; -log[P-value] = 2.72), “Influenza vRNA Transcription” (n = 64 

genes; -log[P-value] = 2.41), “Non-Homologous End-Joining” (n = 11 genes; -log[P-value] 

= 2.41), and “Glycosaminoglycan Biosynthesis” (n = 15 genes; -log[P-value] = 1.86) 

(Figure 3I). 

Five of the top activated canonical pathways predicted for B6:Normal at 0 µg AgNP/mL 

media were “Tight Junction Interactions” (n = 10 genes; -log[P-value] = 2.68), “RAF MAPK 

Cascade” (n = 10 genes; -log[P-value] = 2.68), “Lipoprotein Metabolism” (n = 10 genes; -

log[P-value] = 2.68), “Calnexin Calreticulin Cycle” (n = 10 genes; -log[P-value] = 2.68), 

and “SDC2 Signaling Pathway” (n = 25 genes; -log[P-value] = 2.67). Five of the top 

inhibited canonical pathways predicted for B6:Normal at 0 µg AgNP/mL media were 

“Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 2.73), “Cotranslational 

Protein Targeting” (n = 70 genes; -log[P-value] = 2.73), “Peptide Chain Elongation” (n = 

49 genes; -log[P-value] = 2.73), “Influenza vRNA Transcription” (n = 64 genes; -log[P-

value] = 2.73), and “Ribosome” (n = 20 genes; -log[P-value] = 2.72) (Figure 3B). 

Five of the top activated canonical pathways predicted for B6:Normal at 12.5 µg AgNP/mL 

media were “TCA Cycle” (n = 18 genes; -log[P-value] = 2.66), “Lipid Digestion, 

Mobilization, and Transport” (n = 19 genes; -log[P-value] = 2.66), “Proteasome Pathway” 

(n = 28 genes; -log[P-value] = 2.66), “Dilated Cardiomyopathy” (n = 33 genes; -log[P-

value] = 2.66), and “CXCR3 Signaling Pathway” (n = 33 genes; -log[P-value] = 2.66). Five 

of the top inhibited canonical pathways predicted for B6:Normal at 12.5 µg AgNP/mL 

media were “Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 2.75), “Influenza 

vRNA Transcription” (n = 64 genes; -log[P-value] = 2.74), “3’ UTR-Mediated Translation” 

(n = 67 genes; -log[P-value] = 2.74), “Peptide Chain Elongation” (n = 49 genes; -log[P-

value] = 2.74), and “Ribosome” (n = 50 genes; -log[P-value] = 2.73) (Figure 3F). 

Five of the top activated canonical pathways predicted for B6:Normal at 50 µg AgNP/mL 

media were “N-Cadherin Signaling Pathway” (n = 26 genes; -log[P-value] = 2.70), “FMLP 

Signaling Pathway” (n = 26 genes; -log[P-value] = 2.70), “Antigen Processing and 

Presentation” (n = 26 genes; -log[P-value] = 2.70), “SDC2 Signaling Pathway” (n = 25 

genes; -log[P-value] = 2.70), and “Citric Acid Cycle” (n = 25 genes; -log[P-value] = 2.70). 
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Five of the top inhibited canonical pathways predicted for B6:Normal at 50 µg AgNP/mL 

media were “Influenza vRNA Transcription” (n = 64 genes; -log[P-value] = 2.75), “3’ UTR-

Mediated Translation” (n = 67 genes; -log[P-value] = 2.74), “Peptide Chain Elongation” (n 

= 49 genes; -log[P-value] = 2.74), “Nonsense-Mediated Decay” (n = 70 genes; -log[P-

value] = 2.74), and “Ribosome” (n = 50 genes; -log[P-value] = 2.73) (Figure 3J). 

Five of the top activated canonical pathways predicted for AJ:T2-Skewed at 0 µg 

AgNP/mL media were “N-Glycan Trimming” (n = 12 genes; -log[P-value] = 2.70), “Innate 

Immune System” (n = 138 genes; -log[P-value] = 2.70), “Stress Response Pathway” (n = 

22 genes; -log[P-value] = 2.70), “mTOR Signaling Pathway” (n = 22 genes; -log[P-value] 

= 2.70), and “WNT Signaling Pathway” (n = 95 genes; -log[P-value] = 2.69). Five of the 

top inhibited canonical pathways predicted for AJ:T2-Skewed at 0 µg AgNP/mL media 

were “Ribosome” (n = 50 genes; -log[P-value] = 2.73), “Peptide Chain Elongation” (n = 

49 genes; -log[P-value] = 2.72), “Influenza vRNA Transcription” (n = 64 genes; -log[P-

value] = 2.42), “Nuclear Factor Transcription Pathway” (n = 22 genes; -log[P-value] = 

2.09), and “Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 1.94) (Figure 3C). 

Five of the top activated canonical pathways predicted for AJ:T2-Skewed at 12.5 µg 

AgNP/mL media were “Carbohydrate Metabolism” (n = 141 genes; -log[P-value] = 2.72), 

“B Cell Receptor Signaling Pathway” (n = 43 genes; -log[P-value] = 2.72), “DNA 

Replication” (n = 176 genes; -log[P-value] = 2.71), “Secreted Factors” (n = 98 genes; -

log[P-value] = 2.71), and “Interferon Signaling Pathway” (n = 98 genes; -log[P-value] = 

2.71). Five of the top inhibited canonical pathways predicted for AJ:T2-Skewed at 12.5 

µg AgNP/mL media were “Peptide Chain Elongation” (n = 49 genes; -log[P-value] = 2.71), 

“Ribosome” (n = 50 genes; -log[P-value] = 2.70), “Nonsense-Mediated Decay” (n = 70 

genes; -log[P-value] = 2.70), “Influenza vRNA Transcription” (n = 64 genes; -log[P-value] 

= 2.70), and “Glutathione Metabolism” (n = 34 genes; -log[P-value] = 2.70) (Figure 3G). 

Five of the top activated canonical pathways predicted for AJ:T2-Skewed at 50 µg 

AgNP/mL media were “Secreted Factors” (n = 98 genes; -log[P-value] = 2.80), “Adaptive 

Immune System” (n = 349 genes; -log[P-value] = 2.79), “Lipoprotein Metabolism” (n = 305 

genes; -log[P-value] = 2.78), “IL-23 Signaling Pathway” (n = 24 genes; -log[P-value] = 
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2.78), and “WNT Signaling Pathway” (n = 95 genes; -log[P-value] = 2.78). Five of the top 

inhibited canonical pathways predicted for AJ:T2-Skewed at 50 µg AgNP/mL media were 

“Glutathione Metabolism” (n = 34 genes; -log[P-value] = 2.67), “Peptide Chain Elongation” 

(n = 49 genes; -log[P-value] = 2.65), “Ribosome” (n = 50 genes; -log[P-value] = 2.65), 

“Influenza vRNA Transcription” (n = 64 genes; -log[P-value] = 2.62), and “Nonsense-

Mediated Decay” (n = 70 genes; -log[P-value] = 2.61) (Figure 3K). 

Five of the top activated canonical pathways predicted for B6:T2-Skewed at 0 µg 

AgNP/mL media were “N-Cadherin Signaling Pathway” (n = 26 genes; -log[P-value] = 

2.70), “L1 Signal Transduction” (n = 26 genes; -log[P-value] = 2.70), “FMLP Signaling 

Pathway” (n = 26 genes; -log[P-value] = 2.70), “Antigen Processing and Presentation” (n 

= 26 genes; -log[P-value] = 2.70), and “HIV-NEF Signaling Pathway” (n = 50 genes; -

log[P-value] = 2.70). Five of the top inhibited canonical pathways predicted for B6:T2-

Skewed at 0 µg AgNP/mL media were “3’ UTR-Mediated Translation” (n = 67 genes; -

log[P-value] = 2.70), “Peptide Chain Elongation” (n = 49 genes; -log[P-value] = 2.70), 

“Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 2.70), “Influenza vRNA 

Transcription” (n = 64 genes; -log[P-value] = 2.70), and “Cotranslational Protein 

Targeting” (n = 70 genes; -log[P-value] = 2.70) (Figure 3D). 

Five of the top activated canonical pathways predicted for B6:T2-Skewed at 12.5 µg 

AgNP/mL media were “Spliceosome” (n = 118 genes; -log[P-value] = 2.72), “Amino Acid 

Metabolism” (n = 118 genes; -log[P-value] = 2.72), “Adaptive Immune System” (n = 349 

genes; -log[P-value] = 2.72), “Secreted Factors” (n = 98 genes; -log[P-value] = 2.71), and 

“Mitotic G1 G1/S Phases” (n = 125 genes; -log[P-value] = 2.71). Five of the top inhibited 

canonical pathways predicted for B6:T2-Skewed at 12.5 µg AgNP/mL media were 

“Influenza vRNA Transcription” (n = 64 genes; -log[P-value] = 2.70), “Nonsense-Mediated 

Decay” (n = 70 genes; -log[P-value] = 2.69), “Peptide Chain Elongation” (n = 49 genes; -

log[P-value] = 2.69), “Ribosome” (n = 50 genes; -log[P-value] = 2.68), and “3’ UTR-

Mediated Translation” (n = 67 genes; -log[P-value] = 2.39) (Figure 3H). 

Five of the top activated canonical pathways predicted for B6:T2-Skewed at 50 µg 

AgNP/mL media were “Adaptive Immune System” (n = 349 genes; -log[P-value] = 2.74), 
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“Secreted Factors” (n = 98 genes; -log[P-value] = 2.73), “Lipoprotein Metabolism” (n = 

305 genes; -log[P-value] = 2.73), “IL-23 Signaling Pathway” (n = 24 genes; -log[P-value] 

= 2.74), and “Cytokine-Cytokine Receptor Interaction” (n = 113 genes; -log[P-value] = 

2.73). Five of the top inhibited canonical pathways predicted for B6:T2-Skewed at 50 µg 

AgNP/mL media were “Nonsense-Mediated Decay” (n = 70 genes; -log[P-value] = 2.70), 

“Cotranslational Protein Targeting” (n = 70 genes; -log[P-value] = 2.70), “3’ UTR-Mediated 

Translation” (n = 67 genes; -log[P-value] = 2.69), “Influenza vRNA Transcription” (n = 98 

genes; -log[P-value] = 2.69), and “Influenza Life Cycle” (n = 64 genes; -log[P-value] = 

2.69) (Figure 3L). 

Genotype, phenotype, and dose effects on targeted gene expression for the 
secreted factors canonical pathway 

We identified “Secreted Factors” as an important enriched canonical pathway that may 

play a role in defining the mechanistic basis for G×P effects on AgNP toxicity. To better 

understand this mechanistic basis, we characterized dose, genotype, and phenotype 

effects on targeted gene expression for the secreted factors canonical pathway using z-

scores of log2(average read counts) (n = 54) for AJ:Normal (Figure 4A), B6:Normal 

(Figure 4B), AJ:T2-Skewed (Figure 4C), and B6:T2-Skewed (Figure 4D) exposed to 

nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. We chose 

this subset of genes based on leading-edge analysis, which identifies the subsets of 

genes (referred to as the leading-edge subset) that contributed the most to the enrichment 

score of a given gene set's core enrichment. We observed dose, genotype and phenotype 

effects on targeted gene expression, specifically upregulated genes for chemokines 

responsible for attracting leukocyte populations including T lymphocytes (e.g., Ccl20 and 

Ccl22), dendritic cells (e.g., Ccl25), eosinophils (e.g., Ccl24 and Ccl26) and neutrophils 

(e.g., Cxcl1, Cxcl2, Cxcl3, and Cxcl5). We observed dose, phenotype effects on 

upregulated genes for cytokines associated with T2/T17 responses, specifically 

upregulated genes for T2 cytokines in the “Normal” phenotype (e.g., Il4, Il5, Il6, Il9, Il10, 

and Il13), and upregulated genes for T17 cytokines in the “T2-Skewed” phenotype (e.g., 

Ccl20, Ccl25, Csf3, Cxcl1, Cxcl2, Cxcl3, Cxcl5, Il17c, and Il23a). 
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Genotype, phenotype, and dose effects on upstream transcriptional regulation of 
the secreted factors canonical pathway 

We identified “Secreted Factors” as an important enriched canonical pathway that may 

play a role in defining the mechanistic basis for G×P effects on AgNP toxicity. To better 

understand this mechanistic basis, we also characterized dose, genotype, and phenotype 

effects on upstream regulators, downstream functions and diseases of the secreted 

factors canonical pathway using IPA with the Fischer’s Exact method (FDR<0.10) on fold 

changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal (Figure 5A, 6A), 
B6:Normal (Figure 5B, 6A), AJ:T2-Skewed (Figure 5C, 6C), and B6:T2-Skewed (Figure 
5D, 6D) exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 

h exposure. These predictions were based on the overlap P-value, which measures the 

significance of the overlap between affected genes and all of the genes within the 

secreted factors canonical pathway. We used the upstream analysis module of IPA to 

identify dose, genotype, and phenotype effects on upstream regulators of the secreted 

factors canonical pathway. Across doses, genotypes, and phenotypes, we identified Stat3 

as one of the most significant upstream activators of the secreted factors canonical 

pathway (Figure 5), and Bcl6 as one of the most significant upstream inhibitors of the 

secreted factors canonical pathway (Figure 6). We used the pathway analysis module of 

IPA to identify dose, genotype, and phenotype effects on specific cytokines that may 

serve as upstream activators of the T17 canonical pathway. Across doses, genotypes, 

and phenotypes, we identified IL-23 as the most significant upstream activator of STAT3 

within the T17 canonical pathway (Supplementary Data). We used the downstream 

analysis module of IPA to identify dose, genotype, and phenotype effects on downstream 

functions and diseases of the secreted factors canonical pathway. Across doses, 

genotypes, and phenotypes, we identified neutrophil chemotaxis as one of the most 

significant downstream functions of the secreted factors canonical pathway 

(Supplementary Data), and lung inflammation as one of the most significant downstream 

diseases of the secreted factors canonical pathway (Supplementary Data). 

Genotype, phenotype, and dose effects on targeted gene expression for T1, pro-
T2, T2, and T17 responses 
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We identified dose, genotype and phenotype effects on IL-23-mediated STAT3 activation, 

which may define a potential mechanistic basis for G×P effects on AgNP toxicity. To better 

understand how this mechanism may differentially regulate AgNP-induced T1/pro-

T2/T2/T17 responses, we characterized dose effects on targeted gene expression for T1, 

pro-T2, T2, and T17 cytokines. We observed discordant regulation across T1, pro-T2, T2, 

and T17 responses. We observed no consistent dose, genotype or phenotype effects on 

AgNP-induced T1 responses (Figure 7A-B). However, we observed dose, phenotype 

effects on AgNP-induced pro-T2 (Figure 7C-D) and T2 responses (Figure 7E-F), with 

downregulation of upstream pro-T2 cytokines Il25, Il33, and Tslp as well as downstream 

T2 cytokines Il4, Il5, Il6, Il9, Il10, and Il13 under the “T2-Skewed” phenotype (P<0.05 - 

NS) compared to the “Normal” phenotype (P<0.001). We observed dose, phenotype 

effects on AgNP-induced regulation of T17 responses (Figure 7G-H), with upregulation 

of T17 activator Stat3 and downregulation of T17 inhibitor Bcl6 under the “T2-Skewed” 

phenotype (P<0.001 - P>0.05) compared to the “Normal” phenotype (P<0.001 - P>0.05). 

We observed dose, phenotype effects on AgNP-induced T17 responses (Figure 7G-H), 
with stronger, more persistent upregulation of T17 cytokines Ccl20, Ccl25, Csf3, Cxcl1, 

Cxcl2, Cxcl3, Cxcl5, Il17c, Il23a, and Tgfb1 under the “T2-Skewed” phenotype (P<0.001) 

compared to the “Normal” phenotype (P<0.001 - P>0.05). The observed dose, phenotype 

effects on targeted gene expression suggest G×P effects on the “T2-Skewed” 

phenotype’s shift toward a “T17-Like” phenotype, or an in vitro model of severe chronic 

respiratory diseases characteristic of neutrophilic/difficult-to-control asthma. 

4.6 DISCUSSION 

This is the first study to use organotypic cultures as a high-content in vitro model of the 

conducting airway to characterize G×P effects on transcriptional response to AgNP 

toxicity. We characterized global, differential, and targeted gene expression, canonical 

pathway enrichment, and upstream transcriptional regulation to understand G×P effects 

on transcriptional response to AgNP toxicity.  We observed the “T2-Skewed” phenotype 

was marked by increased pro-inflammatory T17 responses to AgNP toxicity, which are 

significant predictors of neutrophilic/difficult-to-control asthma. This suggests that 

asthmatics could be a sensitive population to AgNP exposures in occupational settings, 
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as these adverse cellular responses may further modulate innate and adaptive immune 

responses at the epithelial-immune interface to exacerbate this chronic airway disease.48 

Understanding G×P effects is important for identifying these sensitive populations, whose 

underlying genetics or diseases could directly modify their response to AgNP exposures. 

Asthma is a heterogeneous chronic airway disease regulated by divergent mechanisms 

of T2 and T17 inflammation. In a cross-sectional study by Brown et al., observed IL-4 and 

IL-13 were significant predictors of the T2-high endotype, or eosinophilic/easy-to-control 

asthma, whereas CXCL1, IL-5, IL-8, and IL-17A were significant predictors of the T17-

high endotype, or neutrophilic/difficult-to-control asthma.217 In another cross-sectional 

study by Choy et al., endobronchial tissue gene expression in asthmatics revealed three 

distinct endotypes of increasing severity: T2/17-low, T2-high, and T17-high.211 To better 

understand this heterogeneity, the authors investigated how suppression of T2 cytokines 

may drive the potentiation of T17 responses in house dust mite (HDM)-sensitized, female 

BALB/cJ mice injected with anti-IL-4, anti-IL-13, and anti–IL-17 antibodies prior to 

sensitization. They observed that neutralization of IL-4 and/or IL-13 produced increased 

levels of T17 cells and exacerbated T17 lung inflammation, and that neutralization of both 

IL-13 and IL-17A was protective against mucus production, airway remodeling and 

hyperresponsiveness, as well as T2/T17 lung inflammation, suggesting that combination 

therapies targeting both mechanisms may maximize therapeutic efficacy in asthmatics 

comprising both T2-high and T17-high endotypes. These cytokines are differentially 

regulated across endotypes and have the potential to be shifted by AgNP toxicity. In the 

present study, we observed dose, phenotype effects on AgNP-induced T17 responses, 

with stronger, more persistent upregulation of T17 cytokines Ccl20, Ccl25, Csf3, Cxcl1, 

Cxcl2, Cxcl3, Cxcl5, Il17c, Il23a, and Tgfb1 under the “T2-Skewed” phenotype compared 

to the “Normal” phenotype. The observed dose, phenotype effects on targeted gene 

expression suggest these cytokines are differentially regulated across phenotypes and 

were shifted by AgNP toxicity. 

Our observations were supported by previous in vivo studies on the effects of host genetic 

factors on AgNP toxicity. Seiffert et al. exposed male Brown-Norway and Sprague-Dawley 

rats, and observed size, coating, and genotype effects on AgNP-induced T2/T17 lung 
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inflammation (marked by increased IL-6 and IL-17A secretion, pro-inflammatory cell 

infiltrate, and changes in histopathology) and lung dysfunction (marked by decreased 

airway resistance, tissue elastance), with Brown-Norway rats being the more sensitive 

genotype.79,80 The authors also quantified dosimetric doses of silver (Ag) mass in the 

lungs of these differentially sensitive genotypes and detected higher burdens in Brown-

Norway rats compared to Sprague-Dawley rats, suggesting that airway physiology 

(marked by alveolar size and airway branching) may be a contributing factor in genotype 

effects on AgNP toxicity, marked by AgNP-induced T2/T17 lung inflammation. Our 

observations were also supported by IPA in the present study, which identified Stat3 as 

one of the most significantly activated upstream transcriptional regulators, and Bcl6 as 

one of the most significantly inhibited upstream transcriptional regulators of the secreted 

factors canonical pathway. Stat3 is recognized as the essential regulator of T17 cells, 

analogous to Stat1 and Stat4 in T1 cells, and Stat6 in T2 cells. Il6 and Il23a have been 

shown to synergistically regulate Stat3,218 and while IL-23 is mostly produced by dendritic 

cells and macrophages, Lee et al. observed that this IL-17 inducible cytokine was 

produced in airway epithelial cells derived from antigen-sensitized female BALB/cJ 

mice.219 IL-23 induces the differentiation of naive CD4+ T cells into T17 cells; inhibiting IL-

23 or its downstream factors, including IL-17, can attenuate the progression of 

inflammatory bowel diseases in animal models, which suggests the IL-23/IL-17 axis’s 

relevance as a therapeutic target for chronic respiratory diseases.220 Stat3 has been 

shown to regulate Bcl6,221 which is recognized as another essential regulator of T17 cells. 

Mondal et al. observed that Bcl6 deficiency promoted T17 responses through suppression 

of T2 responses in Bcl6-knockout, C57BL/6J-129Sv mice.222 In the present study, the 

shift toward a “T17-Like” phenotype may have also been orchestrated by reciprocal 

regulation of Stat3 and Bcl6 to suppress T2 cytokines Il4, Il5, Il6, Il9, Il10, and Il13. In 

addition to Stat3 and Bcl6, T17 responses have also been shown to be tightly regulated 

by TGF-β and WNT signaling.223,224 However, in the present study, we observed more 

limited dose, genotype, and phenotype effects on TGF-β and WNT signaling canonical 

pathway enrichment (Supplementary Data), which suggests these canonical pathways 

may have played a more understated role when compared to the secreted factors 

canonical pathway with regard to driving the mechanistic basis for G×P effects on AgNP 
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toxicity. Overall, the observed dose, genotype and phenotype effects on IL-23-mediated 

Stat3 activation are suggestive of G×P effects on upstream transcriptional regulation of 

the secreted factors canonical pathway, which produced a shift toward a “T17-Like” 

phenotype, or an in vitro model of severe chronic respiratory diseases characteristic of 

neutrophilic/difficult-to-control asthma. 

This is first study to use organotypic cultures as a high-content in vitro model of the 

conducting airway paired with RNA-seq to characterize G×P effects on transcriptional 

response to AgNP toxicity, and therefore, refining this in vitro model in future studies is 

warranted. One limitation of this study was the use of only one sex and two genotypes; 

the use of both sexes and additional genotypes (e.g., BALB/cJ and SWR/J mice) or 

knockouts (e.g., Il23-/-, Stat3-/-, or Bcl6-/- mice) would increase genetic diversity and further 

assist in defining a mechanistic basis for G×P effects on AgNP toxicity in future studies. 

A second limitation of this study was the use of IL-13 to skew differentiation toward an in 

vitro model of chronic respiratory diseases; the use of additional cytokines, such as IL-

17, to skew differentiation toward an in vitro model of severe chronic respiratory diseases 

would better reflect the diversity of T2-high and T17-high endotypes and improve the 

physiological relevance of this in vitro model in future studies. A third limitation of this 

study was the fact the we did not address whether these differences in gene expression 

translate into differences in protein expression for secreted factors in bronchoalveolar 

lavage fluid (BALF). Characterizing these differences in gene expression in humans 

depends upon invasive procedures and therefore precludes routine use, which 

emphasises the need to identify less invasive mechanistic-based biomarkers of AgNP 

toxicity still capable of producing biologically robust predictions of adverse organism 

responses resulting from these occupational exposures. 

Despite these limitations, this study establishes organotypic cultures derived from MTEC 

as a medium-throughput, high-content in vitro model of the conducing airway to 

characterize chemical perturbation as a means to screen and prioritize potential 

respiratory toxicants. Our results highlight the importance of considering G×P effects on 

transcriptional regulation when screening and prioritizing potential respiratory toxicants. 

This is challenging and important for engineered nanomaterials, since their MoA have 
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been shown to differ considerably but are still used in hundreds of consumer products. 

Prior to anticipating potential adverse organism responses arising from engineered 

nanomaterial toxicity, ensuring safe development of the consumer products in which they 

are used will be the most critical and necessary step toward safeguarding public health. 
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4.7 DATA 

 

Figure 4.1. Genotype, phenotype, and dose effects on hierarchical clustering of global gene expression. Hierarchical 
clustering of global gene expression was characterized using Pearson correlation distance and average linkage distance of 
log2(average read counts) (n = 9,642) for AJ:Normal (A), B6:Normal (B), AJ:T2-Skewed (C), and B6:T2-Skewed (D) 
exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average z-
scores (red = positive; green = negative); rows represent genes, and columns represent genotypes and phenotypes. n = 3 
biological replicates.
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Figure 4.2. Genotype, phenotype, and dose effects on principal components of global gene expression. Principal 
components of global gene expression were characterized using PCA of log2(average read counts) (n = 9,642) for 
AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed exposed to nominal doses of 0 (A), 12.5 (B), or 50 (C) µg 
AgNP/mL media for an acute 24 h exposure. n = 3 biological replicates.

Genotype:Phenotype AJ:Normal B6:Normal AJ:T2−Skewed B6:T2−Skewed

−40

−20

0

20

40

−40 −20 0 20 40
PC1: 89% Variance

PC
2:

 4
%

 V
ar

ia
nc

e

0.0 µg AgNP/mL mediaA

−40

−20

0

20

40

−40 −20 0 20 40
PC1: 90% Variance

PC
2:

 3
%

 V
ar

ia
nc

e

12.5 µg AgNP/mL mediaB

−40

−20

0

20

40

−40 −20 0 20 40
PC1: 78% Variance

PC
2:

 1
8%

 V
ar

ia
nc

e

50.0 µg AgNP/mL mediaC

G×P Effects on Clustering of Global Gene Expression



 112 

 

Figure 4.3. Genotype, phenotype, and dose effects on canonical pathway enrichment. Canonical pathway enrichment was 
characterized using GSEA with the Benjamini-Hochberg method (FDR<0.10) on rank-ordered z-scores of log2(average read 
counts) (n = 9,642) for AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed exposed to nominal doses of 0 (A-D), 
12.5 (E-H), or 50 (I-J) µg AgNP/mL media for an acute 24 h exposure. Data represent the top ten enriched canonical 
pathways with significant -log(P-values), where activated = normalized enrichment score > 0, inhibited = normalized 
enrichment score < 0. n = 3 biological replicates.
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Figure 4.4. Genotype, phenotype, and dose effects on targeted gene expression for the secreted factors canonical pathway. 
Targeted gene expression for the secreted factors canonical pathway was characterized using z-scores of log2(average 
read counts) (n =54) for AJ:Normal (A), B6:Normal (B), AJ:T2-Skewed (C), and B6:T2-Skewed (D) exposed to nominal 
doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average z-scores (red = positive; 
green = negative); rows represent genes, and columns represent doses. n = 3 biological replicates.
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Figure 4.5. Genotype, phenotype, and dose effects on Stat3 activation upstream of the secreted factors canonical pathway. 
Upstream activation of the secreted factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal (A), B6:Normal (B), AJ:T2-
Skewed (C), and B6:T2-Skewed (D) exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h 
exposure. Central icons represent the upstream activator (Stat3), peripheral icons represent cytokine/growth factors, and 
arrows represent predicted relationships. n = 3 biological replicates.
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Figure 4.6. Genotype, phenotype, and dose effects on Bcl6 inhibition upstream of the secreted factors canonical pathway. 
Upstream inhibition of the secreted factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal (A), B6:Normal (B), AJ:T2-
Skewed (C), and B6:T2-Skewed (D) exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h 
exposure. Central icons represent the upstream inhibitor (Bcl6), peripheral icons represent cytokine/growth factors, and 
arrows represent predicted relationships. n = 3 biological replicates.



 

 116 

 

Figure 4.7. Genotype, phenotype, and dose effects on targeted gene expression 
associated with clinical features of severe chronic respiratory diseases.Differential gene 
expression for T1 responses (A-B), pro-T2 responses (C-D), T2 responses (E-F), and 
T17 responses (G-H) was characterized using a t-test for significant differences in gene 
expression (FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 24) 
for AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed exposed to nominal doses 
of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average 
log2(AgNP/vehicle control) fold changes ± SE; NS (P>0.05); * (P<0.05); ** (P<0.01); *** 
(P<0.001). n = 3 biological replicates.
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4.8 SUPPLEMENTARY DATA 

 

Genotype, phenotype, and dose effects on differential gene expression. Differential gene 
expression was characterized using a t-test for significant differences in gene expression 
(FDR<0.10). Dose effects = 12.5 (A-B) and 50 (C-D) µg AgNP/mL media vs. vehicle 
controls. Data represent the number of significant log2(AgNP/vehicle control) fold 
changes, where upregulated = log2(AgNP/vehicle control) fold change < 0, downregulated 
= log2(AgNP/vehicle control) fold change > 0. n = 3 biological replicates.
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Genotype, phenotype, and dose effects on targeted gene expression for the glutathione metabolism canonical pathway. 
Targeted gene expression for the glutathione metabolism canonical pathway was characterized using z-scores of 
log2(average read counts) (n = 14) for AJ:Normal (A), B6:Normal (B), AJ:T2-Skewed (C), and B6:T2-Skewed (D) exposed 
to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average z-scores (red = 
positive; green = negative); rows represent genes, and columns represent doses. n = 3 biological replicates.
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Genotype, phenotype, and dose effects on targeted gene expression for the IL-23 signaling canonical pathway. Targeted 
gene expression for the IL-23 signaling canonical pathway was characterized using z-scores of log2(average read counts) 
(n = 13) for AJ:Normal (A), B6:Normal (B), AJ:T2-Skewed (C), and B6:T2-Skewed (D) exposed to nominal doses of 0, 12.5, 
or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average z-scores (red = positive; green = negative); 
rows represent genes, and columns represent doses. n = 3 biological replicates.

G×P Effects on the IL−23 Signaling Canonical Pathway
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Genotype, phenotype, and dose effects on targeted gene expression for the JAK/STAT signaling canonical pathway. 
Targeted gene expression for the JAK/STAT signaling canonical pathway was characterized using z-scores of log2(average 
read counts) (n = 42) for AJ:Normal (A), B6:Normal (B), AJ:T2-Skewed (C), and B6:T2-Skewed (D) exposed to nominal 
doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 h exposure. Data represent average z-scores (red = positive; 
green = negative); rows represent genes, and columns represent doses. n = 3 biological replicates.

G×P Effects on the JAK/STAT Signaling Canonical Pathway
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal 
exposed to nominal doses of 0 or 12.5 µg AgNP/mL media for an acute 24 h exposure. 
Highlighted icons represent cytokine/growth factors, and arrows represent predicted 
relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal 
exposed to nominal doses of 0 or 50 µg AgNP/mL media for an acute 24 h exposure. 
Highlighted icons represent cytokine/growth factors, and arrows represent predicted 
relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for B6:Normal 
exposed to nominal doses of 0 or 12.5 µg AgNP/mL media for an acute 24 h exposure. 
Highlighted icons represent cytokine/growth factors, and arrows represent predicted 
relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for B6:Normal 
exposed to nominal doses of 0 or 50 µg AgNP/mL media for an acute 24 h exposure. 
Highlighted icons represent cytokine/growth factors, and arrows represent predicted 
relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:T2-
Skewed exposed to nominal doses of 0 or 12.5 µg AgNP/mL media for an acute 24 h 
exposure. Highlighted icons represent cytokine/growth factors, and arrows represent 
predicted relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:T2-
Skewed exposed to nominal doses of 0 or 50 µg AgNP/mL media for an acute 24 h 
exposure. Highlighted icons represent cytokine/growth factors, and arrows represent 
predicted relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for B6:T2-
Skewed exposed to nominal doses of 0 or 12.5 µg AgNP/mL media for an acute 24 h 
exposure. Highlighted icons represent cytokine/growth factors, and arrows represent 
predicted relationships. n = 3 biological replicates.
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Cytokine activation of the T17 canonical pathway. Cytokine activation of the secreted 
factors canonical pathway was characterized using IPA with the Fischer’s Exact method 
(FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for B6:T2-
Skewed exposed to nominal doses of 0 or 50 µg AgNP/mL media for an acute 24 h 
exposure. Highlighted icons represent cytokine/growth factors, and arrows represent 
predicted relationships. n = 3 biological replicates.
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Genotype, phenotype, and dose effects on neutrophil chemotaxis downstream of the secreted factors canonical pathway. 
Downstream functions of the secreted factors canonical pathway were characterized using IPA with the Fischer’s Exact 
method (FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal (A), B6:Normal (B), 
AJ:T2-Skewed (C), and B6:T2-Skewed (D) exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 
h exposure. Central icons represent the downstream function (neutrophil chemotaxis), peripheral icons represent 
cytokine/growth factors, and arrows represent predicted relationships. n = 3 biological replicates.
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Genotype, phenotype, and dose effects on lung inflammation downstream of the secreted factors canonical pathway. 
Downstream diseases of the secreted factors canonical pathway were characterized using IPA with the Fischer’s Exact 
method (FDR<0.10) on fold changes of log2(average AgNP/vehicle control) (n = 54) for AJ:Normal (A), B6:Normal (B), 
AJ:T2-Skewed (C), and B6:T2-Skewed ( D) exposed to nominal doses of 0, 12.5, or 50 µg AgNP/mL media for an acute 24 
h exposure. Central icons represent the downstream disease (lung inflammation), peripheral icons represent 
cytokine/growth factors, and arrows represent predicted relationships. n = 3 biological replicates.
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List of Abbreviations 
 

5×4 h: subacute exposure of 4 hours, every other day, over 5 days 
8-OHdG: 8-hydroxy-2’-deoxyguanosine 
Ag: silver mass 
Ag+: silver ions 
AgNP: silver nanoparticles 
AHR: airway hyperresponsiveness 
AJ or B6:Normal: A/J or C57BL6/J, “Normal” phenotype 
AJ or B6:T2-Skewed: A/J or C57BL6/J, “T2-Skewed” phenotype 
Ano6: anoctamin 6 
AOP: adverse outcome pathway 
Au: gold mass 
BALF: bronchoalveolar lavage fluid 
BMD: benchmark dose 
BMDL: benchmark dose lower 95% confidence limit 
Cd: cadmium mass 
COPD: chronic obstructive pulmonary disease 
ENM: engineered nanomaterials 
ENaC: amiloride-sensitive epithelial Na+ channel 
G×E: gene × environment interactions 
G×P: gene × phenotype interactions 
GSH: glutathione 
HEC: human equivalent concentration 
IATA: Integrated Approaches to Testing and Assessment 
IPCS: International Programme on Chemical Safety 
ITS: Integrated Testing Strategies 
IVIVE: in vitro to in vivo extrapolation 
KE: key event 
LDH: lactate dehydrogenase 
LTE4: leukotriene E4 
MIE: molecular initiating event 
MoA: mode of action 
MTEC: murine tracheal epithelial cells 
Nedd4l: E3 ubiquitin-protein ligase NEDD4-like 
OECD: Organisation for Economic Co-operation and Development 
OEL: occupational exposure limit 
OVA: ovalbumin 
PBPK: physiologically-based pharmacokinetic/toxicokinetic 
QD: quantum dots 
QSAR: quantitative structure–activity relationship 
REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals 
RNA-seq: RNA sequencing 
Rnf220: E3 ubiquitin-protein ligase RNF220
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T1/T2/T17: type 1/type 2/type 17  
TEER: transepithelial electrical resistance 
TSCA: Toxic Substances Control Act 
US EPA: U.S. Environmental Protection Agency 
WHO: World Health Organization
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Chapter 5. The Effects of Gene × Environment Interactions on Silver Nanoparticle 
Toxicity in the Respiratory System: Toward an Adverse Outcome Pathway 

5.1 ABSTRACT 

The Adverse Outcome Pathway (AOP) framework has served as the foundation of 

predictive toxicology. It has been proposed as a systems-based approach for pathway 

analysis that collects, describes, and quantifies toxicity data across multiple levels of 

biological organization to identify causal relationships between interactions of stressors 

with their molecular targets and adverse organism responses of regulatory relevance. 

AOP development for engineered nanomaterials (ENM), including silver nanoparticles 

(AgNP), is currently lagging behind other chemicals of regulatory interest since 1) their 

modes of action (MoA) have been shown to differ considerably due to differences in their 

particokinetics, and 2) the in vitro and in vivo effects of how underlying genetics or 

diseases directly modify response to AgNP exposures are presently not well understood. 

For example, AgNP are used in multiple applications but primarily in the manufacturing 

of many antimicrobial products, and asthmatics may be a sensitive population to AgNP 

exposures in occupational settings. The primary goal of this study is to use the AOP 

framework to organize and integrate data from in vitro and in vivo models to evaluate the 

effects of interactions between host genetic and acquired factors, or gene × environment 

interactions (G×E), on AgNP toxicity in the respiratory system. Using this framework will 

help us to identify plausible linkages between MoA and adverse organism responses 

when key events (KE) are not measured using the same assay in order to derive future 

predictive models, guide research, and support development of tools for making risk-

based, regulatory decisions on ENM. 

5.2 INTRODUCTION 

The respiratory system is critical for maintaining gas exchange and overall health. It can 

be damaged by many environmental toxicants and is a sensitive target organ for toxicity 

for numerous occupational exposures. Chronic respiratory diseases, including asthma, 

acute bronchitis, and chronic obstructive pulmonary disease (COPD), collectively affect 
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16% of the United States population; these diseases impair host defense mechanisms, 

such as barrier function and immune regulation,15 mucocilliary clearance and 

permeability,16-22 as well as enzymatic and non-enzymatic regulation of oxidative 

stress,23,24 and may increase an individual’s sensitivity to occupational exposures.25-27 

Chronic respiratory diseases place a major burden on individuals, their workplaces, and 

the healthcare system, and yet less than 1% of the chemicals regulated by the U.S. 

Environmental Protection Agency’s (US EPA) Toxic Substances Control Act (TSCA) have 

been tested for respiratory toxicity.3,141 

Silver nanoparticles (AgNP) are one of the 84,000 chemicals of regulatory interest to 

TSCA. They are used in the manufacturing of many antimicrobial consumer products, 

including air filters, humidifiers, and purifiers as well as antimicrobial sprays.31,32,37 

Previous in vitro studies observed the mode of action (MoA) for their antimicrobial 

properties (e.g., release of bioactive silver ions [Ag+] upon dissolution11-13) is also a 

defining factor of AgNP toxicity in mammalian cells.144 One MoA in airway epithelial cells 

is Ag+-mediated reactive oxygen species (ROS) production, which leads to adverse 

cellular responses including oxidative stress, mitochondrial dysfunction, inflammation, 

and cytotoxicity.50,58-63,87,121,145 Asthmatics are possibly a sensitive population to AgNP 

exposures in occupational settings, as these adverse cellular responses may further 

modulate innate and adaptive immune responses at the epithelial-immune interface to 

exacerbate this chronic airway disease.48 Despite this, in the United States, AgNP have 

been used in nearly 700 consumer products, accounting for over one-third of those 

cataloged in the inventory of the Project on Emerging Nanotechnologies managed by the 

Woodrow Wilson International Center for Scholars.37 

Few previous studies have assessed the effects of interactions between host genetic and 

acquired factors, or gene × environment interactions (G×E),28,29 on AgNP toxicity. 

Understanding G×E effects is important for identifying sensitive populations, whose 

underlying genetics or diseases could directly modify their response to AgNP exposures. 

Typically, these studies have used young, healthy animals or cell lines cultured toward a 

“Normal” phenotype and thus did not address the possibility of increased AgNP toxicity in 

asthmatics. While these studies identified multiple determinants of AgNP toxicity and 
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have helped us to better understand adverse cellular and organ responses under 

physiological conditions, there is currently no MoA that adequately describes G×E effects 

on AgNP toxicity. 

The sensitivity and specificity of in vitro and in vivo models must be well characterized 

before they can be translated into regulatory frameworks,143,225 which are currently 

moving toward utilizing this MoA concept. This has been exemplified by the development 

of Integrated Testing Strategies (ITS) to support the implementation of legislation such as 

Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) in the 

European Union,226,227 and by more recent efforts within the Organisation for Economic 

Co-operation and Development (OECD) to develop Integrated Approaches to Testing and 

Assessment (IATA) that utilize existing data from in vitro studies and prediction models 

to satisfy specific information requirements.228 

The International Programme on Chemical Safety (IPCS) of the World Health 

Organization (WHO) initiated this MoA concept to better identify and prioritize chemicals 

of regulatory interest.229 Utilizing aspects of the WHO/IPCS MoA concept, the OECD 

launched the Programme for the Development of Adverse Outcome Pathways (AOP).230 

The AOP framework has served as the foundation of predictive toxicology. It has been 

proposed as a systems-based approach for pathway analysis that collects, describes, 

and quantifies toxicity data across multiple levels of biological organization to identify 

causal relationships between interactions of stressors with their molecular targets and 

adverse organism responses of regulatory relevance.231-235 The AOP framework identifies 

MoA by outlining a molecular initiating event (MIE) followed by key events (KE) along a 

biological pathway, ending with the adverse organism response (Figure 1).236 Following 

OECD guidance, the AOP framework aims to support regulatory decision-making by: 1) 

prioritizing MIE and KE for further study, 2) identifying knowledge gaps to propose new 

MoA, and 3) supporting the development of IATA, OECD test guidelines, and quantitative 

structure–activity relationship (QSAR) tools.143,230 

While this program has been successful in proposing a large number of AOP for multiple 

chemicals of regulatory interest, it has been less successful for engineered nanomaterials 
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(ENM), since: 1) their MoA have been shown to differ considerably due to differences in 

their particokinetics, and 2) the in vitro and in vivo effects of how underlying genetics or 

diseases directly modify the risk of ENM toxicity are presently not well understood.230,237-

239 To our knowledge, Vietti et al. has published the only AOP to date that evaluates ENM 

toxicity in the respiratory system, and specifically for carbon nanotubes (CNT). The 

authors’ AOP outlined adverse cellular responses in multiple cell types, including airway 

epithelial cells, fibroblasts, and macrophages, leading to adverse organ responses, 

including extracellular matrix accumulation and lung fibrotic reactions, and ultimately lung 

fibrosis as an adverse organism response. The primary goals of the authors’ AOP was to 

highlight a need to develop functional in vitro assays suited for better de novo predictions 

of CNT toxicity, and to support risk-based, regulatory decisions aimed toward preventing 

CNT-induced lung fibrosis.240 

Predicting the in vitro and in vivo activity of ENM toxicity is difficult due to the dynamic 

interactions between their particokinetics and similarly complex G×E effects within 

biological systems. Therefore, effective and complete characterization of ENM prior to 

and upon entry into different biological systems is important for establishing plausible 

linkages between their MoA and adverse organism responses. This very problem was 

previously highlighted by Boyes et al., who proposed a modified version of the AOP 

framework designed to serve as a basis for: 1) screening based on a minimal set of assay 

data and then prioritize for more in-depth testing and evaluation, 2) identifying KE that are 

critical drivers of bioactivity, and 3) identifying knowledge gaps to further develop and 

parametrize the structure of the AOP framework.239 In the present study, we illustrate how 

this AOP framework can be used to describe G×E effects on AgNP toxicity by utilizing 

mechanistic information from in vitro and in vivo models to highlight how KE can be 

modified by different host genetic and host acquired factors at subacute, acute, and 

subchronic exposures. Using this AOP framework helped us to identify plausible linkages 

between MoA and adverse organism responses when endpoints are not measured using 

the same assay.241 This AOP will help support regulatory decision-making for ENM by 

prioritizing MIE and KE for further study while identifying knowledge gaps to propose new 

MoA for AgNP toxicity. This is not intended to be fully comprehensive in any one area, 

but rather to highlight these most recent findings, while identifying knowledge gaps 
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regarding G×E effects on AgNP toxicity in the context of environmental health and safety 

issues to enable a value of information assessment that better prioritizes future research 

needs. 

5.3 METHODS 

AOP framework 

In the present study, the modified version of AOP framework was used to organize data 

from in vitro and in vivo studies to evaluate G×P effects on AgNP toxicity (Figure 1). We 

connected the KE for AgNP toxicity using color-coded linkages to highlight knowledge 

gaps where they exist, specifically: plausible linkages based on limited or no data, 

empirical linkages based on quantitative in vitro dose-response data, and empirical 

linkages based on quantitative in vivo exposure-response data. Plausible linkages based 

on limited or no data refer to relationships between two intervening adverse cellular or 

organ responses where one intervening response was not assayed or was predicted 

using RNA-sequencing (RNA-seq). Empirical linkages based on quantitative in vitro dose-

response relationships refer to relationships between two intervening adverse cellular 

responses where both were measured using in vitro assays. Empirical linkages based on 

quantitative in vivo dose-response relationships refer to relationships between two 

intervening adverse organ responses where both were measured using in vivo assays. 

Adverse cellular responses 

We outlined the KE for adverse cellular responses at subacute and acute exposures by 

integrating data from our previous in vitro studies, where the genotype and phenotype 

(physiological environment) were hypothesized to define G×E, or genotype × phenotype 

interaction (G×P), effects on AgNP toxicity. All animal studies were approved by the 

Institutional Animal Care and Use Committee at the University of Washington. We 

harvested tracheas from A/J and C57BL/6J mice (The Jackson Laboratory, Bar Harbor, 

ME, USA), and isolated MTEC using enzymatic digestion, as previously 

described.151,157,158 We suspended MTEC in a defined proliferation media [Dulbecco’s 

Modified Eagle Media (DMEM) with 10 µg/mL insulin, 5 µg/mL apo-transferrin, 0.1 µg/mL 
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cholera toxin, 25 ng/mL epidermal growth factor, 30 µg/mL bovine pituitary extract, and 

50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, USA)] to culture at a density of 1.5×104 

cells/well in collagen-coated 24-Transwell plates (Corning, Corning, NY, USA). We 

allowed organotypic cultures to proliferate with media in both apical and basal 

compartments starting on day in vitro (DIV) 0. We changed the defined proliferation media 

every other day until DIV 7-9, when transepithelial electrical resistance (TEER) exceeded 

1000 Ω×cm2, which marked the end of proliferation. 

For the “Normal” phenotype, we allowed organotypic cultures to differentiate at an air-

liquid interface (ALI) in a defined differentiation media [DMEM with 2% v/v NuSerum (BD 

BioSciences, San Jose, CA, USA), and 50 nM retinoic acid (Sigma-Aldrich, St. Louis, MO, 

USA)] in the basal compartment starting on DIV 7. We changed the defined differentiation 

media every other day until DIV 28, which marked the end of differentiation. 

For the “T2-Skewed” phenotype, we allowed organotypic cultures to differentiate at an 

ALI in a defined differentiation media supplemented with IL-13 [DMEM with 2% v/v 

NuSerum (BD BioSciences, San Jose, CA, USA), 50 nM retinoic acid (Sigma-Aldrich, St. 

Louis, MO, USA)], and 25 ng/mL IL-13 (PeproTech, Rocky Hill, NJ, USA)]. We identified 

this concentration of IL-13 in a preliminary study and supplemented it to the defined 

proliferation media starting on DIV 5, and then to the defined differentiation media from 

DIV 7-28, which we changed every other day until DIV 28. 

We exposed organotypic cultures in the apical compartment on DIV 28 to either 2 mM 

sodium citrate (vehicle control; 0 µg AgNP/mL media), or to silver nanoparticles (AgNP; 

20 nm, gold-core, citrate-coated, at 1 mg/mL in 2 mM sodium citrate; nanoComposix, San 

Diego, CA, USA) for an acute exposure of 24 hours, or a subacute exposure of 4 hours, 

every other day, over 5 days (5×4 h) at nominal doses of 12.5, 25, or 50 µg AgNP/mL 

media, as freshly prepared in suspensions of defined differentiation media. 

We used inductively coupled plasma mass spectrometry (ICP-MS) to quantify dosimetric 

doses of silver (Ag), gold (Au), and the ratio of silver to gold (Ag:Au) mass associated on 

organotypic cultures. Data were normalized by dividing the Ag, Au, and Ag:Au mass in 

each cell fraction by the protein content, as previously described.160 The Ag:Au mass is 
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an indirect measurement of the colocation of Ag and Au mass, and a high Ag:Au mass 

therefore suggests that the two metals have not separated through dissolution. 

We assayed ROS production as an MIE for AgNP toxicity using a 2,7-dichlorofluorescein 

(DCF) assay (Abcam, Cambridge, MA, USA) to quantify DCF fluorescence as a measure 

of ROS production, as previously described.163 We assayed barrier function, oxidative 

stress, mitochondrial function, inflammation, and cytotoxicity as adverse cellular 

responses for AgNP toxicity. We assayed organotypic physiology using an EVOM2 

Epithelial Volt/Ohm Meter (World Precision Instruments, Sarasota, FL, USA) to quantify 

transepithelial electrical resistance (TEER) as a measure of barrier function, as previously 

described.161 We assayed oxidative stress using a 2,3-naphthalenedicarboxaldehyde 

(NDA) assay to quantify NDA fluorescence as a measure of glutathione (GSH) depletion, 

as previously described,162 and a malondialdehyde (MDA) assay (Abcam, Cambridge, 

MA, USA) to quantify MDA fluorescence as a measure of lipid peroxidation, as previously 

described.164 We assayed mitochondrial function and inflammation using RNA-seq to 

generate molecular information to support evidence for the MIE by predicting canonical 

pathway enrichment associated with mitochondrial function and T2/T17 inflammation, as 

previously described by Nicholas et al. (summitted). We assayed cytotoxicity using a 

lactate dehydrogenase (LDH) assay (Promega, Madison, WI, USA) to quantify LDH 

absorbance as a measure of cytotoxicity, as previously described.165 

Adverse organ responses 

We outlined the KE for adverse organ responses at subacute and subchronic exposures 

by integrating data from previous in vivo studies. We implemented the following inclusion 

criteria for integrating these in vivo data into the AOP framework: 1) studied the effects of 

at least one host genetic or acquired factor on AgNP toxicity, 2) studied either subacute 

or subchronic effects on AgNP toxicity, where subacute effects refer to a subacute 

exposure (5-14 d) and subchronic effects refer to a subchronic exposure (21-90 d) using 

inhalation as the route of AgNP exposure, 3) assayed relevant adverse organ responses 

associated with oxidative stress, lung inflammation, and organ physiology, and 4) 

assayed dosimetric doses of Ag mass associated in the lungs using ICP-MS.  
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We integrated in vivo data on sex, genotype, and antigen effects on AgNP toxicity, where 

sex refers to the animal sex (mouse or rat), genotype refers to the genetically inbred 

animal strain (e.g., A/J and C57BL/6J mice, or Fischer 344 and Sprague-Dawley rats), 

and antigen refers to the in vivo airway phenotype produced by OVA sensitization prior 

to AgNP exposure. We integrated in vivo data on subacute and subchronic effects on 

AgNP toxicity, where subacute effects refer to a subacute exposure (5-14 d) and 

subchronic effects refer to a subchronic exposure (21-90 d) using inhalation as the route 

of AgNP exposure. We integrated in vivo data on adverse organ responses associated 

with oxidative stress, lung inflammation, as well as lung function and/or airway 

hyperresponsiveness (AHR) whose physiological relevance was improved by assayed 

dosimetric doses of Ag mass associated in the lungs using ICP-MS. 

5.4 RESULTS 

Key events for AgNP toxicity are impacted by genetics, diseases, and exposures 

We stratified KE for AgNP toxicity identified in previous in vitro and in vivo studies by host 

genetic and acquired factors to highlight additional knowledge gaps related to the in vitro 

and in vivo effects of how underlying genetics or diseases directly modify their response 

to AgNP exposures. Specifically, we stratified sex, genotype, phenotype, and antigen 

effects on AgNP toxicity across in vitro and in vivo models, where sex refers to the animal 

sex (male or female), genotype refers to the genetically inbred animal strain (e.g., A/J and 

C57BL/6J mice, or Fischer 344 and Sprague-Dawley rats), phenotype refers to the in vitro 

airway phenotype produced by defined differentiation media (“Normal” and “T2-Skewed”) 

prior to AgNP exposure, and antigen refers to the in vivo airway phenotype produced by 

ovalbumin (OVA) sensitization prior to AgNP exposure. We also stratified the KE for 

AgNP toxicity by exposures to highlight additional knowledge gaps related to the acute to 

subchronic in vitro and in vivo impacts of AgNP toxicity. Specifically, we stratified acute, 

subacute, and subchronic effects on AgNP toxicity across in vitro and in vivo models, 

where acute effects refer to an acute exposure (24 h), subacute effects refer to a subacute 

exposure (5-14 d), and subchronic effects refer to a subchronic exposure (21-90 d). 

Genotype and phenotype effects on key events for AgNP-induced adverse 
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cellular responses at acute exposures 

Two in vitro studies evaluated G×E effects on AgNP toxicity in organotypic cultures at an 

acute 24 h exposure, and we integrated these in vitro data into the AOP framework 

(Figure 2). Nicholas et al. (submitted) compared G×E effects on association and 

dissolution (marked by Ag, Au, and Ag:Au mass) (Figure 2, Row 1) across genotypes, 

phenotypes, and exposures, and observed the strongest G×E effects in the “T2-Skewed 

phenotype” at an acute 24 h exposure when normalized by ICP-MS for both AgNP 

association by Ag mass and by Ag+ dissolution as estimated by Ag:Au mass. The authors 

also compared G×E effects on dosimetric dose-response relationships across genotypes, 

phenotypes, and exposures, and observed the strongest G×E effects in the “T2-Skewed” 

phenotype at an acute 24 h exposure for AgNP-induced MIE (marked by increased ROS 

production) (Figure 2, Row 1), oxidative stress (marked by increased GSH depletion and 

lipid peroxidation) (Figure 2, Column 2), mitochondrial dysfunction (marked by increased 

activation of apoptosis, the TGF-β signaling pathway, and the WNT signaling pathway) 

(Figure 2, Column 3), inflammation (marked by increased upregulation of T17 cytokines) 

(Figure 2, Column 4), cytotoxicity (marked by increased LDH secretion) (Figure 2, 
Column 5), and organotypic physiology (marked by decreased barrier function) (Figure 
2, Column 6)—with AJ:T2-Skewed being the most sensitive genotype and phenotype. 

We constructed plausible linkages based on limited or no quantitative in vitro dose-

response data between “Cytotoxicity” and “Organotypic Physiology” for AJ:Normal, 

B6:Normal, and B6:T2-Skewed. We constructed empirical linkages based on quantitative 

in vitro dose-response data between “Oxidative Stress” and “Mitochondrial Function”, 

“Mitochondrial Function” and “Inflammation”, “Inflammation” and “Cytotoxicity for 

AJ:Normal, B6:Normal, AJ:T2-Skewed, and B6:T2-Skewed as well as “Cytotoxicity” and 

“Organotypic Physiology”, but only for AJ:T2-Skewed. 

Genotype and phenotype effects on key events for AgNP-induced adverse 
cellular responses at subacute exposures 

One in vitro study evaluated G×E effects on AgNP toxicity in organotypic cultures at a 

subacute 5×4 h exposure, and we integrated these in vitro data into the AOP framework 
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(Figure 3). Nicholas et al. (submitted) compared G×E effects on association and 

dissolution (marked by Ag, Au, and Ag:Au mass) (Figure 3, Row 1) across genotypes, 

phenotypes, and exposures, and observed weaker G×E effects in the “T2-Skewed 

phenotype” at a subacute 5×4 h exposure when normalized by ICP-MS for both AgNP 

association by Ag mass and by Ag+ dissolution as estimated by Ag:Au mass. The authors 

also compared G×E effects on dosimetric dose-response relationships across genotypes, 

phenotypes, and exposures, and observed weaker G×E effects in the “T2-Skewed” 

phenotype at a subacute 5×4 h exposure for AgNP-induced MIE (marked by increased 

ROS production) (Figure 3, Row 1), oxidative stress (marked by increased GSH 

depletion and lipid peroxidation) (Figure 3, Column 2), cytotoxicity (marked by increased 

LDH secretion) (Figure 3, Column 5), and organotypic physiology (marked by decreased 

barrier function) (Figure 3, Column 6)—with AJ:T2-Skewed being the most sensitive 

genotype and phenotype. We constructed plausible linkages based on limited or no 

quantitative in vitro dose-response data between “Oxidative Stress” and “Mitochondrial 

Function”, “Mitochondrial Function” and “Inflammation”, “Inflammation” and “Cytotoxicity”, 

as well as “Cytotoxicity” and “Organotypic Physiology” for AJ:Normal, B6:Normal, and 

B6:T2-Skewed. We constructed empirical linkages based on quantitative in vitro dose-

response data between “Oxidative Stress” and “Cytotoxicity” for AJ:Normal, B6:Normal, 

AJ:T2-Skewed, and B6:T2-Skewed as well as “Oxidative Stress” and “Organotypic 

Physiology”, but only for AJ:T2-Skewed. 

Genotype effects on key events for AgNP-induced adverse organ responses at 
acute exposures 

One in vivo study evaluated G×E effects on AgNP toxicity in multiple genotypes of mice 

at an acute 24 h exposure, and we integrated these in vivo data into the AOP framework 

(Figure 4). Scoville et al. treated 25 genotypes of male mice (including BALB/cJ, A/J, and 

C57BL6/J), and in our review of this study, we observed evidence of genotype effects on 

association (marked by increased dosimetric doses of Ag mass associated in the lungs) 

(Figure 4, Row 1) and AgNP-induced T2 lung inflammation (marked by increased pro-

inflammatory cell infiltrate) (Figure 4, Column 3) compared to genetically-matched 

vehicle controls, with BALB/cJ and SWR/J mice being the most differentially sensitive 
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genotypes.78 The authors used RNA-seq on lungs isolated from BALB/cJ, A/J, and 

C57BL6/J mice and observed an inverse relationship between AgNP-induced T2 lung 

inflammation and expression of E3 ubiquitin-protein ligase NEDD4-like (Nedd4l), 

anoctamin 6 (Ano6), and E3 ubiquitin-protein ligase RNF220 (Rnf220), which may 

function as candidate polymorphisms for AgNP-induced T2 lung inflammation. Nedd4l is 

a E3 ubiquitin ligase gene involved in ubiquitin protein ligase activity; AgNP-induced 

Nedd4l downregulation may increase amiloride-sensitive epithelial Na+ channel (ENaC) 

activity and T2 lung inflammation. Ano6 is small-conductance calcium-activated non-

selective cation channel gene involved in calcium-dependent exposure of 

phosphatidylserine on the cell surface; AgNP-induced Ano6 downregulation may impair 

ion transport, increase airway surface fluid volume and viscosity, as well as apoptosis, 

phagocytosis, and T2 lung inflammation and/or mast cell degranulation via the 

phosphatidylserine signaling pathway. Rnf220 is another E3 ubiquitin ligase gene 

involved in ubiquitin protein ligase activity; AgNP-induced Rnf220 downregulation may 

inhibit β-catenin stabilization and activate the WNT signaling pathway to exacerbate T2 

lung inflammation.78 We constructed plausible linkages with little or no quantitative in vivo 

exposure-response data between “Oxidative Stress”, “Lung Inflammation” and “Organ 

Physiology” for male BALB/cJ, A/J, and C57BL6/J mice. 

Sex, genotype, and antigen effects on key events for AgNP-induced adverse 
organ responses at subacute exposures 

Several in vivo studies evaluated G×E effects on AgNP toxicity in antigen-sensitized mice 

at subacute exposures from 4 to 21 d, and we integrated these in vivo data into the AOP 

framework (Figure 5). Typically, in vivo studies evaluating genotype and antigen effects 

on AgNP toxicity in the lungs have used OVA-sensitized female BALB/cJ mice, which 

develop increased AHR and T2 lung inflammation than male mice or other mice 

genotypes. These in vivo studies treated OVA-sensitized, female BALB/cJ or C57BL6/J 

mice with AgNP of various sizes and coatings, and in our review, we observed limited 

evidence of genotype or antigen effects on association (marked by increased dosimetric 

doses of Ag mass associated in the lungs) (Figure 5, Row 1). However, we observed 

evidence of genotype and antigen effects on exacerbation of the allergic airway 
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phenotype via increased AgNP-induced oxidative stress (marked by increased ROS 

production, NF-κB activation, leukotriene E4 [LTE4] and 8-hydroxy-2’-deoxyguanosine [8-

OHdG] production) (Figure 5, Column 2), and T2 lung inflammation (marked by 

increased T1/T2 cytokine secretion, pro-inflammatory cell infiltrate, immunoglobulin E 

[IgE], AHR, and histopathological changes) (Figure 5, Column 3) in allergic mice 

compared to healthy mice and filtered air controls.82-85 We constructed empirical linkages 

based on quantitative in vivo exposure-response data between “Oxidative Stress”, “Lung 

Inflammation”, and “Organ Physiology” for female BALB/cJ and C57BL6/J mice. 

Several in vivo studies evaluated G×E effects on AgNP toxicity in rats at subacute 

exposures from 7 to 14 d, and we integrated these in vivo data into the AOP framework 

(Figure 5). Typically, in vivo studies evaluating sex and genotype effects on AgNP toxicity 

in the lungs have used either Brown-Norway, Fischer 344, or Sprague-Dawley rats. These 

in vivo studies treated male and female Fischer 344 or Sprague-Dawley rats with AgNP 

of various sizes and coatings, and in our review, we observed evidence of sex and 

genotype effects on association (marked by increased dosimetric doses of Ag mass 

associated in the lungs) (Figure 5, Row 1), AgNP-induced oxidative stress (marked by 

increased GSH depletion) (Figure 5, Column 2), and T2 lung inflammation (marked by 

increased T1/T2 cytokine secretion, pro-inflammatory cell infiltrate, and histopathological 

changes) (Figure 5, Column 3) in male Fischer 344 rats compared to female Fischer 344 

rats and filtered air controls, but no sex effects on AgNP-induced lung dysfunction 

(marked by decreased minute and tidal volume) (Figure 5, Column 3) in male Sprague-

Dawley rats compared to female Sprague-Dawley rats and filtered air controls.71,138,139 

We constructed plausible linkages with little or no quantitative in vivo exposure-response 

data between “Lung Inflammation” and “Organ Physiology” for male and female Fischer 

344 rats, and between “Oxidative Stress” and “Lung Inflammation” for male and female 

Sprague-Dawley rats. We constructed empirical linkages based on quantitative in vivo 

exposure-response data between “Oxidative Stress” and “Lung Inflammation” for male 

and female Fischer 344 rats, and between “Lung Inflammation” and “Organ Physiology” 

for male and female Sprague-Dawley rats. 

Sex and genotype effects on key events for AgNP-induced adverse organ 
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responses at subchronic exposures 

No in vivo studies have evaluated G×E effects on AgNP toxicity in mice at subchronic 

exposures. However, several in vivo studies have evaluated G×E effects on AgNP toxicity 

in rats at subchronic exposures from 21 to 90 d (Figure 6). Typically, in vivo studies 

evaluating sex and genotype effects on AgNP toxicity in the lungs have used either 

Brown-Norway, Fischer 344, or Sprague-Dawley rats. These in vivo studies treated male 

and female Brown-Norway (male only) or Sprague-Dawley rats with AgNP of various 

sizes and coatings, and in our review, we observed evidence of sex and genotype effects 

on association (marked by increased dosimetric doses of Ag mass associated in the 

lungs) (Figure 6, Row 1), AgNP-induced oxidative stress (marked by increased 

bronchoalveolar lavage fluid [BALF] malondialdehyde [Brown-Norway]) (Figure 6, 
Column 2), T2/T17 lung inflammation (marked by increased T1/T2/T17 cytokine 

secretion, pro-inflammatory cell infiltrate, and changes in histopathology [Brown-Norway]) 

(Figure 6, Column 3), and lung dysfunction (marked by decreased airway resistance, 

tissue elastance [Brown Norway], as well as minute and tidal volume [Sprague-Dawley]) 

(Figure 6, Column 4) compared to genetically-matched vehicle controls, with males 

being the more sensitive sex and Brown-Norway rats being the more sensitive 

genotype.72,73,79,80 We constructed plausible linkages with little or no quantitative in vivo 

exposure-response data between “Oxidative Stress” and “Lung Inflammation” for male 

Brown-Norway rats, and between “Oxidative Stress” and “Lung Inflammation” for male 

and female Sprague-Dawley rats. We constructed empirical linkages based on 

quantitative in vivo exposure-response data between “Lung Inflammation” and “Organ 

Physiology” for male Brown-Norway rats, and between “Lung Inflammation” and “Organ 

Physiology” for male and female Sprague-Dawley rats. 

5.5 DISCUSSION 

Using the AOP framework above, we showed that host genetic and acquired factors may 

play a role in defining sensitive populations to AgNP exposures in occupational settings. 

These G×E effects on AgNP toxicity are of relevance of public health as they may be 

broadly applicable to other types of ENM, which are used in manufacturing of many 
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consumer products. In the present study, we utilized mechanistic information from 

previous in vitro and in vivo studies to highlight how KE can be modified by host genetic 

and host acquired factors at acute, subacute, and subchronic exposures and identify 

knowledge gaps in order to more directly prioritize future research needs. 

Knowledge gaps for key events of AgNP toxicity 

• In vitro data for “Mitochondrial Function” and “Inflammation” in organotypic cultures 

at subacute exposures 

• In vivo data for “Oxidative Stress” and “Organ Physiology” in mice at acute and 

subacute exposures 

Knowledge gaps for G×E effects on AgNP toxicity 

o In vitro data for sex, genotype, and phenotype effects on AgNP particokinetics 

and toxicity in organotypic cultures at acute and subacute exposures 

o In vivo data for sex, genotype, and antigen effects on AgNP particokinetics and 

toxicity in mice at acute, subacute, and subchronic exposures 

o In vivo data for sex and genotype effects on AgNP particokinetics and toxicity in 

rats at acute, subacute, and subchronic exposures 

Benchmark dose (BMD) approaches have been used in previous in vitro and in vivo 

studies and could be used to anchor the KE for AgNP toxicity within the AOP framework 

in order to inform regulatory policy aimed at protecting all populations. Nicholas et al. 

(submitted) and Weldon et al. used nominal and dosimetric dose-response relationships 

to define exposure levels corresponding to specific changes in response;242 or a 10% 

difference in response to represent a shift in one standard deviation from the mean of 

normally distributed data to reflect adverse cellular and organ responses in the respective 

studies.243 Nicholas et al. (submitted) derived nominal and dosimetric BMD (BMDL) based 

upon the dosimetric dose of Ag mass associated on organotypic cultures, and observed 

the most sensitive adverse cellular response was ROS production in organotypic cultures 
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at acute and subacute exposures (Supplementary Data). Weldon et al. used HEC based 

upon the dosimetric dose of Ag mass associated in the lungs as reported in the in vivo 

study by Sung et al. to derive a health-based OEL of 0.19 µg AgNP/m3, and observed the 

most sensitive adverse organ response was lung inflammation in male Sprague-Dawley 

rats at subchronic exposures, which fell below the suggested NOAEL of 133 mg/m3 

(Supplementary Data).73,119 Ultimately, these BMD approaches allowed for allowed for 

the detection of AgNP toxicity that can be translated to physiologically-relevant units 

measurable in occupational settings and could be used to anchor the KE for AgNP toxicity 

within the AOP framework in order to inform regulatory policy aimed at protecting all 

populations. 

Many of the in vitro dosimetric BMD (BMDL) for adverse cellular responses (e.g., GSH 

depletion, ROS production, lipid peroxidation, and cytotoxicity) fell within or below the 

range of in vivo dosimetric BMD (BMDL) and BMC (BMCL) for adverse organ responses 

(e.g., tidal volume, albumin, lactate dehydrogenase [LDH], and protein in BALF, as well 

as lung infiltrate, and lung inflammation), suggesting the possibility that adverse cellular 

responses may predict adverse organ responses. However, in vitro studies using mice 

and in vivo studies using rats are not directly comparable without accounting for 

uncertainty factors related to species differences as well as in vitro to in vivo extrapolation 

(IVIVE). Future studies should evaluate G×E effects on AgNP toxicity in mice at 

subchronic exposures in order to address this knowledge gap, which would also serve to 

reduce the uncertainty factors associated with IVIVE. Even in light of reduced uncertainty, 

predicting the IVIVE of ENM toxicity is difficult due to the dynamic interactions between 

their particokinetics and similarly complex G×E effects within biological systems. 

Therefore, effective and complete characterization of ENM prior to and upon entry into 

different biological systems is important for establishing plausible linkages between their 

MoA and adverse organism responses. These complex G×E effects within biological 

systems have been described in previous in vitro and in vivo studies. 

Several in vitro studies by Nicholas et al. (submitted) described the importance of 

phenotype and exposure effects on AgNP particokinetics, as higher dosimetric doses of 

Ag and Au mass were detected in organotypic cultures at acute exposures, and lower 
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dosimetric doses of Ag and Au mass were detected in organotypic cultures at subacute 

exposures. The highest dosimetric doses of Ag and Au mass were detected under the 

“T2-Skewed” phenotype at acute exposures, suggesting the importance of phenotype 

effects on dosimetric doses of Ag and Au mass. The lowest dosimetric doses of Ag:Au 

mass were also detected under the “T2-Skewed” phenotype at subacute exposures, also 

suggesting the importance of phenotype effects on dosimetric doses of Ag:Au mass. The 

authors used the dosimetric dose of Ag:Au mass as an indirect measurement of the 

colocation of Ag and Au metals, and a low Ag:Au mass suggests that the two metals have 

separated through dissolution, potentially leading to increased AgNP bioavailability and 

bioactivity. Together, these data suggest that phenotype and exposure effects on AgNP 

particokinetics are greater for the “T2-Skewed” phenotype and for an acute exposure as 

opposed to a subacute exposure. While deposition and dissolution can occur throughout 

the conducting and respiratory airways, deposition in the conducting airway of healthy 

individuals will be reduced by mucociliary clearance, with a fraction of deposited Ag mass 

undergoing dissolution upon inhalation. However, this host defense mechanism may be 

impaired in individuals with pre-existing chronic respiratory diseases, and raises the 

potential for increased deposition, dissolution, and thus AgNP toxicity. 

Several in vivo studies described the importance of sex effects on AgNP particokinetics. 

In the case of rats, Braakhuis et al. exposed male Fischer 344 rats with 15 nm and 410 

nm AgNP and observed size effects on AgNP-induced T2 lung inflammation, with 15 nm 

AgNP exerting the strongest effects. The authors quantified dosimetric doses of Ag mass 

associated in the lungs and observed the original burdens after 7 d for 15 nm AgNP was 

350% higher than 410 nm AgNP, and that the remaining burdens decreased to 38% and 

69% of the original burdens after 7 d for 15 nm and 410 nm AgNP, respectively. Takenaka 

et al. exposed female Fischer 344 rats with 15 nm uncoated AgNP and observed similar 

levels of deposited Ag mass associated in the lungs to those reported by Braakhuis et al.; 

however, the remaining burdens decreased to 4% of the original burdens after 7 d, 

suggesting rapid dissolution and/or mucociliary clearance to other systemic pathways. 

Male mice and rats have been shown to be the more sensitive sex to AgNP toxicity, and 

therefore, we suggest a potential for airway physiology, or airway branching and 

mucociliary clearance, to be a contributing factor in sex effects on AgNP toxicity. 
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Several in vivo studies also described the importance of genotype effects on ENM 

particokinetics. In the case of mice, Scoville et al. treated 25 genotypes of male mice with 

AgNP and observed genotype effects on AgNP-induced T2 lung inflammation (marked 

by increased pro-inflammatory cell infiltrate) compared to genetically-matched vehicle 

controls, with BALB/cJ and SWR/J mice being the most differentially sensitive genotypes. 

The authors quantified dosimetric doses of Ag mass in the lungs of these differentially 

sensitive genotypes and detected higher burdens in A/J mice compared to C57BL/6J 

mice, suggesting that airway physiology (marked by alveolar size and airway branching) 

may be a contributing factor in genotype effects on AgNP toxicity.75,76,78 In the case of 

rats, Seiffert et al. treated male Brown-Norway and Sprague-Dawley rats with AgNP and 

observed genotype effects on AgNP-induced lung dysfunction and T2/T17 lung 

inflammation, with Brown-Norway rats being the more sensitive genotype. The authors 

also quantified dosimetric doses of Ag mass associated in the lungs of these differentially 

sensitive genotypes and detected higher burdens in Brown-Norway rats compared to 

Sprague-Dawley rats,80 suggesting that airway physiology (marked by mucociliary 

clearance) may be a contributing factor in genotype effects on AgNP toxicity. 

While some of these differences in ENM particokinetics can be accounted for by using 

dosimetric dose-response relationships, IVIVE of AgNP toxicity from organotypic cultures 

to the lungs may still exhibit significant variability. This was highlighted by Bachler et al., 

who developed a physiologically-based pharmacokinetic/toxicokinetic (PBPK) model for 

AgNP toxicity in various organ systems. The authors calibrated their human respiratory 

tract model to estimate the deposition fraction of inhaled particles from 1 to 1000 nm 

among the extrathoracic, endothoracic, bronchial, bronchiolar, and alveolar-interstitial 

compartments, and accounted for mucociliary clearance as well as time-dependent 

uptake of particles to the systemic blood circulation, which emphasized the complexity of 

IVIVE of AgNP toxicity from organotypic cultures to the lungs.168 Together, this highlights 

the importance of considering PBPK parameters within sensitive populations when using 

IVIVE to contribute relevant data for integration into the AOP framework in order to 

provide efficient characterization toward risk assessment for occupational exposures. 

One limitation of the in vitro data integrated into the AOP framework was each study’s 
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focus on a single mouse sex and two genotypes, which did not account for the effects of 

other potential interactions between host genetic and acquired factors. For example, the 

use of a single mouse sex ignored the potential interactions between sex and genotype 

with phenotype effects on AgNP toxicity in organotypic cultures. Therefore, these in vitro 

data did not fully capture the in vitro effects of underlying genetics or diseases which may 

directly modify response to AgNP exposures. This highlights the importance of also 

evaluating sex, genotype, and phenotype effects on AgNP toxicity in future studies that 

account for interactions between these host genetic and acquired factors. 

One limitation of the in vivo data integrated into the AOP framework was each study’s 

focus on a single mouse sex and genotype, which did not individually account for the 

effects of interactions between host genetic and acquired factors. For example, the use 

of a single mouse sex and genotype has ignored the potential interactions between sex 

and genotype with antigen effects on AgNP toxicity in the lungs. Therefore, these in vivo 

data did not fully capture the in vivo effects of underlying genetics or diseases which may 

directly modify response to AgNP exposures. This highlights the importance of also 

evaluating sex, genotype, and antigen effects on AgNP toxicity in future studies that 

account for interactions between these host genetic and acquired factors. A second 

limitation of the in vivo data integrated into the AOP framework was each study’s focus 

on either a single rat sex or genotype, which did not individually account for the effects of 

interactions between host genetic factors. For example, the use of a single rat genotype 

has ignored the potential interactions between sex and genotype on AgNP toxicity in the 

lungs. Therefore, these in vivo data also did not fully capture the in vivo impact of 

underlying genetics on AgNP toxicity in the lungs. This highlights the importance of also 

evaluating sex and genotype effects on AgNP toxicity in future studies that account for 

interactions between these host genetic factors as well as acquired factors. 

Despite these knowledge gaps, this study establishes organotypic cultures derived from 

MTEC as capable of being used within the AOP framework to organize and integrate data 

from in vivo models to evaluate G×E effects on AgNP toxicity in the respiratory system at 

acute to subchronic exposures. Using this framework helped us to identify plausible 

linkages between MoA and adverse organism responses when KE were not measured 
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using the same assay or the same exposure in order to derive future predictive models, 

guide research, and support development of tools for making risk-based, regulatory 

decisions on ENM. In the future, the AOP framework should be used alongside an 

associated knowledgebase that includes targeted functional in vitro and in vivo data to 

allow for better de novo predictions of AgNP toxicity in the respiratory system. 
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5.6 DATA 

 
Figure 5.1. AOP framework. AOP identify modes of action (MoA) by outlining a molecular initiating event (MIE) followed by 
key events (KE) for adverse cellular and organ responses along a biological pathway, ending with the adverse organism 
response.

Molecular Initiating Event Key Event: Adverse Cellular Responses Key Event: Adverse Organ Responses Adverse Organism ResponsesExposure
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Figure 5.2. Adverse cellular responses at acute exposures. Acute Exposure (24 h): Ag mass (µg Ag/mg protein). Molecular 
Initiating Event: ROS (reactive oxygen species). Oxidative Stress: GSH (glutathione); ROS (reactive oxygen species). 
Mitochondrial Function: TGF-β (transforming growth factor beta); WNT (wingless-related integration site). Inflammation: T2 
(type 2); T17 (type 17). Cytotoxicity: LDH (lactate dehydrogenase).
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      Key

      Linkage      Response                  Significance (AJ:Normal vs. B6:Normal)      Significance (AJ:T2-Skewed vs. B6:T2-Skewed)

       Plausible linkage (limited or no data)             Increased response        NS       P>0.05                NS       P>0.05

      Empirical linkage (quantitative in vitro dose-response data)                    Decreased response      *          P<0.05                #          P<0.05

      Empirical linkage (quantitative in vivo exposure-response data)             No response                   **        P<0.01                                    ##        P<0.01

                        ***      P<0.001                                    ###      P<0.001
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Figure 5.3. Adverse cellular responses at subacute exposures. Subacute Exposure (5×4 h): Ag mass (µg Ag/mg protein). 
Molecular Initiating Event: ROS (reactive oxygen species). Oxidative Stress: GSH (glutathione); ROS (reactive oxygen 
species). Cytotoxicity: LDH (lactate dehydrogenase).
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      Key

      Linkage      Response                  Significance (AJ:Normal vs. B6:Normal)      Significance (AJ:T2-Skewed vs. B6:T2-Skewed)

       Plausible linkage (limited or no data)             Increased response        NS       P>0.05                NS       P>0.05

      Empirical linkage (quantitative in vitro dose-response data)                    Decreased response      *          P<0.05                #          P<0.05

      Empirical linkage (quantitative in vivo exposure-response data)             No response                   **        P<0.01                                    ##        P<0.01

                        ***      P<0.001                                    ###      P<0.001
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Figure 5.4. Adverse organ responses at acute exposures. Acute Exposure (24 h): Ag mass (µg Ag/mg tissue). Molecular 
Initiating Event: ROS (reactive oxygen species). Lung Inflammation: BALF (bronchoalveolar lavage fluid); Ano6 (anoctamin 
6); Nedd4l (E3 ubiquitin-protein ligase NEDD4-like); Rnf220 (E3 ubiquitin-protein ligase RNF220).
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       Plausible linkage (limited or no data)             Increased response        NS       P>0.05

      Empirical linkage (quantitative in vitro dose-response data)                    Decreased response      *          P<0.05

      Empirical linkage (quantitative in vivo exposure-response data)             No response                   **        P<0.01
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Figure 5.5. Adverse organ responses at subacute exposures. Subacute Exposure (4 to 
21 d): Ag mass (µg Ag/mg tissue). Molecular Initiating Event: ROS (reactive oxygen 
species). Oxidative Stress: 8-OHdG (8-hydroxy-2’-deoxyguanosine); NF-κB (nuclear 
factor kappa-light-chain-enhancer of activated B cells); ROS (reactive oxygen species); 
GSH (glutathione). Lung Inflammation: BALF (bronchoalveolar lavage fluid); T2 (type 2).
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      Empirical linkage (quantitative in vitro dose-response data)                    Decreased response      *          P<0.05   #          P<0.05
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Figure 5.6. Adverse organ responses at subchronic exposures. Subchronic Exposure (21 to 90 d): Ag mass (µg Ag/mg 
tissue). Molecular Initiating Event: ROS (reactive oxygen species). Oxidative Stress: BALF (bronchoalveolar lavage fluid); 
MDA (malondialdehyde). Lung Inflammation: BALF (bronchoalveolar lavage fluid); T2 (type 2); T17 (type 17).

Molecular Initiating Event

ROS Production

Key Event: Adverse Cellular Responses

Upregulation of Neutrophil Chemokines

Key Event: Adverse Organ Responses

Recruitment of Neutrophils

Adverse Organism Responses

Lung Tissue Damage

Subchronic Exposure

              Ag Mass (Rat)

Oxidative Stress

         BALF MDA (***)

Organ Physiology

          Lung Function (**)

Lung Inflammation

          BALF Neutrophils (***)  
          T2/T17 Cytokines (***)
          Histopathology (***)

Brown-Norway: Male

Oxidative Stress

        BALF MDA (*/#)

Organ Physiology

          Lung Function (**/###)

Lung Inflammation

         BALF Neutrophils (***/###)
         T2/T17 Cytokines (***/###)
         Histopathology (***/###)

Oxidative Stress

        BALF MDA (#)

Organ Physiology

         Lung Function (###)

Lung Inflammation

        BALF Neutrophils (###)
        T2/T17 Cytokines (###)
        Histopathology (###)

Sprague-Dawley: Female

Sprague-Dawley: Male

      Key

      Linkage      Response                  Significance (Brown-Norway vs. Sprague-Dawley: Male)      Significance (Sprague-Dawley: Male vs. Female)

       Plausible linkage (limited or no data)             Increased response        NS       P>0.05         NS       P>0.05

      Empirical linkage (quantitative in vitro dose-response data)                    Decreased response      *          P<0.05         #          P<0.05

      Empirical linkage (quantitative in vivo exposure-response data)             No response                   **        P<0.01         ##        P<0.01

                        ***      P<0.001         ###      P<0.001
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5.7 SUPPLEMENTARY DATA 

Adverse Cellular Response Exposure Genotype:Phenotype Nominal BMD (BMDL) Significance (P) Dosimetric BMD (BMDL) Significance (P) 
GSH depletion 24 h AJ:Normal 27.40 (21.30) *** 17.40 (12.80) *** 

B6:Normal 51.70 (33.50) *** 17.50 (11.00) *** 
AJ:T2-Skewed 22.00 (17.90) *** 18.00 (14.10) *** 
B6:T2-Skewed 35.50 (25.90) *** 20.00 (15.20) *** 

5×4 h AJ:Normal 39.40 (27.90) *** 2.10 (1.60) *** 
B6:Normal 55.60 (35.10) *** 4.50 (2.70) *** 
AJ:T2-Skewed 35.50 (25.90) *** 12.80 (7.70) *** 
B6:T2-Skewed 75.60 (42.20) * >8.70 NS 

ROS production 24 h AJ:Normal 5.30 (5.00) *** 3.90 (3.60) *** 
B6:Normal 6.70 (6.30) *** 3.20 (2.90) *** 
AJ:T2-Skewed 2.60 (2.50) *** 3.50 (3.30) *** 
B6:T2-Skewed 8.00 (7.40) *** 5.30 (4.90) *** 

5×4 h AJ:Normal 9.90 (9.00) *** 1.10 (1.00) *** 
B6:Normal 7.90 (7.30) *** 0.60 (0.50) *** 
AJ:T2-Skewed 2.60 (2.50) *** 1.80 (1.60) *** 
B6:T2-Skewed 3.30 (3.20) *** 1.80 (1.70) *** 

Lipid peroxidation 24 h AJ:Normal 9.40 (8.50) *** 5.80 (5.20) *** 
B6:Normal 21.00 (17.20) *** 6.50 (5.30) *** 
AJ:T2-Skewed 5.20 (4.90) *** 5.60 (5.20) *** 
B6:T2-Skewed 7.00 (6.50) *** 4.50 (4.20) *** 

5×4 h AJ:Normal 9.90 (9.00) *** 1.40 (1.20) *** 
B6:Normal 13.20 (11.60) *** 1.00 (0.90) *** 
AJ:T2-Skewed 7.30 (6.80) *** 3.50 (3.00) *** 
B6:T2-Skewed 11.90 (10.60) *** 8.30 (3.70) *** 

Cytotoxicity 24 h AJ:Normal >50.00 NS >24.50 NS 
B6:Normal 16.50 (14.10) *** 5.60 (4.70) *** 
AJ:T2-Skewed 7.10 (6.60) *** >33.50 NS 
B6:T2-Skewed 10.80 (9.70) *** 7.00 (6.30) *** 

5×4 h AJ:Normal 55.40 (35.10) *** 8.30 (3.70) *** 
B6:Normal 20.50 (16.90) *** 1.70 (1.40) *** 
AJ:T2-Skewed 7.20 (6.70) *** 2.90 (2.50) *** 
B6:T2-Skewed 7.80 (7.20) *** 2.60 (2.30) *** 

Nominal vs. dosimetric BMD (BMDL) for adverse cellular responses at acute and subacute exposures. Exposure: h 
(hours). Genotype:Phenotype: AJ:Normal (A/J, “Normal” phenotype); B6:Normal (C57BL6/J, “Normal” phenotype); AJ:T2-
Skewed (A/J, “T2-Skewed” phenotype); B6:T2-Skewed (C57BL6/J, “T2-Skewed” phenotype). Nominal BMD (BMDL): µg 
AgNP/mL media; Dosimetric BMD (BMDL): µg Ag/mg protein. n = 3 biological replicates with technical replicates. Data 
represent BMD (BMDL); NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001). 
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Adverse Organ Response Size (nm) Coating Dose Exposure Genotype/Sex Nominal 

BMD (BMDL) 
Dosimetric  
BMC (BMCL) 

Tidal volume 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Male 1.45 (8.65) 296 (177) 

BALF: albumin 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Male 13.32 (8.17) 273 (168) 

Sprague-Dawley/Female 14.45 (8.44) 318 (186) 

BALF: LDH 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Female 7.56 (5.21) 166 (115) 

BALF: protein 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Female 11.08 (7.02) 244 (156) 

Lung infiltrate 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Female 6.86 (2.52) 151 (56) 

Lung inflammation 18 Uncoated 49-515 μg/m3 6 h/d, 5 d/w, 13 w Sprague-Dawley/Male 6.06 (1.39) 124 (28) 

Sprague-Dawley/Female 6.90 (3.11) 152 (69) 

Nominal BMD (BMDL) vs. dosimetric BMC (BMCL) for adverse organ responses at subchronic exposures. Exposure: h 
(hours); d (days); w (weeks). Nominal BMD (BMDL): µg AgNP/organ. Dosimetric BMC (BMCL): µg Ag/m3. Data represent 
BMD (BMDL) and BMC (BMCL); NS (P>0.05); * (P<0.05); ** (P<0.01); *** (P<0.001).
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Chapter 6. Outline of Research Findings and Implications for Risk Assessment 

6.1 SIGNIFICANCE OF RESEARCH FINDINGS 

The Effects of Gene × Environment Interactions on Silver Nanoparticle Toxicity in the 

Respiratory System 

• Research need: There is presently a need to understand the effects of interactions 

between host genetic and acquired factors, or G×E, on AgNP toxicity in the 

respiratory system to assist in defining exposure limits to protect all populations in 

occupational settings. 

• Research aim: Review host genetic and acquired factors identified across in vitro 

and in vivo studies and prioritize those necessary for defining exposure limits to 

protect all populations in occupational settings. 

• Research findings: Host genetic and acquired factors may play a role in defining 

sensitive populations to AgNP exposures in occupational settings. These G×E 

effects on AgNP toxicity are of relevance of public health as they may be broadly 

applicable to other types of engineered nanomaterials (ENM), which are used in 

manufacturing of many consumer products. Our review focused on host acquired 

factors, such as asthma, but other pre-existing chronic respiratory diseases, such 

as acute bronchitis or chronic obstructive pulmonary disease (COPD), may also 

confer increased sensitivity to occupational exposures.25-27 When defining 

exposure limits, it is important to determine whether sex effects on AgNP toxicity 

are present given the effects of sexual dimorphism on adverse health responses 

to oxidative stress and allergic inflammation. An additional consideration is 

whether there are known polymorphisms identified in the putative pathways by 

which different occupational exposures cause adverse health responses. It is also 

important to evaluate whether individuals with pre-existing chronic respiratory 

diseases, such as asthma, may be more sensitive to occupational exposures. 

Future studies should evaluate G×E effects in order to identify genes or gene 
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products that may contribute to risk for AgNP toxicity. 

The Effects of Genotype × Phenotype Interactions on Silver Nanoparticle Toxicity in 

Organotypic Cultures of Murine Tracheal Epithelial Cells 

• Research need: There is presently a need for in vitro models to provide a 

regulatory basis for sensitivity to occupational exposures. 

• Research aim: Use organotypic cultures to characterize nominal and dosimetric 

dose-response relationships across genotypes, phenotypes, and exposures to 

understand G×P effects on AgNP toxicity. 

• Research hypothesis: Genotype and phenotype (physiological environment) will 

define G×E, or genotype × phenotype interaction (G×P), effects on AgNP toxicity. 

• Research findings: This study established organotypic cultures derived from 

murine tracheal epithelial cells (MTEC) as a medium-throughput, high-content in 

vitro model for the conducing airway to characterize chemical perturbation as a 

means to screen and prioritize potential respiratory toxicants. We characterized 

nominal and dosimetric dose-response relationships for AgNP-induced barrier 

dysfunction, GSH depletion, ROS production, lipid peroxidation, and cytotoxicity 

across genotypes, phenotypes, and exposures to understand G×P effects on 

AgNP toxicity. The “Type 2 (T2)-Skewed” phenotype was characterized as an in 

vitro model of chronic respiratory diseases and was marked by increased 

sensitivity to AgNP-induced barrier dysfunction, GSH depletion, ROS production, 

lipid peroxidation, and cytotoxicity, suggesting that asthmatics could be a sensitive 

population to AgNP exposures in occupational settings. This also suggests that 

exposure limits, which should be based upon the most sensitive population, should 

be derived using in vitro and in vivo models of chronic respiratory diseases. This 

study highlights the importance of considering dosimetry as well as G×P effects 

when screening and prioritizing potential respiratory toxicants. Such in vitro studies 

can be used to inform regulatory policy aimed at protecting all populations. 

The Effects of Genotype × Phenotype Interactions on Transcriptional Response to 
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Silver Nanoparticle Toxicity in Organotypic Cultures of Murine Tracheal Epithelial Cells 

• Research need: There is presently a need for in vitro models to provide a 

mechanistic basis for sensitivity to occupational exposures. 

• Research aim: Use organotypic cultures to characterize global and differential 

gene expression, canonical pathway enrichment, and upstream transcriptional 

regulators to understand G×P effects on transcriptional response to AgNP toxicity. 

• Research hypothesis: Genotype and phenotype will define G×P effects on 

transcriptional response to AgNP toxicity. 

• Research findings: This study further established organotypic cultures derived 

from MTEC as a medium-throughput, high-content in vitro model for the conducing 

airway to characterize chemical perturbation as a means to screen and prioritize 

potential respiratory toxicants. We characterized global, differential, and targeted 

gene expression, canonical pathway enrichment, and upstream transcriptional 

regulation to understand G×P effects on transcriptional response to AgNP toxicity. 

We pursued a targeted analysis to characterize dose, genotype, and phenotype 

effects on expression patterns of genes involved in the secreted factors canonical 

pathway that were also associated with T1, pro-T2, T2, and T17 responses to 

AgNP toxicity. We observed the “T2-Skewed” phenotype was marked by increased 

pro-inflammatory T17 responses to AgNP toxicity, which are significant predictors 

of neutrophilic/difficult-to-control asthma and suggests that asthmatics could be a 

sensitive population to AgNP exposures in occupational settings. This study 

highlights the importance of considering G×P effects when identifying these 

sensitive populations, whose underlying genetics or diseases could directly modify 

their response to AgNP exposures. 

The Effects of Gene × Environment Interactions on Silver Nanoparticle Toxicity in The 

Respiratory System: Toward an Adverse Outcome Pathway 

• Research need: There is presently a need to support regulatory decision-making 
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for ENM through highlighting knowledge gaps where they exist in order to more 

directly prioritize future research needs. 

• Research aim: Use the Adverse Outcome Pathway (AOP) framework to organize 

and integrate data from in vitro and in vivo models to evaluate G×E effects on 

AgNP toxicity in the respiratory system. 

• Research hypothesis: Molecular initiating events (MIE) and key events (KE) for 

AgNP toxicity can be modified by different host genetic and host acquired factors 

at acute, subacute, and subchronic exposures. 

• Research findings: Using the AOP framework, this study established that host 

genetic and acquired factors may play a role in defining sensitive populations to 

AgNP exposures in occupational settings. These G×E effects on AgNP toxicity are 

of relevance of public health as they may be broadly applicable to other types of 

ENM, which are used in manufacturing of many consumer products. We utilized 

mechanistic information from in vitro and in vivo studies to highlight how KE can 

be modified by host genetic and host acquired factors at acute, subacute, and 

subchronic exposures, and identified two categories of knowledge gaps in order to 

more directly prioritize future research needs. 

Knowledge gaps for key events of AgNP toxicity 

o In vitro data for “Mitochondrial Function” and “Inflammation” in organotypic 

cultures at subacute exposures 

o In vivo data for “Oxidative Stress” and “Organ Physiology” in mice at acute 

and subacute exposures 

Knowledge gaps for G×E effects on AgNP toxicity 

o In vitro data for sex, genotype, and phenotype effects on AgNP 

particokinetics and toxicity in organotypic cultures at acute and subacute 

exposures 
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o In vivo data for sex, genotype, and antigen effects on AgNP particokinetics 

and toxicity in mice at acute, subacute, and subchronic exposures 

o In vivo data for sex and genotype effects on AgNP particokinetics and 

toxicity in rats at acute, subacute, and subchronic exposures 

6.2 FUTURE DIRECTIONS 

This is the first study to use organotypic cultures as a high-content in vitro model for 

the conducting airway to characterize G×P effects on AgNP toxicity, and therefore, 

refining this in vitro model in future studies is warranted. One limitation of these 

studies was our use of only one sex and two genotypes; the use of both sexes and 

additional genotypes (e.g., BALB/cJ and SWR/J mice) or knockouts (e.g., Nedd4l-/-, 

Nfkb1-/-, Il23-/-, Stat3-/-, or Bcl6-/- mice mice) would increase genetic diversity and 

assist in defining a mechanistic basis for G×P effects on AgNP toxicity in future 

studies.  

A second limitation of these studies was our use of IL-13 to skew differentiation 

toward an in vitro model of chronic respiratory diseases; the use of co-cultures with 

relevant cell populations, including alveolar macrophages, mast cells, or type 2 innate 

lymphoid cells (ILC2), would increase cellular diversity and improve the physiological 

relevance of this in vitro model in future studies. Or alternatively, the use of additional 

cytokines, such as IL-17, to skew differentiation toward an in vitro model of more 

severe chronic respiratory diseases would improve the physiological relevance of this 

in vitro model by reflecting the diversity of T2-high and T17-high endotypes.  

A third limitation of these studies was our administration of the nominal dose using 

suspensions of AgNP in differentiation media. This approach may have contributed 

to their dissolution; the use of a Nano Aerosol Chamber for in vitro Toxicity studies 

(NACIVT) would allow for direct deposition of ENM onto the apical surface of 

organotypic cultures;50,61,182 or alternatively, the use of microfluidic systems would 

improve our understanding of the kinetics and dynamics of the conducing airway in 

future studies.183 Both approaches would allow this in vitro model to better 
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recapitulate the physiological conditions of AgNP exposures in occupational settings.  

A fourth limitation of these studies was the fact the we did not address whether these 

differences in gene expression translate into differences in protein expression for 

secreted factors in bronchoalveolar lavage fluid (BALF). Characterizing these 

differences in gene expression in humans depends upon invasive procedures and 

therefore precludes routine use, which emphasises the need to identify less invasive 

mechanistic-based biomarkers of AgNP toxicity still capable of producing biologically 

robust predictions of adverse organism responses resulting from these occupational 

exposures. The use of multiplex platforms would permit future studies to 1) assay in 

vitro or in vivo protein expression for secreted factors at multiple doses in order to 

identify predictive, mechanistic-based biomarkers of AgNP toxicity and, 2) use a BMD 

approach to define exposure levels corresponding to specific changes in response. 

A fifth limitation of these studies was that we did not assay the kinetics and dynamics 

of ROS production, which was observed to be the most sensitive adverse cellular 

response at the subacute 5×4 h exposure.157,158 The use of thiol-redox and oxidative 

stress responsive green fluorescent protein (GFP) probes (Grx1-roGFP and roGFP2-

Orp1) in lentivirus-based vectors would permit future studies to assay the kinetics 

and dynamics of these important redox indicators in organotypic cultures. Though 

investigated preliminarily in our study, future studies could pair lentiviral transduction 

with the use of a defined differentiation media supplemented with antioxidants, such 

as glutathione-ethyl ester (GSH-EE), in order to more fully understand the kinetics 

and dynamics of their protective role during oxidative stress. Since GSH depletion is 

a clinical feature of chronic respiratory diseases that impairs host defense 

mechanisms against oxidative stress, these studies would aid in determining the 

efficacy of GSH supplementation as an intervention for sensitive populations, whose 

underlying genetics or diseases could directly modify their response to AgNP 

exposures. 

Going forward, future studies should also consider how to improve upon the 

specificity of our RNA-seq analysis. This could be addressed, in part, by using 
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Translating Ribosome Affinity Purification (TRAP) on organotypic cultures for cell 

population-specific transcriptomics.244,245 This approach would assist in 

characterizing sensitive cell populations and thus improving the specificity of 

transcriptional response to AgNP toxicity. However, these changes in gene 

expression may not correlate to functional linked endpoints, and thus organotypic 

cultures can be paired with proteomics or metabolomics to better correlate these 

changes in gene expression to functional linked endpoints. 

Despite these limitations, these studies establish organotypic cultures derived from 

MTEC as a medium-throughput, high-content in vitro model for the conducing airway 

to characterize chemical perturbation as a means to screen and prioritize potential 

respiratory toxicants. Our results highlight the importance of considering dosimetry 

as well as G×P effects when screening and prioritizing potential respiratory toxicants. 

This suggests the importance of considering other host factors, such as age, gender, 

and epigenetic effects when screening and prioritizing potential respiratory toxicants. 

This is challenging and important for engineered nanomaterials, since their MoA have 

been shown to differ considerably but are still used in hundreds of consumer 

products. Prior to anticipating potential adverse organism responses arising from 

engineered nanomaterial toxicity, ensuring safe development of the consumer 

products in which they are used will be the most critical and necessary step toward 

safeguarding public health.
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