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Abstract

Exposure to inhaled anthropogenic nanomaterials (NM) with dimension < 100nm has been
implicated in numerous adverse respiratory outcomes. Although studies have identified key NM
physiochemical determinants of pneumonic nanotoxicity, the complex interactive and cumulative
effects of NM exposure, especially in individuals with pre-existing inflammatory respiratory
diseases remains unclear. Herein, the susceptibility of primary human small airway epithelial cells
(SAEC) exposed to a panel of reference NM namely, CuO, ZnO, mild steel welding fume
(MSWF) and nano fractions of copier center particles (Nano-CCP), were examined in normal and
tissue necrosis factor alpha (TNF-a.) induced inflamed SAEC. Compared to normal SAEC,
inflamed cells displayed an increased susceptibility to NM-induced cytotoxicity by approximately
15 — 70% due to a higher basal level of intracellular reactive oxygen species (ROS). Among the
NM screened, ZnO, CuO and Nano-CCP were observed to trigger an over-compensatory response
in normal SAEC, resulting in an increased tolerance against subsequent oxidative insults.
However, the inflamed SAEC failed to adapt to the NM exposure due to an impaired nuclear factor
erythroid 2-related factor 2 (Nrf2) mediated cytoprotective response. Our findings revealed that
susceptibility to pulmonary nanotoxicity is highly dependent on the interplay between NM
properties and inflammation of the alveolar milieu.
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Primary human small airway epithelial cells (SAEC) in its inflamed state is more susceptible to
the cytotoxic effects of ambient anthropogenic nanomaterials (NM) exposure (i.e. CuO, ZnO, mild
steel welding fume (MSWF) and nano fractions of copier center particles (Nano-CCP)). An
inflamed milieu induces a higher basal level of intracellular ROS level and desensitizes the Nrf-2-
mediated cytoprotective signaling pathways.
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Anthropogenic nanomaterials (NM) can be broadly defined as materials with at least one
dimension that is < 100 nm, which are either produced as a result of human influence (i.e.
incidental nanomaterials) or purposefully designed and manufactured by human (i.e.
engineered NM).1 Examples of engineered NM include metal-based NM such as TiO5, ZnO,
Ag, CuO, that are commonly incorporated in a wide range of consumer goods?=3, whereas
incidental NM may be generated from activities such as steel welding, printing and vaping
(e-cigarette).* Due to their increased demand and rampant production, the annual flux of
anthropogenic NM circulating within our earth system was estimated to be in the astonishing
range of 1-10 million metric tons/ year.! Because of their ubiquitous presence in the
environment, human exposure to NM by means of inhalation in our everyday life is
inadvertent.” Consequently, this has raised significant public health concerns since these
extremely small entities are readily respired and have been documented to bypass different
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types of biological barriers and interact extensively with biomolecules, cells and even
tissues, leading to various adverse toxic outcomes.8-11

In the past two decades, the majority of the pulmonary nanotoxicological studies were
mostly based on the structure-activity relationship (SAR)-based risk assessment framework
as the standard modus operandito elucidate the possible adverse effects of NM exposure.12
Specifically, there is a strong emphasis on the identification of key physiochemical materials
properties!? such as particle sizel4, shape®, chemistries!®, surface chargel, porosityl’ in
determining the toxic potential of NM. From these studies, many critical mechanistic
insights and safer-by-design rules have been obtained.1® However, even when normalized to
the same particle type with identical materials-centric characteristics, the adverse effects of
NM may not be equally distributed among population groups and individuals, especially in
persons with pre-existing inflammatory diseases. Differences in susceptibility and
vulnerability to NM exposure may have a large disproportionate effect on the health of
certain populations.1® Therefore, there is considerable value in understanding how NM
exposure may differentially affect population subgroups, an area that is important yet
critically overlooked in contemporary nanotoxicology.

As a counterpoint to the nearly exclusive focus on the SAR approach, we focus on
examining both the acute (high dose) and sub-chronic (low dose) nanotoxicological response
as a function of the state of inflammation in SAEC. Lungs of individuals with asthma,
chronic obstructive pulmonary disease (COPD) and pulmonary fibrosis are characterized by
a persistent state of inflammation.29 To establish an /n7 vitro model mimicking chronically
inflamed SAEC, the cells were subjected to a week-long treatment of TNF-a (10 ng/ml), a
potent inflammatory cytokine that is overexpressed within the alveolar milieu of numerous
pulmonary inflammatory diseases.2! Compared to the healthy control, the TNF-a treated
cells displayed significant upregulation of mMRNA transcripts such as GM-CSF, TNF-a,
IL-6, IL-8, (Figure S1A) as well as robust expression of a-SMA, fibronectin, and vimentin
(Figure S1B), all of which are hallmark inflammatory and pathological markers observed in
patients with functional respiratory impairment.22-23

Model reference NM including ZnO, CuO, mild steel welding fume (MSWF), and nano-
copier centre particles (Nano-CCP) were chosen as representative ambient NM, which have
previously been identified as possible nano-agents of occupational lung injuries.24-26 The
physiochemical properties of the panel NM27-29 were characterized using transmission
electron microscope (TEM), dynamic light scattering (DLS) and zeta potential
measurement. Broadly speaking, the NM are mostly spherical with a certain degree of
irregularity (Figure S2). The primary particle size of the NM is generally less than or close
to 100 nm (Table S1). Conversely, the hydrodynamic particle (Dy) sizes of the respective
NM measured in water and complete cell culture medium were significantly larger. This
could be attributed to the presence of hydration layer and non-specific binding of micro-
nutrients, salt content and serum proteins, which could lead to inter-molecular bridging of
the NM.30 Zeta potential measurements revealed that ZnO and MSWF possess a positive
surface charge (6.3 and 25.7 mV respectively) whereas Nano-CCP and CuO were negatively
charged (—33.7 and -21.3 mV respectively) in water. However, when the NM were dispersed
in the complete growth medium, the surface of the NM now bears a net negative charge of

Small. Author manuscript; available in PMC 2021 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 5

varying magnitudes that ranges from ~ 9-25 mV. The charge reversal observed in ZnO and
MSWF is indicative of the formation of protein corona on the NM surface.3!

We next compared the acute cytotoxic response of normal SAEC and inflamed SAEC
against the panel of NM. In general, in both cell types, we observed a decline in cell viability
in a dose-dependent manner (FigurelA-D). In the case of normal SAEC, the approximated
LDsq of the respective NM are-ZnO: 18 ug/ml; CuO: 50 pg/ml; and MSWF: 400 pg/ml,
whereas the LDs( for Nano-CCP was beyond the experimental dose range, as the viability
was only reduced by ~ 40% at the highest concentration of Nano-CCP used (i.e. 100 pg/ml).
Similar toxicity results of Nano-CCP were also observed in a previous study involving
SAEC.2 Accordingly, the toxicity of the panel NM can then be ranked as follows: ZnO >
CuO > Nano-CCP > MSWF. Differences in the toxic potential of the respective NM could in
part be explained by their relative ease of dissolution inside the cells. Numerous studies have
shown that ZnO and CuO NM are highly soluble in the acidic lysosomal compartment,
which could lead to the release of excess intracellular Zn?* and Cu2* ions to induce a potent
cytotoxic effect.32-33 Comparatively, Nano-CCP and MSWF are less soluble,34-35 but they
are inherently more complex in terms of composition.38 In contrast to the normal
counterpart, inflamed SAEC were clearly more susceptible to NM exposure, as evidenced by
an approximately 15-70% decrease in LDgq across the tested NM. To the best of our
knowledge, our findings represent the first experimental proof that implicates cellular
inflammatory state as a critical bio-determinant that will skew the NM induced cytotoxic
effects in SAEC.

Acute and chronic inflammatory respiratory diseases have been correlated with oxidative
damage and increased levels of H,0, in exhaled breath condensate of patients.3” NM are
known to incur nanotoxicity to cells by generating oxidative stress.10: 38-39 Therefore, we
postulated that the weakening of the inflamed cells to the NM treatment may be due to its
dysregulated state of redox homeostasis, thereby leading to a heightened sensitivity to NM
oxidative insults. To discern the basal redox status, cells were counter-stained with CellROX
Green, which will enable us to detect and quantify the intracellular reactive oxygen species
(ROS) level. In support of our postulation, we observed pronounced difference in the ROS
expression in both cell types (Figure 1E), with the inflamed cells exhibiting a 5-fold higher
expression of intracellular ROS (Figure 1F).

When we measured the Trolox equivalent total antioxidant capacity (TAC) of both cell
types, the antioxidant capacity of inflamed cells was significantly lower, by approximately
50% compared to the healthy control (Figure 1G). Our findings are consistent with earlier
reports relating to the depletion of antioxidants in lung epithelium and alveolar macrophages
of COPD patient.39 In addition to the antioxidant mechanism, the ubiquitin proteasome
system (UPS), a major lysosomal protein-degradation machinery, has been also identified as
an important molecular player in the pathobiology of lung inflammation and injuries.40-41
Dysfunction of the UPS can lead to the accumulation of oxidatively damaged proteins and
negatively impact cell viability.#? Therefore, we next compared the chymotrypsin-like
activity of the proteasome by measuring the degradation of the fluorogenic peptide, Suc-
LLVY-AMC, in both normal and inflamed SAEC. As shown in Figure 1H, the proteolytic
capacity of the inflamed cells is significantly suppressed compared to the healthy cells,
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suggesting that the week-long TNF-a treatment can severely disrupt the protein degradation
pathways in SAEC. Collectively, the increased ROS level, the reduced levels of antioxidant
activity, and the suppressed proteolytic capacity to remove damaged proteins, strongly
suggest that the inflamed cells are in a state of oxidative stress, thereby sensitizing the cells
to the pro-oxidant effects of NM.

As the first line of defense against inhaled oxidative stress-inducing pollutants and
pathogens, the airway epithelium has evolved elaborate adaptive cellular mechanisms to
limit oxidative damage.#3-44 For instance, exposing alveolar epithelial cells to nontoxic
doses of cigarette smoke extract (CSE) induced oxidative stress-mediated hyper fusion of
mitochondria and increased metabolic activity as part of an adaptive pro-survival response.*4
Although we have shown that inflamed cells are pre-disposed to the acute cytotoxic effects
of NM, it is unclear how normal and inflamed cells would differentially adapt to non-
cytotoxic doses of NM. In order to extend our /in vitro models for cellular adaptation studies,
we next integrated our recently developed 2-step conditioning and challenging (2Cs)
protocol into the experimental workflow.*® Briefly, in step 1, the cells were conditioned with
a non-cytotoxic dose of NM for 24h. The number of rounds of conditioning is denoted by
the subscript (i.e. Cy). In step 2, cells were challenged with the LDsq of tert-Butyl
hydroperoxide (TBHP), a well-established oxidant, and cell viability was subsequently
measured (Figure 2A). LDsq values of TBHP for the normal and inflamed cells were
determined respectively in separate experiments (Figure S3). To quantify the adaptive
response, we introduced the term adaptive index, which is defined as the normalized
viability of the conditioned cells against the unconditioned cells - 1. An adaptive index > 0.2
indicates a positive adaption, since history of NM exposure can lead to increased tolerance
against oxidative damage. We termed this NM-induced adaptive response as naro-
aaaptation. Conversely, an adaptive index < —0.2 denotes a NM-induced maladaptive (nano-
maladaptation) process, as the NM pre-treatment sensitizes the cells to oxidative damage.
An adaptive index range of ~ 0.2 to —0.2 (i.e. within 20% change of basal viability data)
suggest that the cells are unable to mount an adaptive response to the NM treatment.

As the NM concentration for the cellular adaptation studies is low, coupled with the
considerable different Dy the NM displayed in the cell culture medium, it is therefore
critical to normalize the observation against the actual delivered dose of the respective NM.
For this study, we have chosen to administer a conditioning dose equivalent to 1 pg/ml of
ZnO NM, which was previously shown to be capable of triggering an adaptive response.*
To determine the conditioning doses required for the other NM, we have employed the
Harvard-based /n vitro dosimetry method.6:47 This method integrates the Harvard
Volumetric Centrifugation Method (VCM) to determine the effective density (pesf) Of the
NM agglomerate in the culture medium and the distorted grid (DG) model4® to allow
accurate /n silico modeling of the time-dependent deposition of NM onto the cell surface. As
can be seen from the fractional deposition profile (Figure 2B), only 59% of the ZnO NM
was delivered after 24h of NM exposure, and this would correspond to a non-cytotoxic
delivered dose of ~ 0.1375 pg/ cm? by the end of the conditioning phase. Using the in vitro
dosimetry data, the administered dose for CuO, MSWF and Nano-CCP were then corrected
accordingly so that the delivered dose is constant across the samples.
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Interestingly, the adaptive response of the normal SAEC revealed a NM-dependent effect.
(Figure 2C) Cells exposed to ZnO, CuO and Nano-CCP were observed to positively adapt to
the NM as the cells exhibited a 20-60% increase in adaptive index compared to the
unconditioned control. In stark contrast, we did not observe any adaptive response as a result
of delivered-dose normalized MSWF treatment. This suggest that exposure to ZnO, CuO
and Nano-CCP can trigger an intracellular defense mechanism to trigger an over-
compensatory response to NM-induced oxidative stress, which is manifested in the increase
in cellular resilience to subsequent oxidative insults. Furthermore, the adaptive response
increases with the number of rounds of conditioning in accordance to our earlier study
(Figure 2C).%> We next repeated our adaptation experiment on the inflamed cells and ask
weather if the state of inflammation could potentially interfere with the nano-adaptation
process. While we did not observe any maladaptation, we noted that the ZnO, CuO and
Nano-CCP induced adaptive response was effectively muted in the inflamed cells (Figure
2D). Consistent with the results obtained with the healthy SAECs, adaptative response was
also absent for the MSWF conditioned inflamed cells. This implies that a chronically
inflamed alveolar milieu can severely interfere and disrupt cellular homeostasis. Our
findings strongly suggest that alveolar epithelial cells are intrinsically capable of
maximizing its fitness to non-cytotoxic dose of NM exposure via the process of cellular
adaption. Such NM-induced adaptive response (nano-adaptation) is highly dependent on
both the physiochemical properties of the NM as well as the inflammatory status of the
SAEC. From the materials standpoint, it is interesting to note that NM capable of triggering
an adaptive response in normal SAEC corresponds to NM with higher toxic (oxidative)
potential (Figure 2C).

To gain further mechanistic insights into the NM-induced adaptive response, we next
switched our focus to the nuclear factor erythroid 2-like 2 (Nrf2) transcription factor. Nrf2 is
a master regulator of antioxidative and cytoprotective responses.*® Among the > 600 genes*?
that are regulated by the Nrf2 signaling pathway, > 200 encode cytoprotective proteins.>°
Under basal conditions, Nrf2 binds to Kelch-like ECH-associated protein 1 (Keapl), which
sequesters Nrf2 in the cytoplasm and facilitate its degradation via the ubiquitin proteasome
system (UPS).%1 This phenomenon is aptly reflected in untreated normal SAEC, where the
expression of Nrf2 was observed to be limited predominately within the cell cytoplasm
(Figure 3A). Upon activation by electrophiles/ oxidative stress, Nrf2 will detach from Keapl
and translocate rapidly into the cell nucleus, where it heterodimerizes with the
musculoaponeurotic fibrosarcoma (Maf) proteins and facilitates its binding to the
antioxidant responsive element (ARE). This will then promote the upregulation of several
phase Il xenobiotic metabolizing enzymes, antioxidants, and molecular chaperons to
enhance the adaptive cell defense response.®! Consistent with this paradigm, we observed
that the cells exposed to conditioning dose of ZnO, CuO and Nano-CCP displayed intense
Nrf2 immunofluorescence signals in the cell nucleus compartment (Figure 3A). In contrast,
under the same NM exposure conditions, nuclear translocation of Nrf2 in the inflamed
SAEC did not occur. Expression level of nuclear bound Nrf2 was found to be ~ 2-fold higher
in the NM-conditioned healthy cells compared to the NM-conditioned inflamed cells (Figure
3B). The lack of Nrf2 nuclear translocation in the inflamed SAEC could potentially point to
a desensitized endogenous Nrf2 stress response. Indeed, time-course monitoring of the
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intracellular ROS level immediately following CuO, ZnO and Nano-CCP conditioning in
normal SAEC, revealed a transient but significant spike (4-fold higher) in ROS level
approximately 1 h into the experiment (Figure 3C). This is followed by a gradual decrease in
intracellular ROS level which eventually plateaus off from 10 h onwards. In contrast, the
basal level of ROS in the NM-conditioned inflamed cells was not elevated compared to the
untreated control (Figure 3D). The normalized ROS level can be explained by the increase in
TAC in the normal SAEC by approximately 20% after a single round of NM-conditioning,
suggesting that the cells were able to sense the NM-induced redox imbalance and increased
the production of antioxidants to scavenge the excess ROS (Figure 3E). On the other hand,
the TAC of the inflamed cells remained unchanged. Furthermore, we observed a
considerable increase in proteolytic capacity of the normal cells exposed to conditioning
dose of ZnO, CuO and Nano-CCP by 84%, 30% and 27% respectively compared to the
untreated control. Yet again, we noted that the NM-induced proteolytic activation was muted
in the inflamed SAEC (Figure 3F). Taken together, our findings showed that the inability of
the inflamed cells to adapt to the NM exposure could be attributed in part to the impaired
Nrf2 signaling and its mediated cytoprotective responses.

In conclusion, the respiratory nanotoxicological responses of normal and sub-chronically
inflamed SAEC to a panel of well-characterized NM (i.e. ZnO, CuO, MSWF and Nano-
CCP) was examined. The higher basal oxidative burden of the inflamed SAEC not only
increased the susceptibility of the cells to acute toxicity of NM, but also severely dampen the
cells ability to adapt to low (non-toxic) doses of NM exposure that is also dependent on the
chemical composition of NM. Difference in responsiveness of the Nrf2 stress response
pathway was revealed as a key physiological determinant, exacerbating the
nanotoxicological responses in inflamed SAEC. Additional research is warranted to examine
in greater detail the susceptibility of individuals with pre-existing inflammatory respiratory
conditions to ambient NM exposure.
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Figure 1. Inflamed SAEC are more susceptible to NM-induced cytotoxicity.
Dose-response graphs for normal and inflamed SAEC exposed to (A) ZnO, (B) CuO, (C)

MSWEF and (D) Nano-CCP. (E) Representative fluorescence images of normal and inflamed
SAEC counterstained for intracellular ROS (green) using CELLROX Green. Cell nucleus
(blue) was labeled using Hoechst 33342 dye. Scale bar = 50 um. (F) Mean intracellular ROS
level of both normal and inflamed SAEC. n= 20 per group. Mean (G) total antioxidant
capacity and (H) proteolytic activity in normal and inflamed SAEC. Experiments were
conducted in triplicates. Data are presented as mean = SD. * and ** denote statistical
significance between experimental groups. *: p< 0.05, and **: p< 0.01.
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Figure 2. Nano-adaptation is dependent on NM composition and inflammatory status of SAEC.
(A) Schematic to illustrate the conditioning and challenge (2Cs) experimental workflow and

definition of the various possible nano-adaptive outcomes. (B) Determination of fraction of
deposited NM over 24 h using the Harvard /n vitro dosimetry method. An equivalent
delivered dose of 0.135 ug/cm? was used for all the tested NM in this study. The corrected
administered dose used for ZnO, CuO, MSWF, and Nano-CCP are 1, 0.8, 0.7, 14.6 pg/ml,
respectively. Computed adaptation indices of (C) normal and (D) inflamed SAEC after
multiple rounds of conditioning. Experiments were conducted in triplicates. Data are
presented as mean + SD. * denotes statistical significance between the NM conditioned and
the untreated control group. *: p< 0.05.
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Figure 3. Defective Nrf2-dependent ROS signaling in inflamed SAEC deregulates nano-adaptive
response.

(A) Representative immunofluorescence images of ZnO, CuO, and Nano-CCP conditioned
(24h) normal and inflamed SAEC counterstained for Nrf2 (green). Cell nucleus (blue) was
labeled using Hoechst 33342 dye. Scale bar = 50 um. (B) Normalized expression of cell
nucleus-bound Nrf-2 in normal and inflamed SAEC. n=20 per group. Time-course
measurement of intracellular ROS level in (C) normal and (D) inflamed SAEC exposed to
Zn0, CuO and Nano-CCP over 24h of NM treatment time. Mean (E) total antioxidant
capacity and (F) proteolytic activity in normal and inflamed SAEC 24h post NM
conditioning. Experiments were conducted in triplicates. Data are presented as mean + SD. *
and ** denote statistical significance between experimental groups. *: p< 0.05, and **: p<
0.01.
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