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Abstract

Exposure to ambient particulate matter (PM) has been linked to adverse pulmonary and
cardiovascular health effects. Activation of both inflammatory and oxidative stress pathways has
been observed and may be a probable cause of these outcomes. We tested the hypothesis that in
human monocytes, PM-induced oxidative and inflammatory responses are interrelated. A human
monocytic cell line (THP-1) was used to determine if dose and differentiation state plays a role in
the cellular response after a 24hr exposure to particles. Primary human monocytes derived from
eight female, nonsmoker donors (aged: 21, 24, 27, 28, 48, 49, 54 & 60yo) were used to determine
if the age of donors modulates the response. Cells were treated with aqueous suspensions of
ambient ultrafine particles (UFP, defined as smaller than 0.2 um in size) or a media control for
24hr. After exposure, reactive oxygen species (ROS) formation was increased irrespective of dose
or differentiation state of THP-1 cells. In the primary human monocytes, ROS formation was not
significantly changed. The release of the proinflammatory cytokine, tumor necrosis factor alpha
(TNF-a), was dose-dependent and greatest in differentiated compared to undifferentiated THP-1
cells exposed to UFP. In the Primary human monocytes, TNF-a secretion was increased
irrespective of the age of the donor. Our results suggest that after a 24hr exposure to particles,
general reactive oxygen species formation was nonspecific and uncorrelated to cytokine secretion
which was consistently enhanced. Cytokines play an important role in orchestrating many immune
responses and thus the ability of ambient particles to enhance robust secretion of a
proinflammatory cytokine from primary human monocytes, and how this may influence the
response to pathogens and alter disease states, needs to be further evaluated.
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Introduction

Particle formation from vehicle exhaust and industrial emissions is a prominent cause of air
pollution in the modern urban environment. Epidemiological studies have found a
correlation between exposure to ambient particles and increased risk of morbidity and
premature mortality (Dockery et al., 1993; Pope et al., 2002; Brook et al., 2004; Chen et al.,
2013; Chenet al., 2017; Li et al., 2017). PM associated mortality was mainly contributed to
cardiopulmonary causes and lung cancer (Pope et al., 1995). According to the World Health
Organization (WHO), in 2012, exposure to ambient air pollution was estimated to cause
approximately three million deaths. Of these mortalities, 8% was associated with chronic
obstructive pulmonary disease; 15% connected with ischemic heart disease; 17% linked to
respiratory infection and 25% related to lung cancer (WHO, 2017).

Ambient particulate matter (PM) comprises a wide range of metallic, inorganic and organic
compounds, which determine its toxic potential. Many studies show that particles have the
capability of enhancing cellular oxidative and inflammatory responses /n vitro (Schwarze et
al., 2007; Araujo and Nel, 2009; Steenhof et al., 2011; Ghio et al., 2012; Thomson et al.,
2016). Particle induced oxidative stress and inflammation also play an important causative
role in many diseases including cardiovascular disease (Lawal et al., 2017). The objective of
this study was to test the hypothesis that PM-induced oxidative and inflammatory changes in
human monocytes are interconnected and influenced by dose, differentiation state, and age
of donors.

Inhaled ultrafine particles (UFP, defined as particles smaller than approximately 0.2 um)
have been shown to translocate from the lung to the blood (Nemmar et al., 2001; Nemmar et
al., 2002). Once particles are in the peripheral circulation, monocytes are one of the first
cellular defense responders. To test how dose (2 or 20ug/ml) and differentiated state of
monocytes influence response, THP-1 cells were used. This inexpensive and well-
characterized /n vitro model has been well established to study the potential of ambient
particles to activate immune-competent cells (Qin et al., 2012; Wu et al., 2014). The
concentration chosen is based on other /n vitro studies which use a wide range (1-500
pg/mL) for toxicity testing (Bhavaraju et al., 2014; Wu et al., 2014; Thomson et al., 2016).
Although reactive oxygen species (ROS) formation was enhanced, this was independent of
dose or differentiation state of the cells. On the other hand, differentiated THP-1 cells were
more capable compared to undifferentiated cells of releasing the proinflammatory cytokine,
tumor necrosis factor alpha (TNF-a.), in response to particle exposure. This response was
dose-dependent. Primary human monocytes from eight different donors (ages: 21, 24, 27,
28, 48, 49, 54, and 60 years old) were exposed to the lower and more biologically relevant
concentration of UFP (2ug/mL) for 24hr. Although particles did not induce ROS formation
in primary monocytes, they caused a robust secretion of TNF-a independent of the age of
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the donor. Our results indicate that contrary to our hypothesis, the oxidative and
proinflammatory response of human monocytes to UFP do not appear to be correlated.

Particle Collection & Characterization

Exposure

UFP (particles with aerodynamic diameter less than 0.2 um) were collected continuously for
approximately 40 days by means of a high-volume ultrafine particle (HVUP) sampler,
operating at 400L/min (Misra et al., 2002). Sampling was conducted in downtown Los
Angeles. The sampling site represents a typical urban background site impacted by mostly
traffic sources and located about 150m east of the 1-110 freeway (Ning et al., 2007). For the
purpose of chemical speciation, the sampler was loaded with zefluor filters (supported
PTFE, 3.0um pore, 8” x 107, Pall Life Sciences). The collected particles were then
transferred into an aqueous suspension by soaking of the particle-loaded filter in ultrapure
water, followed by 5min vortexing and 15min sonication. Aliquots of the UFP slurry
samples were analyzed for total organic carbon (TOC) as well as total metals and trace
elements. TOC content was determined using a Sievers 900 Total Organic Carbon Analyzer
(Stone et al., 2009). Metals and elements were quantified by means of high- resolution
magnetic sector inductively coupled plasma mass spectrometry (SF-ICP-MS, Thermo-
Finnigan Element 2), following acidification (16N HNO3) of the slurry sample (Zhang et al.,
2008).

THP-1 cells—THP-1 human leukemic monocytes (ATCC) were maintained at 37°C in 5%
CO2. The cells were grown in RPMI-1640 medium (ATCC) containing 0.05mM 2-
mercaptoethanol, 10% fetal bovine serum, and 1% Pen/Strep. THP-1 cells were seeded
(10,000 cells/well) in a 96-well plate. For differentiation, cells were incubated with 12-O-
tetradecanoylphorbol-13-acetate (TPA) for 48hr (Tsuchiya et al., 1982). Cells were exposed
to 0 (control), 2 or 20pg/mL of UFP for 24hr. Before and after exposure, the cells were
visualized and changes were captured using an EVOS FL Cell Imaging System (Life
Technologies). After the 24hr exposure, supernatant was collected. The cells were
immediately used for ROS assay. Cell cytotoxicity was measured in THP-1 cells by
evaluating lactate dehydrogenase (LDH) in the supernatant using the LDH-cytotoxicity
colorimetric assay kit from Biovision (Milpitas, CA). The cellTiter-Glo luminescent cell
viability assay by Promega (Madison, WI) was used to evaluate cell viability in primary
human monocytes at the conclusion of the last kinetic reading for ROS formation.

Primary monocytes—CD14+ primary monocytes, isolated from peripheral blood, were
purchased from StemCell Technologies (Cambridge, MA). Eight different donors were
selected as biologically independent samples and each of the samples were run in
quadruplicates. The donors were all female Caucasian nonsmokers. The ages were (21, 24,
27, 28, 48, 49, 54 and 60 years old). To better delineate the association of age to particle
response, the data is presented per individual as well as divided into two age groups (21, 24,
27, 28 = younger donors and (48, 49, 54, 60 = older donors). Cells were thawed and grown
in RPMI 1640 medium supplemented with 10% FBS following the manufacturer’s protocol.
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Cells were seeded at a density of 10,000/well in 96 well plates for 24hr before exposure with
2ug/mL of UFP. Supernatant was collected and ROS formation was determined followed by
CellTiter-Glo luminescent cell viability assay (Promega, Wisconsin). Secreted LDH levels
were also quantitated as another measure of cytotoxicity.

Reactive Oxygen Species Formation—2",7’-dichlorofluorescein diacetate (DCFH-
DA) was used to measure non-specific ROS formation after PM exposure. This dye rapidly
diffuses into cells and is hydrolyzed by intracellular esterases to dichlorofluorescein
(DCFH). DCFH is oxidized to the fluorescent 2,7’ -dichloro-fluorescein (DCF) by
generated reactive oxygen species. DCF standard curve was used to quantify ROS
formation. BioTek Synergy HT Microplate Reader was used to measure the fluorescence
generated kinetically for 1hr at 10min intervals at an excitation of 485nm and emission of
528nm. Results shown are for amount of DCF generated in 30 minutes and normalized
based on viable cells in corresponding well.

Viability assays—CellTiterGlo-Luminescent cell viability assay was used to measure the
number of viable primary human monocytes following the manufacturer’s protocol. This
assay measures the amount of ATP present in each sample and is based on the assumption
that the number of viable cells are directly proportional to the ATP content. Briefly, 100ul of
the CellTiter-Glo reagent is added to each well and the samples are incubated for 10min at
room temperature. The luminescence was recorded and the data was calculated as percent
control. Levels of LDH in the supernatant was evaluated for THP-1 cells using the LDH-
cytotoxicity colorimetric assay kit provided by Biovision. This assay measures the activity
of the enzyme as a marker for membrane damage. Substrate is added to the samples and
after a 30min incubation, the absorption was measured at 450nm using a BioTek Synergy
HT Microplate Reader.

Cytokine Levels—ELISA kits purchased from Invitrogen (Carlsbad, CA) were used to
measure Human TNF-a in 96 well plates coated with antibodies for the cytokine in
accordance with the manufacturer’s protocol. The absorbance was recorded at 450nm using
a BioTek Synergy HT Microplate Reader.

Statistical Analysis—Statistical analysis was conducted using GraphPad Prism 6.0.
Statistical significance was determined using either a One-Way or Two-Way ANOVA where
appropriate followed by a Bonferroni post-hoc test. Significant values had a p of <0.05. In
all figures, the error bars represent SEM.

PM Characterization

Table 1 shows the mass fraction of Total Organic Carbon (TOC), as well as trace elements
and metals to the overall mass of the ultrafine particles. TOC, accounting for about 56.4% of
the total ultrafine mass, typically consists of organic compounds directly emitted from
combustion sources (e.g. Polycyclic Aromatic Hydrocarbons (PAHSs), Hopanes, Steranes and
Alkanes), in addition to water soluble organic compounds formed through photochemical
reactions in the atmosphere (Hasheminassab et al., 2013). The most abundant elements in
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the UFP sample were sulfur (S: 6.2%), sodium (Na: 6.1%), Calcium (Ca: 5.4%), magnesium
(Mg: 1.7%), aluminum (Al: 1.5%) and potassium (K: 1.1%). Transition metals: iron (Fe),
manganese (Mn), vanadium (V), chromium (Cr), copper (Cu), nickel (Ni), zinc (zZn), and
lead (Pb) each comprised less than 1% of the total UFP mass. Although the contribution of
these metals to the total UFP mass is trivial, they are capable of inducing oxidative stress
upon interaction of PM with cells, and therefore are important from a toxicological
perspective (Shi et al., 2003; Valavanidis et al., 2005). These metals originate from a variety
of sources in the Los Angeles area, most notably vehicular emissions, ship emissions and
industrial activities (Saffari et al., 2013).

Response of THP-1 cells to UFP

THP-1 cells treated with 2 or 20pg/mL of UFP showed enhanced ROS formation
independent of dose (Figure 1A). However, these cells displayed a dose-dependent increase
in TNF-a secretion consequent to UFP exposure (Figure 1B). Morphologically, untreated
THP-1 cells were spherical in appearance and spread throughout the wells with negligible
clumping (Figure 2A). After 24hr of exposure to UFP, cells appeared to aggregate
substantially towards visible particle agglomerates (Figure 2B). After differentiation, THP-1
cells became more irregular in appearance (Figure 2C). These cells did not appear to
aggregate around visible particles (Figure 2D). There was no change in cell viability after
exposure to UFP (data not shown). ROS formation was increased after exposure to ambient
particles but there was no difference based on the differentiation state of the cells (Figure
3A). The levels of TNF-a were increased after exposure and the response was greater in
differentiated cells. The differentiated monocytes also displayed a heightened baseline
cytokine secretion profile compared to the non-differentiated cells (Figure 3B).

Response of Primary Monocytes to UFP

After exposure to particles, there did not appear to be significant changes in the appearance
of the monocytes based on exposure to UFP or age (Figure 4). There appeared to be some
aggregation (Figure 4B) and engulfment (Figure 4D) of particles by the cells. ROS
formation was not altered in response to UFP exposure although there appeared to be donor-
specific differences in baseline ROS levels (Figure 5). Cell viability data did not correspond
to the levels of ROS generation, although the number of cells were increased after exposure
in monocytes derived from the 21yo and 48yo samples (Figure 6). These cells did have a
tendency to clump which may have contributed to this effect. In contrast to the ROS
response, UFP-induced TNF-a release was consistent and significantly increased in
monocytes derived from all donors (Figure 7). To better determine if the age of the donor
influenced the response to UFP, donors were evaluated as younger (21, 24, 27, 28yo) and
older (48, 49, 54, 60yo) groups. Although the baseline ROS formation seemed to be lower in
the monocytes derived from older donors, this did not reach statistical significance (Figure
8A). The TNF-a release in response to particles also appeared lower in the older group but
again, this did not reach statistical significance (Figure 8B).
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Discussion

Exposure to ambient particles leads to enhanced markers of oxidative stress (Prahalad et al.,
1999; Araujo et al., 2008; Weissenburg et al., 2010). Consistent with these reports, we found
an overall increase in ROS formation in both differentiated and undifferentiated THP-1 cells
after a 24hr exposure to UFP. Transition metals such as iron can directly produce ROS
through the Fenton reaction, independent of cellular induction. However, in our
experimental paradigm, the supernatant containing the particles was removed before
measuring ROS formation in the cells. Notwithstanding, the particles or their constituents
may have adhered to the cell surface and caused the general ROS formation observed.
Alternatively, particles or soluble mediators may have entered the cells and changed cellular
events in a manner that exacerbated ROS formation. One organelle that has been shown to
be affected by PM is the mitochondrion (Xia et al., 2004; Chadhuri et al., 2012). Any change
in mitochondria may disrupt oxidative potential and eventually lead to cellular dysfunction.
The primary human monocytes did not show UFP-induced enhancement in ROS formation.
It is important to note that there was significant variability between donors in the baseline
levels of monocyte ROS generation. Although all donors were female, nonsmokers, genetic
and lifestyle factors (such as diet and exercise) may have influenced the baseline oxidant
properties of the monocytes. A clear age-related difference was not observed but this may be
due to the limited number of samples used in this study. A more extensive age-range with a
greater sample size may be necessary to discern if there are age-related differences in the
monocyte response to UFP.

Primary human monocytes bind to and phagocytize diesel exhaust particles and this
interaction leads to cytotoxicity attributed to mitochondrial and lysosomal dysfunction
(Chadhuri et al., 2012). We observed that after a 24hr exposure, undifferentiated human
THP-1 cells (and to a lesser extent the primary monocytes) began to associate with visible
particle agglomerates. This observation indicates that the THP-1 cells may recognize
components adhered to UFP in a manner consistent with the typical immune response. Our
finding is in agreement with a study showing that a low concentration (1ug/mL) of biodiesel
particles caused aggregation of rat alveolar macrophages (Bhavaraju et al., 2014). An
extensive review of the response of alveolar macrophages to ambient PM described how
both innate and adaptive immune systems are involved (Miyata and van Eeden, 2011) and
our study is an agreement with the plethora of studies showing that particles induce
inflammatory parameters in immune-competent cells. It is plausible that the composition of
UFP determines the ability of monocytes to aggregate and interact with particles.
Differentiated THP-1 cells were attached to the plate and as such did not appear to have the
necessary mobility to move towards and surround the particles. However, they were more
capable than the undifferentiated cells to secrete proinflammatory cytokines in response to
UFP exposure. Thus, physical interaction with particles may not be a necessary factor for
cytokine production and soluble mediators adhered to particles may be sufficient to activate
monocytes. This /n vitro observation is important since ambient particle exposure has been
shown to mobilize monocytes and recruit them into tissues (Ishii et al., 2005) as well as
atherosclerotic plaques (Yatera et al., 2008). Direct translocation of particles from lung to
systemic circulation may not be a necessary factor for monocyte activation. Rather, the
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solubilization of the adhered constituents may be sufficient to cause a proinflammatory
response.

Unlike the non-specific ROS generation, UFP exposure increased the levels of TNF-a in
THP-1 cells in a dose dependent manner. The differentiated THP-1 cells had an enhanced
baseline profile of TNF-a secretion which may be related to their activated state. Upon UFP
exposure, these differentiated cells showed a greater response. Furthermore, an unequivocal
increase in TNF-a secretion was observed in monocytes derived from all donors irrespective
of age. Exposure to particulate air pollution has been correlated with progression of physical
disability in the elderly (Weuve et al., 2016). A heightened proinflammatory state is
observed in chronic age-associated diseases (Michaud et al., 2013). Thus the contribution of
particles to disease pathology, by further exacerbating inflammatory processes, especially in
susceptible individuals such as the elderly or immune-compromised individuals, needs to be
further investigated.

Our results indicate that although particles can cause a general increase in ROS formation,
this is not directly related to the degree of inflammatory effect which is consistent and
dependent on both dose and differentiation state. The specificity of the inflammatory
response is in agreement with another study demonstrating that particles collected from
near-roadway environments activate inflammatory markers in THP-1 cells to a greater extent
than particles derived from an urban background while ROS formation was not dependent to
roadway proximity (Wu et al., 2014). A gene analysis study that directly correlated ROS
generation with inflammation showed that 80% of altered inflammation-related genes did
not correlate with ROS activity although there were four genes that were strongly
interrelated between oxidative and inflammatory changes (Sijan et al., 2015). Furthermore,
antioxidant treatment only partially blocked human bronchial epithelial cell secretion of the
inflammatory cytokine IL-6 that was induced by diesel exhaust particles (Bach et al., 2015).
Our results indicate that UFP enhance proinflammatory cytokine release from monocytes in
a consistent manner unrelated to the degree of ROS formation.

Conclusions

Satellite-derived estimates of PM in Eastern North America show that exposure levels above
the WHO air quality guidance (10 pg/m3) have declined from 62% (1998-2000) to 19%
(2010-2012) in approximately a decade (van Donkelaar et al., 2015). In the U.S., the policy
changes that improved air quality have been associated with an improvement in life
expectancy (Pope et al., 2009). In the present political environment, there is a tendency to
ignore the importance of environmental regulation. Our study indicates that ambient UFP
may exacerbate mechanisms that are linked to the pathology of age-related diseases and thus
continual air quality improvements are necessary to vouchsafe public health. Policies should
continue to target the protection of human health so that detrimental long-term effects, such
as reduction in life span, productivity, and quality of life, can be avoided.
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Highlights

. Exposure to ambient ultrafine particles (UFP) causes TNF-a secretion in
primary human monocytes and THP-1 cells independently of reactive oxygen
species formation.

. Differentiated THP-1 cells are more responsive to UFP exposure.
. Age of donor does not significantly contribute to the proinflammatory effect
of UFP.
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FIGURE 1.
THP-1 cells were treated with 0 (control), 2 or 20ug/mL of UFP. Rate of ROS formation (A)

and TNF-a secretion (B) is shown. Data is representative of three experiments conducted on
separate days; n=8 biological replicates. * denotes significance p < 0.05 from control group.
#: denotes significance p < 0.05 between the 2 & 20ug/mL exposure groups.
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FIGURE 2.
Representative images showing the morphology of undifferentiated (A & B) or differentiated

(C & D) THP-1 cells after exposure to control media (A & C) or 2ug/mL UFP (B & D).
Arrow indicates an example of a visible particle agglomerate.
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FIGURE 3.

ROS generation (A) and TNF-a secretion (B) from undifferentiated or differentiated THP-1
cells treated with 0 (control) or 2ug/mL of UFP. Data was normalized from 3 different
experimental days conducted with different technical replicates per exposure condition
(n=22-23 for the ROS assay and n=10 for the TNF-a. levels). * denotes significance p <
0.05. #: denotes significance p < 0.05 between undifferentiated and differentiated cells.
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FIGURE 4.
Representative images showing the morphology of primary monocytes derived from the

21yo donor (A & B) or 54yo donor (C & D). Monocytes were exposed to control media (A
& C) or 2ug/mL UFP (B & D). Arrow indicates an example of a visible particle
agglomerate.
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FIGURE 5.
ROS formation in monocytes derived from eight biologically independent donors (ages 21,

24,27, 28, 48, 49, 54 or 60). Monocytes were exposed to control media or 2ug/mL UFP.
Data is representative of three separate experiments conducted on separate days. Each
sample was ran in quadruplicates (n=4). * denotes significance p < 0.05.
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FIGURE 6.
Cell viability in monocytes derived from eight biologically independent donors (ages 21, 24,

27, 28, 48, 49, 54 or 60). Monocytes were exposed to control media or 2ug/mL UFP. Data is
representative of three separate experiments conducted on separate days. Each sample was
ran in quadruplicates (n=4). * denotes significance p < 0.05.

Environ Res. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bliss et al.

TNF-a (pg/mL)

1

1

-
(=]
o

50

25

~J
(3, }

[5))
o

N
a

Page 18

%
] |
%
I = mControl OPM
| . "
. I
. %
x %
T * %k
- T T
_-i —— | —— | a— S — |
217yo 24yo 27yo 28yo 48yo 49yo 54yo 60yo

FIGURE 7.

Secreted levels of TNF-a in monocytes derived from eight biologically independent donors
ages 21, 24, 27, 28, 48, 49, 54 or 60. Monocytes were exposed to control media or 2ug/mL

UFP. Data is representative of three separate experiments conducted on separate days. Each
sample was ran in quadruplicates (n=4 technical replicates). * denotes significance p < 0.05.
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FIGURE 8.

Age-dependent changes in ROS formation (A) and TNF-a secretion (B) assessed by
grouping monocytes derived from younger donors (ages: 21, 24, 27, 28) and older donors
(ages: 48, 49, 54, 60). (n=4 independent biological samples). * denotes significance p <
0.05.
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PM Characterization: mass fraction of total organic carbon (TOC), as well as select metals and elements in the

UFP slurry.

Percent (%)
Species Fraction

Ultrafine
PM

Total Organic Carbon
Na
Al
K
Mg
Ca
Fe
Mn

S
Ti
\Y
Cr
Cu
Ni
Zn
Ba
Pb

56.7
6.1
15
11
1.7
5.4
0.5

0.05
6.2

0.02

0.006
0.014
0.1

0.04
0.5

0.12

0.02
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