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Abstract

The World Trade Center (WTC) collapse on September 11, 2001 released copious amounts of particulate matter (PM)
into the atmosphere of New York City. Follow-up studies on persons exposed to the dusts have revealed a severely
increased rate for asthma and other respiratory illnesses. There have only been a few studies that have sought to
discern the possible mechanisms underlying these untoward pathologies. In one study, an increased cytokine
release was detected in cells exposed to WTC fine dusts (PM, , fraction or WTC, ,). However, the mechanism(s) for
these increases has yet to be fully defined. Because activation of the mltogen -activated protein kinase (MAPK)
signaling pathways is known to cause cytokine induction, the current study was undertaken to analyze the pos-
sible involvement of these pathways in any increased cytokine formation by lung epithelial cells (as BEAS-2B
cells) exposed to WTC, .. Our results showed that exposure to WTC, . for 5 hr increased interleukin-6 (IL-6) mRNA
expression in BEAS-2B cells, as well as its protein levels in the culture media, in a dose-dependent manner. Besides
IL-6, cytokine multiplex analyses revealed that formation of IL-8 and -10 was also elevated by the exposure. Both
extracellular signal-regulated kinase (ERK) and p38, but not c-Jun N-terminal protein kinase, signaling pathways
were found to be activated in cells exposed to WTC, .. Inactivation of ERK signaling pathways by PD98059 effec-
tively blocked IL-6, -8, and -10 induction by WTC, the p38 kinase inhibitor SB203580 significantly decreased
induction of IL-8 and -10. Together, our data demonstrated activation of MAPK signaling pathway(s) likely played
an important role in the WTC, .-induced formation of several inflammatory (and, subsequently, anti-inflammatory)
cytokines. The results are |mportant in that they help to define one mechanism via which the WTC dusts may have
acted to cause the documented increases in asthma and other inflammation-associated respiratory dysfunctions
in the individuals exposed to the dusts released from the WTC collapse.
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Introduction
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On September 11, 2001, the World Trade Center (WTC) in
the metropolis of New York was attacked and subsequently
collapsed, discharging copious amounts of smoke and dust
into the air above and around Ground Zero, especially to
the south and east (Lioy et al., 2002; McGee et al., 2003).
The dust eventually settled and accumulated to depths of
several inches in the streets, on roofs of buildings and cars,
as well as permeated into the rooms of surrounding residen-
tial and business structures. This exposed a great number of

people to the potentially toxic and harmful dust, especially
police officers, firefighters, and civilians who were at or near
Ground Zero at the times of the attacks, as well as rescue
workers, volunteers, and emergency response crews who
later travelled to the scene.

Studies have been performed to evaluate effects of the WTC
dusts on these individuals exposed during/after the building
collapses. Several of these studies reported increases in the
incidence of respiratory problems, including a persistent
cough (WTC Cough; Kelly et al., 2007; Prezant, 2008), upper
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and lower respiratory symptoms (CDC, 2004; Salzman et al.,
2004; Herbert et al., 2006), and shortness of breath/wheez-
ing (Buyantseva et al., 2007) in previously-healthy individu-
als (specifically, First Responders). Another adverse health
effect that paralleled lower airway disorders was an onset
of asthma in ~45% of New York City firefighters (FDNY) and
other rescue workers within the first year after the collapse
(CDC, 2004). In a study conducted 3 years after the collapse,
926 of 25,748 total previously-healthy workers (3.6%) were
now found to have been diagnosed with new-onset asthma
(Wheeler et al., 2007), an incidence 12-times above the rate
(0.3%) in the general population (Reed, 2006). Prezant (2008),
in arecent summary of the clinical/epidemiological findings,
stated “To date, the main respiratory health consequence
from the collapse of the WTC on September 11, 2001 has been
the ‘WTC Cough Syndrome’ (chronic rhinosinusitis, asthma,
and/or bronchitis, often complicated by gastroesophageal
reflux dysfunction); syndrome incidence and severity have
been linked to WTC dust exposure intensity.”

A few in vitro and animal model studies have been per-
formed during the 8 years post-collapse to understand
mechanisms by which WTC dusts could induce adverse
respiratory outcomes in the exposed responders and others.
One key study showed that human primary (resident) alveolar
macrophages (AM) and type II epithelial cells, when exposed
to WTC dust particles, demonstrated time- and dose-related
increases in the formation/release of pro-inflammatory
cytokines/chemokines (e.g., interleukin-6 [IL-6], IL-8, tumor
necrosis factor-o. [TNF-a]) (Payne et al., 2004). These find-
ings revealed that exposure of these key lung cell populations
to WTC dusts could cause the release of several factors that
contribute to inflammation and airway remodeling processes.
The results of that investigation are also important in the con-
text of the observations about asthma in responders/others.
These cytokines/chemokines both promote inflammation of
the airways and attract other cytokine-releasing cells, thereby
giving rise to states of chronic inflammation that is considered
as a major cause of the onset of asthma (Chung and Barnes,
1999). Last, the in vitro findings also help to explain the results
from the earliest animal model studies performed with the
WTC dusts. In those studies, Gavett et al. (2003) found that a
single oropharyngeal aspiration of fine WTC dust (i.e., WTC, )
induced significant neutrophilic inflammation (without a con-
current macrophage influx) in the lungs of the exposed mice
and a significant increase in airway hyper-responsiveness to
methacholine aerosol.

Although these studies have yielded key information about
extracellular outcomes from exposure of lung populations to
the WTC dusts, details about intracellular mechanisms of these
effects remain absent. There have been reports in the literature
describing connections between the activation of mitogen-
activated protein kinase (MAPK) pathways and the production
of cytokines (Chi et al., 2006). MAPK signalings that include
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
protein kinase (JNK) and p38 protein kinase pathways are
stimulated by many outside environmental stresses, includ-
ing airborne particulate matter (PM) (Johnson and Lapadat,

2002). These pathways upregulate transcription factors that, in
turn, promote the production of pro-inflammatory cytokines
(Scherle et al., 1998; Johnson and Lapadat, 2002). Therefore,
the potential effects of WTC dusts on the activation of MAPK
pathways and the release of cytokines/chemokines by human
bronchial epithelial BEAS-2B cells were investigated here.
This study may help better understand the mechanism(s) that
might underlay the increase in asthma attack in the respond-
ers/other individuals who were exposed to WTC dusts in the
days following the collapse.

Methods and materials

WTC dusts and sources

The WTC,  dust samples (fine, sized sub-fractions of the par-
ent WTC dusts) used in this experiment were collected on
9/12/01 and 9/13/01 at the intersection of Liberty and Church
Streets (the southeastern corner of Ground Zero). The parent
WTC dust samples were first sieved at 53 pm; particles < 53
pm in diameter were then further separated into fractions of
10-53, 2.5-10, and < -2.5 um aerodynamic diameters using
standard protocols (see Gavett et al. [2003] for details). For
the studies here, < 2.5 pm particles were suspended in dis-
tilled and deionized water to stock concentrations of 700 pg
WTC, ,/mL and stored at -80°C until use.

Chemicals/reagents

Trizol reagent, deoxynucleoside triphosphates (dNTPs),
RNase-free H,0, and UltraPure agarose powder were obtained
from Invitrogen (Carlsbad, CA). Primers for polymerase chain
reaction (PCR) were designed using Primer3 program (freely
available at http://workbench.sdsc.edu/) and synthesized by
Invitrogen. Fetal bovine serum (FBS) was purchased from
Atlas Biologicals (Fort Collins, CO). Dulbecco’s modified
Eagle’s medium (DMEM), phosphate-buffered saline (PBS),
trypsin-EDTA, and purified H,0 were obtained from Gibco,
Invitrogen. The detergent compatible (DC) protein assay,
non-fat dry milk powder, Immuno-Blot polyvinylidine fluo-
ride (PVDF) membranes, Tris-buffered saline (TBS), as well
as pre-cast gels, were obtained from Bio-Rad Laboratories
(Hercules, CA). Stripping buffer and electrochemilumines-
cence (ECL) reagents were obtained from Thermo Scientific
(Rockford, IL). Chloroform, 2-propanol, ethanol, dimethyl
sulfoxide (DMSO), Tween-20, and BSA (bovine serum albu-
min) powder were purchased from Sigma (St. Louis, MO).
Anti-mouse and anti-rabbit secondary antibodies were
obtained from Chemicon (Temecula, CA). Taq polymerase
was purchased from Roche Applied Biosciences (Branford,
CT). MAPK inhibitors (SB203580 for p38, and PD98059 for
ERK) were obtained from Calbiochem (Gibbstown, NJ).
Titanium oxide particles (TiO,, fine form [< 2.5 um]) were
purchased from Alfa Aesar (Ward Hill, MA).

Cells and exposures

BEAS-2B cells (a human bronchial epithelial cell line; ATCC,
Manassas, VA) were grown in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin at 37°C and 5% CO, until
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a90% confluent state was reached. One day before exposure,
cells were harvested and then seeded (at 6 x 10°in 2.5 mL per
well) in 6-well plates. Prior to the exposure, the medium was
removed and the cells washed twice with PBS. The PBS was
then removed from the dish and particle solution (as a 0.5mL
total volume) applied evenly over the cells. Prior to expo-
sure, the particle stock solutions were sonicated for ~20 min,
then diluted in DMEM (without addition of 10% FBS) to the
desired final concentrations before being provided to the
cells. The cells were then incubated at 37°C (under 5% CO,)
for the defined amount of time before the culture medium or
cells were collected. In some experiments, cells were treated
with fine TiO, as a control (comparison of effect) particle; this
agent was chosen due to its limited ability to cause a tempo-
ral induction of IL-6 release by BEAS-2B cells, i.e., an initial
spike within 2-3 hr of exposure that dissipates to control value
levels over the period from 8 to 24 hr post-exposure (see Park
et al.,, 2008; Veranth et al., 2008; Val et al., 2009). Pilot stud-
ies revealed that under the experimental conditions used
herein, the range of doses of WTC,, (i.e., 25-200 pg/mL) did
not cause overt changes in cell survival (i.e., there were no
significant observable changes in cell adherence over the 5hr
period of exposure [data not shown]).

Western blotting

Western blotting was used to determine the extent of pathway
activation, i.e., by measuring the amounts of phosphorylated
kinases (p-p38, p-ERK, and p-JNK in the cells after treatments
with vehicle or test particle solution). Following exposures,
cells were lysed using a boiling lysis buffer (1% sodium
dodecyl sulfate (SDS), 1.0 mM sodium orthovanadate, 10 mM
Tris [pH 7.4]). The lysate was then collected, transferred to an
Eppendorftube, heated at 95°C for 5min, and then placed at
-80°C. At the time of the protein assays, each lysate sample
was sonicated (Sonifier, Branson Ultrasonics, Danbury, CT)
with 10 strokes (1sec per stroke) in order to decrease sam-
ple viscosity. The material was then centrifuged (14,000g,
15min, 4°C), the resultant supernatant collected, and protein
concentration in the lysate determined using the Biorad DC
protein assay.

For each treatment condition, the lysate containing 50
pg protein was then loaded into one well in a 7.5% SDS-
polyacrylamide gel electrophoresis pre-cast gel and electro-
phoresed at 100V for 90 min. Proteins in the gel were then
transferred to a PVDF membrane at 25V overnight. After the
transfer and blocking, primary antibodies specific to each
kinase (anti-p-p38 at 1:1000 dilution and both anti-p-ERK
and anti-p-JNK at 1:2000 dilution) were then placed with the
membrane in a solution of 5% BSA (for p-p38 and p-ERK) or
5% non-fat dry milk (for p-JNK) in TBST (TBS buffer/0.1%
Tween-20) and incubated at 4°C overnight on a rocking plat-
form. The membrane was then washed three times with TBST
(5min/wash), and incubated with secondary anti-rabbit (for
p-p38 or p-ERK) or anti-mouse (for p-JNK) antibody (each at
1:5000 dilution in 5% milk-TBST) at room temperature for 1 hr
on the rocking platform. The membrane was then washed
three times with TBST (5 min/wash). ECL reagents were then

added and the chemical fluorescence on the membrane was
detected with X-ray film. Next, to measure the expression
levels of total p38, ERK, and JNK, the membrane was then
processed with stripping buffer (room temperature, with
gentle rocking) for 10 min. This buffer was then decanted and
the membrane washed with deionized water and blocked
with 5% milk TBST. New primary antibodies for p38, ERK,
and JNK were then added (dilutions of 1:1000, 1:1000, and
1:5000, respectively), and the immunoblotting carried out
again as above.

Activation analyses using specific pathway inhibitors

On the basis of the findings in preliminary western blot studies
(performed in the same manner as noted above), exposures in
the presence of chemical inhibitors of the ERK and p38 path-
ways were performed to confirm any potential role of each of
these in any WTC, , dust-induced effects on the BEAS-2B cells.
In these experiments, the cells were exposed to 30 uM PD98059
or 1 uM SB203580 (each value was the final concentration
in culture) 1 hr prior to exposure to the WTC dust. Because
the ERK (PD98059) and p38 (SB203580) pathway inhibitors
were dissolved in DMSOQ, this vehicle was added in another
set of samples as a control in this experiment. Immediately
before the actual exposure, the inhibitor-bearing medium
was removed from each dish. The WTC particles were then
added (along with fresh medium + inhibitors [at their original
concentrations]) and the cells incubated at 37°C (under 5%
CO,) for defined amounts of time.

RNA extraction

To ascertain if the WTC, , affected the BEAS-2B cell production
of cytokines at the transcription level, post-exposure measures
of RNA levels were performed. Based upon pilot studies, IL-6
was selected as the model cytokine for analyses. Here, after
cell exposures were performed as outlined above, the culture
medium in the well was removed and Trizol reagent added to
lyse the cells. The lysed cell suspension was mixed with chlo-
roform (200 pL per 1 mL Trizol), vortexed, incubated at room
temperature for 2-3min, and then centrifuged (12,000x g,
15min, 4°C). The resulting upper-most layer in the sample
(consisting of RNA) was removed and transferred into a new
tube. 2-Propanol was added to this extract to precipitate the
RNA (over a 10-min period at room temperature). The samples
were then centrifuged (12,000 x g, 10 min, 4°C), after which the
supernatant was poured off, leaving only the RNA pellet in the
tube. This pellet was washed with 80% ethanol (prepared with
diethyl pyrocarbonate-treated H,0) and then air-dried. The
pellet was then solubilized in RNase-free H,0, heated at 50°C
for 10 min, and the concentration of RNA present determined
by measuring absorbance at 260 nm in a NanoDrop 1000 spec-
trometer (Thermo Scientific).

Reverse transcription and PCR

cDNA was synthesized using the SuperScript III first-strand
synthesis supermix for qRT-PCR (Invitrogen). After the RNA
quantification, RNA samples were diluted to a concentration
of 100ng/pL. In each case, sample (8 pL containing 800 ng
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total RNA) was mixed with 10 pL of 2X reaction buffer and 2
pL of RT enzyme mix provided in the kit. All the samples were
then placed in a thermal cycler (MJ Research Inc., Waltham,
MA) and subjected to the following cycles: 25°C for 10 min,
50°C for 30 min, and then 85°C for 5min. All samples were
then placed on ice, mixed with 1 uL. RNase H, and then incu-
bated at 37°C for 20 min.

An aliquot (1 pL) of each cDNA sample was mixed
with 5 pL of 10X PCR buffer (Roche Applied Science), 2
pL 50 puM primers (1 pL/primer), 0.8 pL 25mM dNTPs,
41.5 pL purified H,0, and 0.7 pL Taq polymerase (New
England Biolabs, Ipswich, MA) to make a total solution of
50 pL for each sample. Sequences of the IL-6 primers were:
sense, 5-GAACTCCTTCTCCACAAGCG-3’; anti-sense,
5-TTTTCTGCCAGTGCCTCTTT-3'. This PCR mixture was
then placed into the thermal cycler and subjected to the fol-
lowing cycles: 95°C for 2min, 28 cycles of 94°C (30sec), 55°C
(30sec), and then 72°C (30 sec). The samples were then incu-
bated at 72°C for 5min before being cooled to 4°C for storage.
A total of 15 pL of each sample was then mixed with DNA
loading dye and loaded onto a 1.5% agarose gel. The samples
were then electrophoresed for 45 min at 100V, and the DNA in
the gel was then visualized using an ultraviolet lamp.

Cytokine measurements by ELISA and cytokine multiplex

analysis

Culture media from the exposed cells were collected for
measurement of IL-6. Enzyme-linked immunosorbent
assay (ELISA) kits were purchased from BD Biosciences
(San Jose, CA) and all protocols used were as outlined by the
manufacturer. Prior to being placed in the ELISA wells, each
recovered media sample was centrifuged at 250 rpm for 5min
to remove any cells present; the isolated supernatant was
then centrifuged again at 8000 rpm for 5min to remove any
WTC particles that could potentially interfere with cytokine
measurements.

Cytokines in the isolated culture samples were also quanti-
fied using MesoScale Discovery (Gaithersburg, MD) 96-well
multi-array and -spot assays. With this particular assay kit,
interferon-y (IFN-vy), TNF-a, as well as IL-1p, -2, -4, -5, -8, -10,
-12 (as p70 form), and -13 were simultaneously analyzed. This
methodology employs a sandwich immunoassay technique in
which capture antibodies are spotted on the bottom of wells.
Standards and samples (as 25 pL aliquots) were incubated in
the wells (for 120 min at 25°C), with each cytokine binding to
its corresponding capture antibody spot. After washing the
wells with Tween solution to remove unbound materials,
detection antibody labeled with a SULFO-TAG reagent was
added and the well contents then exposed to Read Buffer T;
this latter reagent is used to produce an electrochemi-lumi-
nescent signal that was then measured on a SECTOR Imager
(MesoScale Discovery).

Statistical analysis

The results are presented as the mean (+ SD) for all vari-
ables that were examined. The two-tailed Student ¢-test was
used to determine the significance of differences between

two groups, and comparisons among multiple groups were
done using analysis of variance. All data were tested to assure
assumptions of normality and homogeneity of variance were
met, and transformations applied as needed. Data were also
screened for outliers using Dixon and Grubb’s analyses
(Taylor, 1990). The difference was considered significant at
P<0.05.

Results

WTC, . induces IL-6 formation in BEAS-2B cells

To test whether WTC, . could induce IL-6 expression in
BEAS-2B (a human bronchial epithelial cell line) cells, the
cells were exposed to different concentrations of WTC,
for 5hr and a reverse transcription PCR was conducted to
measure IL-6 mRNA levels. As shown in Figure 14, significant
increases in IL-6 gene expression was observed with the 100
and 200 uyg WTC, /mL (=5 and 10 pg/cm?, respectively) doses
when compared to the amount of expression seen with the
untreated control cells. Next, to measure IL-6 release by the
treated cells, ELISA was used to analyze IL-6 levels in the cul-
ture media of the exposed cells using the same time intervals
and dosages. The ELISA results were found to parallel those
in RT-PCR assays, i.e., both 100 and 200 pg WTC, ,/mL doses
induced an ~2-fold increase in IL-6 release by treated cells
as compared to by control cells (Figure 1B and 1C). Fine TiO,
particles (tested at 100 pg/mL to provide for comparison of
potential WTC, , effects against weak inducer of IL-6 release
[this outcome dependent on dose and length of cell incuba-
tion with particles] in BEAS-2B cells) did not produce a statis-
tically significant release of IL-6 from the cells (Figure 1C).

Expression of other cytokines in BEAS-2B cells exposed to
WIC,,

A multiplex array assay was used to measure the levels of
10 cytokines in the media of BEAS-2B cells after exposure
to different concentrations of WTC, , for 5hr. It was found
that WTC,, induced significant increases of IL-8 and IL-10
levels in the media (Figure 2), whereas the concentrations of
IL-1f, IL-2, IL-4, IL-5, IL-12, IL-13, IFEN-y, and TNF-o were not
altered significantly (Table 1). In the case of IL-4, though there
were near-uniform increases in a dose-independent manner
after the 5-hr exposure (i.e., relative values ranging from 2.0
to 2.7), these increases did not reach the defined significance
threshold. In contrast, fine TiO, particles were found to be
more potent in inducing the expression/secretion of several
of the assayed cytokines, e.g., IL-1f3, IL-4, IL-5 (Table 1). Thus,
under the experimental conditions used here, WTC,, clearly
induced formation of select cytokines in BEAS-2B cells.

Activation of p38 and ERK kinases in BEAS-2B cells
Jollowing exposure to WTC,

To study whether WTC, , activates MAPK signaling pathway,
cells were exposed to 100 pg WTC, ./mL and the phosphor-
ylated forms of different MAPK kinases were measured. The
western blot results indicated that WTC, , activated both p38
and ERK kinase pathway in these cells. Specifically, increases
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Figure 1. Effects of WTC, on IL-6 formation by BEAS-2B cells. (A) BEAS-2B
cells were treated with varying doses of WTC, , (in 0.5 mL total volumes) for
5hr, and then a reverse transcription polymerase chain reaction was used
to assess IL-6 gene expression in the cells. Here, 100 and 200 ug WTC, ,/mL
are equivalent to about 5 and 10 pg WTC, ,/cm?, respectively. Expression of
[-actin was analyzed in parallel to ensure equal amounts of cDNA for each
sample. (B) Corresponding IL-6 release in the BEAS-2B culture medium
following the WTC, , treatments as in (A). BEAS-2B cells were exposed to
WTC,  as in (A), and the IL-6 level in culture media was measured using
ELISA. (C) BEAS-2B cells were treated by 100 ug/mLWTC,  or TiO, for 5hr
(N=3), and the levels of IL-6 in the cell media were measured by ELISA.
*Indicates a statistically significant change (P<0.05) when compared to
value for untreated samples. Values shown are the mean relative level vs.
that in unexposed control cultures (+ SD) from four replicate cultures.
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in p-p38 levels were noted at 30 and 120 min after exposure,
whereas increases in levels of p-ERK were seen at 5 and
10min after exposure and were still evident (albeit to a far
lesser degree) up to 60min after initiation of the exposure
(Figure 3). Though the p-JNK blot exhibits darkened bands
in the 5- and 10-min samples, darker bands were also noted
in the portion of the blot used to assess background levels
of parent JNK present and the ratios of phosphorylated:total
JNK. In follow-on experiments, it was seen again that WTC,,
exposure clearly led to quantifiable increases in p38 phos-
phorylation but not that of JNK (Figure 3B). The results of
these studies show that WTC,  activates both ERK and p38
kinases, but not JNK kinase, in BEAS-2B cells.

Effects of pathway inhibitors on IL-6 expression

To examine if p38 and ERK activation plays any role in IL-6
induction by WTC, ,, specific inhibitors were used to block
p38 or ERK pathways in the BEAS-2B cells prior to (and
during) 5-hr exposures to WTC,,. When no inhibitor was
added, WTC,, (DMSO-WTC,,) led to =5-fold increase of
IL-6 levels compared to those seen with the control cultures
that received no particles (DMSO) (Figure 4). When the ERK
pathway inhibitor PD98059 was present with the particles
(PD-WTC, ), the level of IL-6 was drastically lowered and
the IL-6 amount was less than half that of the DMSO-WTC,
group. Likewise, when the p38 pathway inhibitor SB203580
was present with the particles (SB-WTC,,), a decrease in
IL-6 levels was observed when compared to the value for the
DMSO-WTC,, group; however, in this case, the decrease was
not found to be statistically significant. These results demon-
strated that activation of ERK pathway plays a major role in
the WTC, .-induced expression of IL-6 in BEAS-2B cells.

Effects of pathway inhibitors on other cytokines
expression

The roles of p38 and ERK kinases in IL-8 and IL-10 induction
by WTC, , were also examined in cells incubated with 100 pg
WTC, ,/mL for 5hr along with the above p38 or ERK pathway
inhibitors. Both kinase inhibitors effectively blocked induc-
tion of IL-8 and IL-10 by the WTC,, (Figure 5). These results

IL-10

Relative IL-10 value

0 25 50 100 250
WTC, 5 (ug/ml)

Figure 2. Impact of WTC, _ on induction of BEAS-2B IL-8 and IL-10 formation. BEAS-2B cells were treated with varying doses of WTC, , (in 0.5 mL total
volumes) for 5 hr, and the levels of several cytokines in the culture media were measured using a Multiplex array assay. Results of the changes in expres-
sion levels of IL-8 and IL-10 are shown. *Indicates statistically significant change (P<0.05) when compared to value for untreated samples. Value for the
untreated control is set to 1.00 for purposes of expressing relative change in cytokine level vs. that in unexposed control cultures. Values are unit-less as
they are calculated as relative change in levels (expressed here as mean relative cytokine level vs. that in unexposed control cultures [+ SD]).
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Table 1. Levels of various cytokines in BEAS-2B cell media after WTC, _ exposure for 5 hr.

Cytokine 0 25 50 100 200 100 TiO,
IL-1B 1.00 93.10 £2.70 1.00 £ 0.65 1.42+£0.82 1.49 +0.27 4.90 +1.55
IL-2 1.00 1.87+1.08 1.67£0.37 1.60 +0.99 1.62+0.31 1.67+0.84
IL-4 1.00 2.08 +3.61 2.01+1.81 2.05+2.88 2.71+2.78 12.2+13.6
IL-5 1.00 1.20 +1.02 0.92+0.05 0.79+0.43 0.83 +0.40 2.52 +0.62
IL-8 1.00 1.73+0.44 1.54+£0.39 1.54+0.15 2.42+0.03 2.33+0.39
IL-10 1.00 1.69+0.88 1.77 £ 0.62 2.16+0.31 2.02+0.63 2.51+0.44
IL-12 1.00 0.00 +0.00 0.95+0.86 1.89£0.00 3.58+0.84 7.58 +5.06
IL-13 1.00 1.48 +0.75 0.83 +0.52 1.13+£0.48 1.29+0.43 1.54+0.75
TNF-a 1.00 0.88 +0.59 0.64 +0.39 1.55+1.03 1.88+1.07 2.30+1.25
IFN-v 1.00 0.29 +0.44 0.12+0.18 0.36 +0.33 0.51+0.18 1.22+0.96

“Level of WTC,  (as pg/mL) used in the 5-hr exposure.
bConcentration (in pg/mL) used in the 5-hr exposure.
“Value set to 1.00 for purposes of expressing relative change in cytokine level vs. that in unexposed control cultures.

9Value is unit-less as it is calculated as relative change in levels (expressed here as mean relative cytokine level vs. that in unexposed control cultures
[+ SD)).
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Figure 3. WTC,, effects on activation of ERK and p38 kinase pathways. (A) BEAS-2B cells were exposed to 100 ug WTC, ,/mL for varying time intervals,
and the levels of phosphorylated form and total MAPK kinases (ERK, p38, and JNK) were assessed from western blots using specific antibodies. The
same membrane was blotted with a-tubulin antibody to verify protein loading in each lane. Because the same amounts of protein lysates from the same
samples were used for the ERK, p38, and JNK blots, only one representative c.-tubulin blot is shown here. (B) BEAS-2B cells were treated with 100 pg
WTC, ./mL; thereafter, JNK and p38 phosphorylation levels were measured at 10 and 60 min after start of exposure (as these represented the time-points
above where “maximal” phosphorylation appeared to have occurred), respectively. Western blot band intensities were quantified at each timepoint
using an Image]J program. Results (expressed as mean + SD; n=2) shown represent relative intensity values from treated and untreated cells.
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Figure 4. Confirmation of ERK/p38 pathway involvement in WTC, -
induced IL-6 formation. BEAS-2B cells were pre-treated with PD98059
(ERK inhibitor) or SB203580 (p38 kinase inhibitor) for 1hr and then
exposed to WTC, (100 pg/mL) along with the MAPK pathway inhibitors
for 5hr (in 0.5mL total volumes). Results are expressed as mean + SD.
*Indicates a statistically significant change (P<0.05) when compared to
value for DMSO-treated samples; **indicates significant change (P<0.05)
when compared to value for DMSO-WTC, , samples. Values shown are
mean relative cytokine level vs. that in DMSO control cultures (+ SD) from
three replicate cultures.
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Figure 5. Determination of whether ERK and p38 kinases are involved in
WTC, .-induced IL-8 and IL-10 formation. BEAS-2B cells were treated as
in Figure 4, and the levels of IL-8 and IL-10 in the media were measured
using Multiplex array analyses. *Indicates a statistically significant change
(P<0.05) when compared to value for DMSO-treated samples; **indi-
cates statistically significant change (P<0.05) when compared to value
for DMSO-WTC, , samples. Values shown are mean relative cytokine level
vs. that in DMSO control cultures (+ SD) from three replicate cultures.

illustrate that both p38 and ERK signaling pathways appear to
have important roles in the induction of IL-8 and -10 formation
in BEAS-2B cells by WTC, ..

Discussion

The 9/11 attacks on the WTC complex resulted in widespread
acute and chronic health problems among many of the rescue
workers (i.e., First Responders), who were on-site (at Ground

Zero) and exposed to significant levels of WTC dusts over the
first few days-weeks after the buildings’ collapse. Among the
documented health issues in these workers, adverse respira-
tory symptoms have been among the most commonly reported
(recently reviewed in de la Hoz et al., 2009; Webber et al., 2009;
Weiden et al., 2010). Among these have included a consistent
pattern of increased incidences of: upper and lower airway
diseases (UADs and LADs characterized [in the absence of
infectious disease] by persistent rhinitis, dyspnea, cough, and
wheezing) (de la Hoz et al., 2008b, 2009); new-onset asthma
(Wheeler et al., 2007; Brackbill et al., 2009), “sarcoid-like”
granulomatous disease (Izbicki et al., 2007); reactive airways
dysfunction syndrome (RADS; associated with measurable
increases in airway/bronchial hyperreactivity) (Banauch et al.,
2005; Weiden et al., 2010); and, gastroesophageal reflux disease
that appears to be related to lung function abnormalities sug-
gestive of air trapping/diagnoses of lower respiratory disease
(de la Hoz et al., 2008a; Webber et al., 2009). The mechanistic
base for how WTC dusts may have caused/contributed to each
of these pathologies is likely to be severe inflammation in res-
piratory tracts.

Previous studies have shown that exposure to WTC, , col-
lected on-site over the period from 9/13/01 caused significant
pulmonary inflammation and hyper-responsiveness in mice
(Gavett et al., 2003). In vitro studies with these dusts docu-
mented that their presence resulted in a release of inflam-
matory cytokines by primary lung cells (i.e., human AM and
Type II epithelial cells) (Payne et al., 2004). In the study being
reported here, the role of MAPK pathway in the induction of
inflammatory cytokines by WTC, .—events that could signifi-
cantly contribute to the outcomes described in the signature
studies by Gavett et al. (2003)—was examined. In general, the
results of our studies revealed that WTC,, activated p38 and
ERK kinases in BEAS-2B cells and inactivation of these sig-
naling pathways decreased/blocked the production of IL-6,
IL-8, and IL-10, indicating that activation of p38 and ERK
pathways may both have had important roles in inflamma-
tory responses induced in lungs of hosts who were exposed
to WTC dusts.

The doses of WTC,, (0-200 pg/mL [or 10 pg/cm?®]) used
in this study were significantly lower than those used in the
research by Payne et al. (2004), i.e., 500-2000 pg/mL (or 25-100
pg/cm?). However, these doses were comparable to the lev-
els of exposure that were expected to have been experienced
by individuals in a typical urban area or in parts of New York
City (NYC) that are relatively “distant” (i.e., Upper Manhattan,
the Bronx) from Ground Zero. To date, no previous study has
reported that these WTC dusts, when used at such low doses
(100 and 200 pg/mL), could cause IL-6 induction. Another
difference between this study and Payne’s study is that 5hr,
instead of 24 hr, time interval was used. The current results
show that fine WTC dusts could potentially induce the pro-
duction and release of select inflammatory cytokines in the
airways. These outcomes may help to explain why the inci-
dence of asthma and other inflammation-associated diseases
were increased in both 9/11 firefighters and rescuers (i.e., First
Responders), as well as among Metropolitan area residents
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20-30 miles away from Ground Zero. Even so, the events of
September 11 exposed the First Responders and residents liv-
ing near Ground Zero to a much higher concentration of these
hazardous particles (Yiin et al., 2004; Geyh et al., 2005). Such a
high level of exposure to the WTC dusts may also have caused
direct damage to the respiratory tract, based upon our observa-
tion that a significant amount of cell death occurred when the
BEAS-2B cells were exposed to 1000 pg/mL (50 pg/cm?) WTC
PM, (for 24 hr, data not shown).

There are several potential means by which the fine WTC
dusts might have been able to influence the formation/release
of pro-inflammatory cytokines (and, subsequently, the anti-
inflammatory forms, e.g., IL-10) from these treated cells. In
general, MAPK signaling pathway plays an important role in
regulating the response of a cell to extracellular stimuli. It has
been reported that MAPK pathway activation is essential in
regulation of synthesis of IL-6 (Beyaert et al., 1996), IL-8 (Kim
and Shin, 2009), and IL-10 (Pilette et al., 2010) upon expo-
sure to extracellular stimuli in many different cell types. With
particular regard to urban dusts acting as potential stimuli,
a study by Li et al. (2005) that used urban particles collected
from St. Louis (i.e., NIST SRM1648, PM,  urban particulate
standard) demonstrated a link between pulmonary arterial
endothelial cell exposure to particles and activation of ERK
and p38 MAPK pathways. A later study using SRM1648 PM, |
and a fine PM standard derived from air in Baltimore (i.e.,
NIST IRM PM2.5) revealed that while each particle differen-
tially affected formation of IL-6 and IL-8 in mouse peritoneal
macrophages (with the PM, A having greater inductive effect;
IL-10 not analyzed) (Shoenfelt et al., 2009), both apparently
required the presence of MyDD88—an adaptor protein used
by toll-like receptors (TLR)-2 and -4 and whose activation
results in that of ERK, p38, and JNK pathways in several cell
types (Han, 2006). Our current study (using specific pathway
inhibitor co-treatments of the cultured cells) also found that
the WTC dusts activated the p38 and ERK pathways-but
unexpectedly, not JNK pathways. We surmise that the dis-
crepancy between the IRM PM2.5 and the WTC,, particles
regarding signal pathway activation outcomes is likely due to
cell type difference or some as-yet unrecognized differences
in particle compositions.

That these disparate sets of particles were able to induce
similar outcomes might be explained by the fact that these
particulate samples shared the presence of various toxic
metal constituents, such as vanadium (V) and chromium
(Cr). Specifically, while Li et al. reported levels of V and Cr
in the SRM1648 at 127 and 403 pg/g, respectively, and the
Shoenfelt group reported levels of V and Cr in the IRM PM2.5
at 316 pg/g and 46.8 mg/g, respectively, we found that the
levels of these two metals in our WTC, _ samples averaged
118 and 125 pg/g, respectively (Lioy et al., 2002; McGee et al.,
2003; Maciejczyk et al., 2006). There have been numerous
publications describing the effects of each of these metal
agents (individually or as part of more complex ambient
particulate mixtures) on these pathways (Chien et al., 2006;
Suzuki et al., 2007; Tessier and Pascal, 2006). Though the
results of our studies here indicate that activation of these

specific signaling pathways appears to be transient (see
Figure 3), nonetheless, each of these short-lived events
would still be expected to have activated downstream targets
and ultimately cause an increase in the expression of genes
for numerous cytokines.

It would not be unreasonable to assume that repeated
exposures to, or prolonged pulmonary retention of, the WTC
particles would likely lead to a cycle of activation/re-activation
of these (and other) signaling pathways in impacted airway
cells. In fact, changes in the degree (i.e., an augmentation) of
activation of select signal pathways have been documented
in airway epithelia in mice repeatedly exposed to particulate
insoluble Cr (as basic zinc chromate) (Beaver et al., 2009b).
These authors also found that while a single instillation of these
particles induced almost immediate (within 1 hr) increases in
Akt phosphorylation, the increase was still evident 24 hr later
but the relative intensity (i.e., low, medium, strong) of staining
for the phospho-Akt among airway epithelial cells had contin-
ued to increase over time (Beaver et al., 2009a).

Beaver and colleagues concluded that the Cr-induced
upregulation of Akt likely promoted inflammation, and
affected both cell survival and airway repair after lung
injury. In keeping with this hypothesis, we purport that
under the exposure scenarios evident at Ground Zero (i.e.,
repeated exposures to and entrainment of high levels of
dust) ultimately, the activation and reactivation of these
pathways and resultant induction of cytokine formation
and/or release by resident cells eventually led to localized
inflammatory changes in the lungs. These changes, in turn,
would invariably have contributed to the onset/exacerba-
tion of asthma, RADS, UADs, and LADs documented in the
dust/particle-exposed individuals, including WTC First
Responders.

The observations here that the a 5-hr treatment with the
fine WTC dust resulted in increases in IL-8 and IL-10 for-
mation/release suggest it is quite likely there had also been
increases in TNF-o and IFN-y expression in the period after
exposure initiation and well before the supernatant harvest. It
has been reported that an initial induction of TNF-a and IFN-y
formation (in many cell types) ultimately leads to an upregu-
lation of IL-10 expression in the same cells (Samarasinghe
etal., 2006), and IL-10 acts to downregulate the expression of
TNF-a, IL-1f, and IFNs (including IFN-y) (Kim et al., 2009),
as well as other cytokines, such as IL-1, IL-2, IL-5, IL-12, and
IL-13 (see Kearley et al. [2005] and reviews by Ogawa et al.
[2008] and Kaur et al. [2009]). This auto-regulating pattern
assures that any local pro-inflammatory response is relatively
short-lived. It has also been reported that epithelial cells (like
many other types of lung cells) bind and then internalize (and
degrade) TNFa and IFNY. These events may all contribute
to the apparent ‘lack of elevated status’ of TNFa and IFNy
(Celada and Schreiber, 1987; Imamura et al., 1987; Bajzer
etal., 1989).

The apparent lack of a statistically significant increase
in another major anti-inflammatory cytokine measured
here, IL-4, remains to be explained. It was expected that
the increase in this particular product would more-or-less
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parallel that of IL-10. However, studies have shown that IL-4
itself is an inducer of IL-10 (at least in macrophages and
lymphocytes; it remains to be proven so in epithelial cells)
(Schmidt-Weber et al., 1999; Cao et al., 2005). Thus, as with
TNFa and IFNY, it is possible that peak levels of IL-4 had been
attained in the cultures prior to the 5-hr timepoint (at which
IL-10 levels appear ‘optimal for measure’), but had yet to
decline toward basal levels.

In summary, the results from this study demonstrate
that exposure of epithelial cells (i.e., BEAS-2B cells) to
WTC,  increased their formation of inflammatory cytokines
through ERK and p38 kinase pathways. This new under-
standing of one underlying mechanism of effect of the WTC
dusts will likely make it possible for investigators/clinicians
to begin to better identify how the dusts may have contrib-
uted to the increases in asthma and other inflammation-
associated respiratory dysfunctions documented in First
Responders/other individuals exposed in the days follow-
ing the buildings’ collapse.

Authors’ addendum

Although we sought to explain our findings here of the effects
of the WTC dusts on the BEAS-2B cells in the light of those
induced by airborne particulates commonly encountered in
NYC or other metropolitan areas, we are cognizant that by
their nature the WTC dusts likely represent a “novel” urban
dust. It is very possible that other constituent-related fac-
tors may have also played a role in the outcomes that were
observed here. In fact, several studies that have analyzed
WTC dusts (of various sizes found in PM collected during
the period starting 1 wk [and up to 5 mo] post-collapse) have
reported that, among the myriad of constituents present,
levels of total (i.e., organic + elemental) carbonaceous
materials, trace element oxides, select man-made vitreous
fibers (MMVF; specifically, slag wool), and sulfates were
found to exceed those found in background PM from the
NYC/Northern New Jersey region (Olson et al., 2004; Rosati
et al., 2008; Bern et al., 2009; Lowers et al., 2009). We hope
this information provides other potential Investigators a
cautionary note when selecting “control” PM for future stud-
ies of the toxicologic effects of WTC dusts or, in fact, those
associated with other building collapses.
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