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Abstract

Triclosan (TCS) is widely used in personal hygiene products, such as mouthwash and toothpaste,
and is found in human tissues. Interleukin (IL)-1 beta (IL-1p), IL-6, tumor necrosis factor alpha
(TNFa), and interferon gamma (IFNvy) are pro-inflammatory cytokines and inappropriately
elevated levels of each have been associated with pathologies including rheumatoid arthritis and
certain cancers. Here we examine effects of TCS on the secretion of the pro-inflammatory
cytokines from human immune cell preparations. TCS at concentrations between 0.05-5 UM
consistently increased the secretion of IL-1p, IL-6, and TNFa within 24 h of exposure and the
increases often maintained out to 6 days of exposure. TCS also induced increases in IFN-y
secretion, however the increases were most consistent after 48 h of exposure rather than within 24
h. Additionally, a role for both p44/42 and p38 MAPK in TCS-stimulated increases in IL-1f was
seen in cells from some donors.
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INTRODUCTION

Triclosan (TCS) is an organochlorine compound, containing both phenol and ether
functional groups. It is used in personal hygiene products, mouthwash, toothpaste, beauty
products, cleaning supplies and pesticides (Morrall et al., 2004; Thompson et al., 2005;
Weatherly and Gosse, 2017). TCS can be ingested and absorbed through the skin and has
been found in human blood, breast milk, and urine (Allmyr et al. 2006; Calafat et al., 2008;
Yin et al., 2016). Ingestion of 13 mL (approximately 1 tablespoon) of mouthwash (0.03%
TCS) resulted in a plasma concentration of as high as 1 uM within 1-3 h (Sandborgh-
England et al. 2006). Exposure to TCS from toothpaste also resulted in a plasma level as
high as 1 uM after 14 days (Allmyr et al. 2009). The levels of TCS that may be present in
tissues just beneath the skin following exposure to products that contain as much as 0.3%
TCS could be much higher (greater than 10 uM), based on findings on the absorption of
TCS in human skin samples (Moss et al., 2000). Although triclosan was recently banned
from over-the-counter soaps by the Food and Drug Administration, it is still widely used in
oral hygiene products, as well as other beauty and personal hygiene merchandise (Kux,
2016) and is still a major safety concern and an emerging environmental pollutant (Kemsley,
2014; Weatherly and Gosse, 2017).
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Interleukin (IL) 1 beta (IL-1pB), IL-6, tumor necrosis factor alpha (TNFa), and interferon
gamma (IFNvy) are several of the most potent pro-inflammatory cytokines. These cytokines
have the capacity to regulate the innate and adaptive immune responses as well as to
promotes cellular growth, and tissue repair (Dinarello, 1996; 2005; 2009; Tanaka and
Kishimoto, 2014; Jorcyk et al., 2011; Fernando et al., 2014; Goetz et al., 2004; Billiau and
Matthys, 2009).

IL-1p is produced by a wide range of cells including monocytes, macrophages, T cells,
natural killer cells, neutrophils, keratinocytes, and fibroblasts (Dinarello, 2005; Apte et al.,
2006; Voronov et al., 2002), while IL-6 is produced by monocytes, lymphocytes,
macrophages, and muscle cells (Tanaka and Kishimoto, 2014; Jorcyk et al., 2011; Fernando
et al., 2014). Elevation of either IL-1p or IL-6 in the absence of injury or infection can
significantly contribute to a number of pathologies including rheumatoid arthritis, Crohn’s
disease, bone loss, multiple sclerosis, cardiovascular disease, and cancer (Landskron et al.,
2014; Choy and Panayi, 2001; Dinarello, 2011; Rubin et al., 2012; Elaraj et al., 2006; Jin et
al., 1997; Lewis and Varghese, 2006; Voronov et al., 2002; Straub et al., 2015; Gabay, 2006;
Tanaka and Kishimoto, 2014).

Both TNFa and IFNvy are produced by T cells, NK cells, monocytes, and macrophages
(Billiau and Matthys, 2009; Darwich et al., 2009; Girart et al., 2007). Additional cell types
are capable of producing TNFa such as smooth muscle cells, fibroblasts, endothelial cells,
epithelial cells, and adipocytes (Locksley et al., 2001). As with IL-1p and IL-6, unwarranted
elevations of IFN-y and TNFa cause chronic inflammation and its associated pathologies
(Macarthur et al., 2004; Balkwill and Mantovani, 2001). Development of some
gastrointestinal cancers is increased by IFN (Macarthur et al., 2004). TNFa can act as a
stimulus for growth, angiogenesis, and epithelial-mesenchymal transition thus promoting
tumor cell proliferation and invasiveness (Vajdic and van Leeuwen, 2009). Mitogen activated
protein kinases (MAPKSs) and nuclear factor kappa B (NFxB) regulate the secretion and
synthesis of many pro-inflammatory cytokines from immune cells (Gaestel et al., 2009).

Previous studies in our lab have shown that the organochlorine contaminants
pentachlorophenol (PCP) and dichlorodiphenyltrichloroethane (DDT) are able to increase
the secretion of pro-inflammatory cytokines at certain exposures (Martin and Whalen., 2017;
Martin et al., 2019; Massawe et al., 2017). The current study addresses whether TCS in the
concentration range seen in human tissues (Thompson et al., 2005; Weatherly and Gosse,
2017; Allmyr et al. 2006; Calafat et al., 2008), is able to increase immune cell secretion of 4
potent pro-inflammatory cytokines. Any elevation of their secretion stimulated by TCS
could have implications for a role for TCS in producing sterile (absence of injury or
infection) chronic inflammation (Chen and Nunez, 2010) and its accompanying pathologies.

MATERIALS AND METHODS

Preparation of Peripheral blood mononuclear cells (PBMCs) and monocyte-depleted(MD-

PBMCS

PBMCs were isolated from leukocyte filters (PALL- RCPL or RC2D) obtained from the Red
Cross Blood Bank Facility (Nashville, TN) as described in Meyer et al., 2005. Leukocytes
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were retrieved from the filters by back-flushing them with an elution medium (sterile PBS
containing 5 mM disodium EDTA and 2.5% [w/Vv] sucrose) and collecting the eluent. The
eluent was layered onto lymphosep cell separation media (1.077g/mL) ((MP Biomedicals,
Irvine, CA) and centrifuged at 1200g for 30 min. Mononuclear cells were collected and
washed with phosphate buffered saline (PBS) pH 7.4 (500g, 10min). Following washing, the
cells were layered on bovine calf serum for platelet removal. The cells were then suspended
in RPMI-1640 (Mediatech, Inc, Manassas, VA) complete medium which consisted of
RPMI-1640 supplemented with 10% heat-inactivated BCS, 2 mM L-glutamine and 50 U
penicillin G with 50 ug streptomycin/mL. This preparation constituted PBMCs. Monocyte-
depleted PBMCs (10-20% CD16", 10-20 % CD56*, 70-80% CD3*, 3-5% CD19*, 2-20%
CD14%) were prepared by incubating the cells in glass Petri dishes (150 X 15 mm) at 37 °C
and air/CO,, 19:1 for 1 h. This cell preparation is referred to as MD-PBMCS cells. All cell
isolation procedures were carried out under sterile conditions.

Preparation of NK cells

To prepare NK cells, leukocyte filters were back-flushed with elution media and the eluent
was treated with RosetteSep human NK cell enrichment antibody cocktail (StemCell
Technologies, Vancouver, British Columbia, Canada) at 0.6-0.8 mL per 50 mL of eluent.
The treated eluent was incubated at room temperature (~ 25° C) for 20 min, then layered
onto lymphosep cell separation media (1.077 g/mL) and centrifuged at 1200 g for 50 min.
NK cells were collected and washed twice with phosphate buffered saline (PBS) pH 7.4 and
stored in complete media at 37 °C and air/CO», 19:1.

Chemical Preparation

TCS was purchased from Sigma-Aldrich (St. Louis, MO). A 100 mM stock solution was
prepared using dimethyl sulfoxide (DMSO) as the solvent. Desired concentrations for cell
treatments were made by diluting the stock into cell culture media. Enzyme inhibitors (MEK
1/2 pathway inhibitor (PD98059), p38 inhibitor (SB202190)) were purchased from Fischer
Scientific (Pittsburgh, PA). 50 mM stock solutions of the inhibitors were prepared using
DMSO, which were diluted for a final concentrations of 50 uM PD98059 and 25 uM
SB202190. Appropriate DMSO controls were used in all experiments with the final DMSO
concentration for experiments without inhibitors being less than 0.005% and for experiments
using pathway inhibitors less than 0.1%.

Cell Treatments

PBMCs, Monocyte-depleted PBMCS and NK cells (at a concentration of 1.5 million cells/
mL) were treated with TCS at concentrations of 0.05-5.0 uM for 24h, 48h, or 6 days.
Following the incubations, the cells were pelleted and supernatants were collected and
stored at =70 C until assaying for IL-6. In experiments examining the role of p44/42 and p38
MAPKS, cells were pretreated with the inhibitor and appropriate controls for 1 h prior to a
24 h incubation with 5, 2.5, and 1 uM TCS.
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Cell viability was assessed at the beginning and end of each exposure period. Viability was
determined using the trypan blue exclusion method. Briefly, cells were mixed with trypan
blue and counted using a hemocytometer. The total number of cells and the total number of
live cells were determined for both control and treated cells to determine the percent viable
cells. Cell viability was not affected by any of the cell treatments (p>0.05). Viability for
PBMCs treated with TCS for 24 h at 0 (control), 0.05, .01, 0.25, 0.5, 1.0, 2.5, and 5 UM were
99.6+0.6%, 99.7+0.8%, 99.2+1.1%, 99.6+0.5%, 99.4+1.0%, 99.5+0.7%, 99.3+1.1% and
97.9+2.0, respectively. After 48 h and 6 d of incubation with TCS viability of treated cells
remained equivalent to that seen with control cells. This same result was seen with MD-
PBMCs and enriched NK cells.

Measurement of cytokine secretion

IL-1 B levels were measured using the BD OptEIA™ Human IL-1 B enzyme linked
immunosorbent assay (ELISA) kit (BD-Pharmingen, San Diego, CA). Briefly, a 96-well
micro well plate, designed for ELISA (Fisher, Pittsburgh, PA), was coated with a capture
antibody for IL-1p diluted in coating buffer. The plate was incubated with the capture
antibody overnight at 4 °C. After incubation, the capture antibody was removed by washing
the plate three times with wash buffer (PBS and 0.05% Tween-20). PBS containing 1%
bovine calf serum (blocking solution) was added to each well and incubated at room
temperature for 1 h. Blocking solution was removed by washing the plate three times, and
the cell supernatants and IL-1p standards were added and incubated for 2 h at room
temperature. Following this incubation, the plate was washed five times followed by
incubation with biotinylated detection antibody for 1 h. Excess biotinylated detection
antibody was removed by washing the plate five times. Streptavidin-linked horseradish
peroxidase (HRP) was then added for 30 min during which it conjugated to the biotinylated
detection antibody. Excess HRP was removed (seven washes) and a substrate solution was
added for 30 min at room temperature. Incubation with substrate was ended by addition of
acid and the absorbance was measured at 450 nm on a Thermo Labsystems Multiskan
MCC/340 plate reader (Fisher Scientific).

IL-6, IFN-y, and TNFa levels were also measured using the BD OptEIA™ Human IL-6
ELISA kit, BD OptEIA™, Human IFN+y ELISA kit, and the BD OptEIA™ Human TNFa
ELISA kit (BD-Pharmingen, San Diego, CA). The procedure was the same as that outlined
for IL-1pB, with the exception that detection antibodies for IL-6, IFN+y, and TNFa were
conjugated with HRP prior to being applied to the microwell plate. Thus, there was not need
for a separate incubation with detection antibody and then with HRP.

Statistical Analysis

Statistical analysis of the data was performed by using ANOVA and Student’s t test. Data
were initially compared within a given experimental setup by ANOVA. A significant
ANOVA was followed by pair wise analysis of control versus exposed data using Student’s t
test, a p value of less than 0.05 was considered significant.
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RESULTS

Effects of TCS Exposures on Secretion of IL-1p by NK cells, MD-PBMCs, and PBMCs

Table 1 shows the effects of exposing NK cells from 3 separate donors to 0, 0.05, 0.1, 0.25,
0.5,1,2.5,5uM TCS for 24 h, 48 h and 6 days on IL-1p secretion. Within 24 h of exposure
to TCS, cells from all 3 donors showed an increase in IL-1p secretion at one or more
concentrations of TCS. Increases were seen at all TCS concentrations in cells from donor
F467 while cells from donor F461 showed an increase at only at the 2.5 uM concentration.
Cells from different donors varied in the concentration of TCS and length of exposure that
caused the largest fold increase in IL-1 secretion. Cells from donor F461 showed the
greatest TCS-induced increase (3.3 fold) in IL-1p after a 6 day exposure to 5 uM TCS while
those from donor F467 had a maximal increase of 5.1 fold in IL-1 secretion after 24 h with
5 UM TCS. Cells from donor F475 showed a maximal increase (16 fold) at 0.05 uM TCS at
6 days. Cells from all donors showed TCS-induced decreases in IL-1( at 48 h at the highest
concentration.

The effects of exposing MD-PBMCs from 4 individual donors to TCS for 24 h, 48 h and 6
days on the secretion of IL-1p are shown in Table 2. Significant increases in IL-1f secretion
were induced by TCS for all donors at the 5 UM concentrations after 24 h of exposure, with
fold increases of 1.6, 5.4, 2.7, and 1.5 fold for cells from donors F390, F392, F406, and
F451, respectively. TCS-stimulated increases in IL-1p maintained out to 6 days in cells from
3 of the 4 donors. MD-PBMCs did not show any consistent decreases in IL-1p secretion at
any concentration of TCS or length of incubation.

PBMCs showed TCS-induced increases in IL-1p secretion at multiple exposure
concentrations after 24 h in cells from each of the 4 donors tested (Table 3). The maximal
increase after 24 h was seen at the 5 M exposure in cells from 3 of the 4 donors with 11
fold (F214), 5 fold (F224) and 25 fold (F238) increases. Cells from filter F217 showed the
greatest increase (3.7 fold) at 0.1 pM TCS after 24 h. These increases continued out to 6
days of exposure (Table 3). The fold increases stimulated by TCS exposures at each time
point were greatest in PBMCs as compared to MD-PBMCs and NK cells. This suggests that
monocytes (which are major producers of IL-1p) are being stimulated by TCS to produce
this cytokine within 24 h of exposure. As was seen with MD-PBMCs, TCS did not cause
any consistent decreases in IL-secretion at any exposure condition. Figure 1A shows the fold
changes in IL-1p secretion as compared to control of PBMCs from donor F214 exposed too
TCS for 24h, 48 h, and 6 days.

Effects of TCS Exposure on Secretion of IL-6 by NK cells, MD-PBMCs, and PBMCs.

Table 4 shows the effects of exposing NK cells from 3 separate donors to TCS for 24 h, 48 h
and 6 days on IL-6 secretion. Cells from all donors showed a significant increases in I1L-6
secretion at one or more concentration after 24 h of exposure. Cells from donors F467 and
FA475 showed the largest fold increases at 24 h of exposure, 1.4 fold (0.05 pM) and 1.7 fold
(0.1 uM), respectively. Cells from donor F461 showed maximal fold increase at 48 h of 2.2
fold (2.5 uM). Additionally, all donors demonstrated decreased IL-6 secretion in response to
5 UM TCS at each length of incubation. TCS-induced increases in NK cell IL-6 secretion
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were generally smaller than those seen for IL-1p, under the same conditions. For instance,
cells from donor F475 showed a TCS-induced increase in IL-1p of 9.7 fold after 48 h of
exposure at the 0.05 pM exposure (Table 1), while the TCS-induced increase in IL-6 was
only 1.4 fold (Table 4). There were decreases in IL-6 secretion seen in cells from all donors
at the 2.5 and 5 UM exposures at 24 h and 6 days and at 5 uM at 48 h.

The effects of exposing MD-PBMCs from 4 individual donors to 0 to 5 uM TCS for 24 h, 48
h and 6 days on the secretion of IL-6 are shown in Table 5. Cells from all donors showed
TCS-induced increases in secretion of IL-6 at two or more concentrations at 24 h. Maximal
fold increases at 24 h were seen at different TCS concentrations among the different donors.
In cells from donors F390 and F392, the largest increases in IL-6 secretion (3.1 and 3.0 fold,
respectively) after 24 h were seen at 0.05 uM TCS. Cells from donors F401 and F451
showed the greatest increases of 2.0 and 4.1 fold after exposure to 5 uM TCS for 24 h.
Increase in IL-6 secretion were stimulated at one or more TCS concentration after 48 h and
6 days. In contrast to NK cells, TCS-induced of IL-6 secretion was increased to a greater
extent under a given condition in MD-PBMC:s. For instance, 5 uM TCS at 24 h decreased
IL-6 secretion in NK cells (Table 4) from all donors while the same treatment increased
secretion from MD-PBMCS (Table 5).

The effects of exposures to TCS on IL-6 secretion from PBMCs are shown in Table 6 and
are very similar to those seen with MD-PBMC:s. Cells from all donors showed increased
IL-6 secretion in response to TCS after the 24 h, 48 h, or 6 day exposures. As with MD-
PBMCs, the magnitude of the increases seen at a given TCS concentration varied from one
donor to the next. The fold changes in IL-6 secretion stimulated by exposures to TCS in
cells from donor F214 are shown in Figure 1B.

Effects of TCS Exposure on Secretion of TNFa. by PBMCs.

The effects of exposures to 0— 5 UM TSC for 24 h, 48 h, and 6 days on the secretion of
TNFa from PBMCs are shown in Table 7. Cells from all donors showed statistically
significant TCS-stimulated increases in TNFa secretion at the 5 uM exposure at 24 h. The
fold increases stimulated by 5 uM TCS at 24 h were 1.2 (F214), 3.4 (F224), 6.4 (F509), and
1.6 (F510). The length of incubation that produced the largest TCS-induced fold increase in
TNFa secretion varied among cells from different donors. Cells from donor F214 showed
the greatest fold increase in TNFa secretion in response to TCS at 48 h, while those from
F224, F509, and F510 were seen at 6 days, 24 h, and 6 days, respectively. There were TCS-
stimulated increases in TNFa. at one or more concentration of TCS at every length of
incubation. This was similar to the effects of TSC on IL-1 from PBMCs, and unlike the
effects on IL-6 secretion, where the length of incubation at which TCS-stimulated increases
were seen varied among cells from different donors. Figure 1C illustrates the TCS-
stimulated fold changes in TNFa secretion in PBMCs from donor F214.

Effects of TCS Exposure on Secretion of IFNy by PBMCs.

Table 8 shows the effects of exposures to TSC for 24 h, 48 h, and 6 days on the secretion of
IFNy from PBMCs. TCS produced increases in IFN+y secretion in cells from all donors, at
one or more concentration, at 48 h. Similar to what was seen with TCS stimulation of IL-6
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secretion, the length of incubation at which TCS-induced increases in IFNy secretion were
seen varied among donor cells. For instance, cells from donor F217 and F511 showed TCS-
stimulated increases in IFN+y secretion at each length of incubation, whereas those from
F238 only demonstrated increased IFN+y secretion in response to TCS at 48 h and cells from
F511 showed increased secretion at 24 h and 48 h. There was variation among donors as to
the length of incubation and concentration of TSC at which the largest fold increase in TCS-
stimulated IFNy was seen. Maximum folds increases were: 26 fold at 0.1 uyM TCS at 48 h
for F217; 1.6 fold at 5 uM TCS at 48 h for F238; 1.7 fold at 0.1 pM TCS at 24 h for F509;
and 12 fold at 5 uM at 6 days for F511. Alterations in secretion of IFNy (fold change)
caused by exposure of PBMCs from donor F511 to TCS are shown in Figure 1D.

p44/42 and p38 MAPK pathways in TCS-induced increases in IL-18
production.—Involvement of the p44/42 and p38 MAPK pathways in TCS-stimulated
increases in IL-1B secretion were examined. TCS caused reproducible increases (in cells
from all donors) in IL-1p secretion at the 1-5 uM concentrations after 24 h in PBMCs and
thus, we went on to examine if MAPKSs known to be involved in its (and other pro-
inflammatory cytokines) production were needed for TCS to stimulate its secretion.

Cells from 4 of the 5 donors tested showed decreased TCS-stimulated secretion of IL-1p at 1
or more concentration of TCS when p44/42 was inhibited (Table 9). Cells from 3 of the 5
donors showed diminished TCS-induced IL-1p secretion at all concentrations tested when
p44/42 was inhibited (F630, F631, F633). For cells from F630, IL-1p secretion was
increased by 1.9, 2.9, and 4.0 fold at the 1, 2.5, and 5 UM exposures to TCS (Figure 2A).
When p44/42 activity was inhibited prior to exposure to those same concentrations of TCS,
there were no TCS-induced increases at 1 or 2.5 UM TCS and a 2.1 fold increase at 5 uM
(Figure 2A). In contrast cells from donor F696 showed increased TCS stimulation of IL-1p
secretion when p44/42 was blocked (Figure 2B). It is notable that there was a very large
decrease in baseline IL-1p secretion in the cells from this donor, which was not as
pronounced in the PBMCs from the other donors. These data indicate that p44/42 MAPK is
utilized to a significant extent in TCS stimulation of IL-1f secretion, but this utilization is
dependent on the baseline status of the donor cells.

Inhibiting p38 MAPK with SB202190 diminished the ability of TCS to increase IL-1
secretion in cells from 2 of the 5 donors tested (Table 9). For instance in cells from donor
F630 TCS stimulated secretion of IL-1p by 4.2, 14, and 32 fold at the 1, 2.5, and 5 M
concentrations, however in the presence of SB202120 these same concentrations of TCS
caused 1.3, 2.5, and 4.3 fold increases (Figure 2C). When p38 was inhibited in cells from the
other 3 donors, TCS was as effective (or more effective) at increasing IL-1p secretion as
when no inhibitor was present (Figure 2D).

DISCUSSION

When secreted in the absence of injury or infection, pro-inflammatory cytokines such as
IL-1B, IL-6, TNFa, and IFNvy can cause chronic inflammation leading to a number of
pathologies such as rheumatoid arthritis, Crohn’s disease, diabetes type Il, multiple
sclerosis, systemic lupus erythematosus, and cancer (Lucas and Hohlfeld., 1995 Landskron

Environ Toxicol Pharmacol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilburn et al.

Page 8

et al., 2014; Choy and Panayi, 2001; Dinarello, 2011; Tsalamandris et al., 2019; Elaraj et al.,
2006; Jin et al., 1997; Lewis and Varghese, 2006; Voronov et al., 2002; Rubin et al., 2012;
Straub et al., 2015; Gabay, 2006; Tanaka and Kishimoto, 2014; Coussens and Werb, 2002).
Pro-inflammatory cytokines such as TNFa and IL-1 can further stimulate the production of
IL-6 (Luo et al., 2003; Ostrowski et al., 1998b; 1998a; Tilg et al., 1997). TCS is an
organochlorine environmental contaminant due to its use as an anti-microbial in a wide
range of products and has been found in human blood and other tissues (Thompson et al.,
2005; Weatherly and Gosse, 2017; Allmyr et al. 2006; Calafat et al., 2008). Ingestion of
products containing TSC can lead to plasma levels of 1 uM (Sandborgh-England et al. 2006)
and baseline levels can be in the range of 0.05 pM in individuals with no known exposure
(Allmyr et al. 2006; 2008). Triclosan has been shown to disrupt estrogen and thyroid
hormone responses in humans and other mammals (Wang et al., 2015; Wang and Tian, 2015;
Feng et al., 2016; Ha et al., 2019) Two other organochlorine contaminants PCP and DDT
have been shown to increase the secretion of IL-18, IL-6, TNFa, and IFNy (Martin and
Whalen, 2017; Martin et al., 2019; Massawe et al., 2017). Here we examined whether TCS
in a concentration range that could be seen in human plasma (as well as other tissues) had
the ability to stimulate secretion of pro-inflammatory cytokines and thus have the potential
to produce chronic inflammation.

Cell preparations of varying complexity were examined for the effects of TCS exposures on
both IL-1p and IL-6 secretion. A preparation that was highly enriched in NK lymphocytes
showed TCS-induced increases in IL-1p and IL-6 secretion in all donors at 24 h. This cell
preparation also showed TCS-induced decreases in secretion of IL-1 at the 5 uM exposure
at 48 h and of IL-6 secretion at 5 UM at 24 h, 48 h, and 6 days. In contrast, MD-PBMCs (a
preparation of NK and T lymphocytes) from all donors showed increased IL-1p and IL-6
secretion when exposed to 5 pM TCS (as well as several other concentrations) for 24 h
and/or 48 h. Exposure of the most complex cell preparation, PBMCs (NK lymphocytes, T
lymphocytes, and monocytes), to TCS under the same exposure conditions produced results
very similar to those seen with MD-PBMCs. Thus, there appears to be a difference in effect
of the higher concentrations of TCS on IL-1p and IL-6 secretion depending on the
composition of the cell preparation, with 5 uM and often 2.5 uM TCS causing decreased
secretion of both cytokines in NK cells but increased secretion in preparations that contained
T cells (MD-PBMCs) and T cells+monocytes (PBMCs). The more complex preparations
may be more reflective of the situation in vivo and thus, TCS-induced stimulation of IL-1f
and IL-6 secretion might be more likely than the decreases seen at those exposures. This
difference between NK cells and the more complex preparations was also seen when
measuring the effects of the organochlorine contaminant PCP on IL-1f and IL-6 secretion
(Martin and Whalen, 2017; Martin et al. 2019). This suggests that the regulation of secretion
and/or production of IL-1f and IL-6 from NK cells may be different than that of T cells
and/or monocytes (Gaestel et al., 2009).

The most consistent and greatest stimulations of IL-1p and IL-6 occurred in the most
complex cell preparation (PBMCs). Thus, effects of TSC on secretion of two additional pro-
inflammatory cytokines were studied in PBMCSs. TCS was able to induce increases in
TNFa secretion at a number of exposure concentrations at 24 h, 48 h, and 6 days (in cells
from all donors tested). TCS-stimulated increases in IFNy secretion were seen at 48 h across
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donors. The organochlorine PCP was also able to elevate secretion of IFN-y under some
conditions (Massawe et al., 2017).

With cells from donor F214, we had adequate sample to monitor the levels of 3 of the
cytokines (IL-1p, IL-6, and TNFa) allowing comparison of the effects of TCS on each of
these cytokines in cells from the same donor (Figure 1A, 1B, 1C). TCS stimulated a much
greater fold increase in IL-1p at each effective concentration and at each length of
incubation than was seen with IL-6 or TNFa (in most cases). IL-1p secretion was increased
11, 16, and 30 fold by 5 uM TCS at 24 h, 48 h, and 6 days, while IL-6 was increased by 1.9,
2.6, and 3.2 fold under the same conditions. TNFa. was increased by1.2, 17, and 11 fold by
5uM TCS at 24 h, 48 h, and 6 days. Clearly IL-1p, which is considered a master regulator
of inflammation (Dinarello, 2009), is increased to the greatest extent by TCS exposure,
showing increased secretion as the length of exposure increases. TNFa is also increased to a
significant extent by TCS however, the greatest fold increase occurred at 48 h and began to
diminish at 6 days. Thus, 2 of the most potent pro-inflammatory cytokines are increased to
the greatest extent by TCS.

Based on the fact that IL-1p was the cytokine whose secretion was increased to the greatest
extent by TCS exposures, we investigated the role of p44/42 and p38 MAPKSs in the
mechanism of TCS-induction of its secretion. Both of these MAPKSs are key components of
the pathways that regulate immune cell secretion of pro-inflammatory cytokines (Gaestel,
2009). It appears that TCS-induced elevation of IL-1p involves activation of p44/42 and p38
under some conditions.

As shown here, TCS has the capacity to elevate the secretion of each of four pro-
inflammatory cytokines. These increases were most pronounced with IL-1p, but were also
seen with IL-6, TNFa, and IFN+y. As mentioned earlier, stimulation of pro-inflammatory
cytokine secretion in the absence of appropriate stimuli (infection and/or injury) can lead to
chronic “sterile” inflammation (Chen and Nunez, 2010), which can then trigger/exacerbate a
number of disease states. The crucial role of IL-1p, IL-6, and TNFa in certain pathologies,
including diabetes type I1, rheumatoid arthritis, Crohn’s disease and cancer, has been
demonstrated by the therapeutic action of blocking these cytokines (Ruscitti et al. 2019;
Dinarello, 2011; Guo et al., 2012; Adegbola et al., 2018).

In summary, the results of the current study indicate that TCS, at biologically relevant
concentrations, was able to stimulate secretion of IL-1p and IL-6 from NK-cells,
lymphocytes (MD-PBMCs), and lymphocytes+monocytes (PBMCs) at one or more
concentration within 24 h of exposure. TCS was also able to stimulate TNFa secretion from
PBMCs within 24 h of exposure and IFNy secretion within 48 h. TCS appeared to utilize
p44/42 and p38 MAPKS as part of its mechanism of stimulating IL-1p secretion in a donor
dependent manner. These data suggest that TCS has the capacity to stimulate inflammatory
cytokine secretion from a complex mixture of immune cells and thus may contribute to
chronic inflammation.
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Figure 1.
Effects of 24 h, 48 h and 6 days exposures to TCS on IL-1p, IL-6, TNFa, and IFNy

secretion from PBMCs. A) Fold changes (compared to control (0 pyMTCS)) in IL-1p
secretion in PBMCs exposed to 0-5 pM TCS (donor F214). B) Fold changes in IL-6
secretion in PBMCs exposed to 0-5 uM TCS (donor F214). C) Fold changes in TNFa
secretion in PBMCs exposed to 0-5 uM TCS (donor F214). D) Fold changes in IFNy
secretion in PBMCs exposed to 0-5 pM TCS (donor F511). (+) indicates a significant
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increase (p<0.05) compared to control and (*) indicates a significant decrease compared to
control.
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Effects of inhibiting p44/42 and p38 MAPKSs on TCS-induced IL-1 secretion from PBMCs.
A) Fold change in TCS-stimulated I1-1p secretion from PBMCs when p44/42 was inhibited
by 50 uM PD98059 (donor F630). B) Fold change in TCS-stimulated 11-1p secretion from
PBMCs when p44/42 was inhibited by 50 uM PD98059 (donor F696). C) Fold change in
TCS-stimulated 11-1p secretion from PBMCs when p38 was inhibited by 25 yM SB202190
(donor F630). D) Fold change in TCS-stimulated I1-1p secretion from PBMCs when p38
was inhibited by 25 uM SB202190 (donor F696). (+) indicates a significant increase
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compared to control and (*) indicates a significant decrease compared to appropriate control
(no TCS or no TCS+inhibitor).
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-1p secretion from NK cells.

Table 1.

24 h IL-1B secretion in pg/mL (mean+S.D.)
[TCS]uM  F461 F467 F475

0 175747 22643 23249
0.05 1534430 935:9* 539+29°*
01 1007425 1288+9%  549+68*
0.25 147249% 8484427 354+347
0.5 1275+¢19%  946x117 345+26*
1 1183455  987+167 425177
25 21644727 734497 289+25

5 1464+72%  1136+29*  85x8”

48 h IL-1P secretion in pg/mL (mean+S.D.)
[TCS]uM  F461 F467 F475

0 450666 953+39 112+13
0.05 249386~ 1447+114%  1082453*
0.1 287741317 2137427% 853647
0.25 2246282 1209+47%  715+1177
05 33011617 1321#75%  430+23*
1 257378 925%93 446+69*
25 29564128 1063357  255+30*
5 2446272 20524 22497
6d IL-1p secretion in pg/mL (mean+S.D.)
[TCS]uM  F461 F467 F475

0 3458 10794285 1949

0.05 647+58*  1698+29 3114907
01 669+37* 114832 303+22*
0.25 85746™ 1051+111  9q7410%
05 833+87% 1169+106  1g5403*
1 838+8* 11104399 153487
25 904+7* 814+175 84+8*

5 1133+4*  62+46™ 3144

Values are mean+S.D. of triplicate determinations.

L. A .
indicates a significant increase and

*

indicates a significant decreases in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-1f secretion from monocyte-depleted PBMCs.

Table 2.

24 h IL-1B secretion in pg/mL (mean+S.D.)

[TCS]uM  F390 F392 F406 F451

0 1254493 923+126 21074181  4967+136
0.05 1400+43*  1651+130% 2293+39*  3728+323”
01 1305£36 163842827 2844+111% 2425578
0.25 1288+113  qggp41a6+ 253723 3828+1323
05 1325+54 17044200 2778+144% 4587%748
1 139377 15354867  27g9s128+ 4121971
25 1480465%  2120+149%* 3274x90* 4937473
5 20401647  4944+4887 5630+145"  7604+256™
48 h IL-1P secretion in pg/mL (mean+S.D.)

[TCS]uM  F390 F392 F406 F451

0 1357455 778+138 19314255 2761218
0.05 1251455 1126434%  2303£232  3g5741687*
0.1 1500494 935468 190380 3209+461
0.25 1563494+  974%24 o531+58%  3389+340
05 1520414 1206475+  3134%354 31854220
1 1307+78 1187432+  2638+435 34281006
25 1687+180  1760+170% 3415439+ 3551775
5 3183+246™  3971+420% 552042007 4226+2247
6d IL-1P secretion in pg/mL (mean+S.D.)

[TCS]uM  F390 F392 F406 F451

0 46459 458+9 174664 67£12

0.05 428+58 637+14%  2122+110% 4220

0.1 457%13 647+4* 2279+76%  30£17 "
0.25 47147 649+6* 20254737 46111

05 49421 646467 2169+52*  38+10

1 525%15 73167 2443+100%  41+9”

25 56446 980+49%  27044224% 3177

5 833x112% 1272177  4791#378" 41#1

Values are mean+S.D. of triplicate determinations.

LA - .
indicates a significant increases and

*
indicates a significant decrease in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-1f secretion from PBMCs.

Table 3.

24 h IL-1B secretion in pg/mL (mean+S.D.)

[TCS]UM  F214 F217 F224 F238

0 545£35 5347+218 1906+143 28747

0.05 7812100 7278+397*  1215%21%  405:22*
01 51943 19828+817* 164255 397495+
0.25 581431 6964+204* 167613 312439

05 905+80%  6364xade*  1734%135  4g0:32*

1 623427 62405947 2043+290 40944

25 12382497 2146+148™ 2306+192% 650457 %

5 5999+46* 77031341 949242627 720248227
48 h IL-1P secretion in pg/mL (mean+S.D.)

[TCSJuM  F214 F217 F224 F238

0 349+41 6992+466 165262 179+49
0.05 1086+32%  10864+394%  2099+57* 20165
0.25 387+30 8250+559* 25624737 190+116
05 314+8 8826+164%  2354x21* 1707

1 362+28 8159+186%  2000+32*  285+207
25 840+85™ 8311+447% 33474357 3214647

5 57732817  22401+15897 4531+76%  6005+1447
6d IL-1p secretion in pg/mL (mean+S.D.)

[TCS]UM  F214 F217 F224 F238

0 261+36 73874278 1679+10 353+134
0.05 949+60% 5286455 1614+41 28146

0.1 1228+143% 650363 1758+14* 25816

0.25 571+63% 66844174  21209+52*  463%29

05 9754154+ 75104616 I5ga+11*  208+28

1 601+146" 6445+906 2364+147* 216420

25 1208+71% 8401618 o638+g0*  447+43

5 7881+1387%  9735+9617% 47714247 4056+1347

Values are mean+S.D. of triplicate determinations.

L. A .
indicates a significant increase and

*

indicates a significant decrease in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-6 secretion from NK cells.

Table 4.

24 h IL-6 secretion in pg/mL (mean+S.D.)
[TCS]UM  F461 F467 F475

0 45142+470  22028+246 6449+153
0.05 247674331 32043+605* 865243727
0.1 169062419  25066+1263%  11145+262%
0.25 131564146 24198+512% 82603047
05 221284359  23609+372%  6623+240

1 33961+296 * 227101619 60871272
25 384194560 136252775 4957115
5 37767+150° 2679+827° 435314~
48 h IL-6 secretion in pg/mL (mean+S.D.)
[TCS]uM  F461 F467 F475

0 183254260  27302%55 14486+265
0.05 25728+182% 272064620 5078743247
0.1 18381+188 28095579 10835+44271
0.25 3514442377 32063:715* 168031334
05 21992+1827*  28476%719 21533+3337
1 21881+307% 2520647217 153431267
2.5 40228+251%  24984+810° 72324396~
5 4630.6+87°  2000£330"  2882.5+306
6d IL-6 secretion in pg/mL (mean+S.D.)
[TCS]UM  F461 F467 F475

0 49128+105  44379+1221 24840180
0.05 55489+120% 39621+784"  29062+238%
0.1 480724120 43258£1172  9g7444550*
0.25 49906501  47288+367F  26998+810%
0.5 44614296~  41894£548 27649+385*
1 47961+457 * 4471241617 24538+378
25 44919+158™  37561+1667  15094+120
5 44961+105™  8651.5+533° 121574390~

Values are mean+S.D. of triplicate determinations.

L. A .
indicates a significant increase and

*

indicates a significant decreases in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-6 secretion from monocyte-depleted PBMCs.

Table 5.

24 h IL-6 secretion in pg/mL (mean+S.D.)

[TCSJUM  F390 F392 F401 F451

0 12559+292 13847+314 21603462 217124367
0.05 38571+4787%  41092+340* 3157643497  63152+25667
0.1 804481 896675 3053644877  39525:927*
0.25 1433744917 16010+115%  31363+600%  61312+12507
0.5 13074+427 14400+459 27176i560+ 57312i625+
1 120444214 13293+231 292564788% 4800542447
25 S U 24296£288"  46859£1398*
5 14033872 14928+75%  43576+1195% 89125+1281%
48 h IL-6 secretion in pg/mL (mean+S.D.)

[TCSJuUM  F390 F392 F401 F451

0 16128+362 15869:+362 25600+1162  64077+2151
0.05 13226£2287  q1pp0+a5”  29363+2134  63810£979
0.1 19736414727 19477+1472* 254811111 99914+975™
0.25 187162567%  18458+567*  26252+411l 406104724
0.5 17592+415%  17229+240%  24800+267 48729+948 ™
1 170694667 16810+667 26637+713 60551+1067
25 1602441296  14458+770 22874+103 18092451 *

5 17252+473%  16732+197%  35230+1030% 9317323907
6d IL-6 secretion in pg/mL (mean+S.D.)

[TCSJuM  F390 F392 F401 F451

0 32234+330 31418+1497 758491 82949+311
0.05 3639743777 36642+403*  3791+745% 6989717617
0.1 38320+309%  38329+309%  3268+362* 763853867
0.25 35007+805%  35907+805*  3007+91% 79051+1351
05 325611034  32561+1034 9444906 675644931
1 34737+10347% 341931506 2301+240*  88846+353%
25 32724+1644  32721%1640  9092+297* 70641419747
5 27826403 27820+402”  1882+235%  95615+1533%

Values are mean+S.D. of triplicate determinations.

LA - .
indicates a significant increases and

*
indicates a significant decrease in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IL-6 secretion from PBMCs.

Table 6.

24 h IL-6 secretion in pg/mL (mean+S.D.)

[TCSJuM  F214 F217 F224 F238

0 347904355 1262044283 37857+1898  107320%551
0.05 42995+977%  134639+1158%  89639+3738*  106693+4563
0.1 34995+1081 424543558 96766474467 9126845196
0.25 4176433169 10830+1225%  7281546677F  96183%2396
05 42482+1616%  09646+1885°  72233x5041%  100000£5979
1 42585+1801F  105306+1306%  33542+2143  102771+5334
25 43405+1924* 11733343885 gar3340050*  90013+181 "

5 67610+927%  114939+1496°  157712+2925% 84502491

48 h IL-6 secretion in pg/mL (mean+S.D.)

[TCSluM  F214 F217 F224 F238

0 551663291 524524772 28827+118 18646711449
0.05 1755942366 904931401 66297+2171%  154217+1893 "
0.1 606361788 34982+618 " 58366:+17087  144633+3394 "
0.25 4545641436 105132+1225%  16656+1788°  188800£5629
05 52078+1202  asgio+1177 162464740  200000£1323
1 62072423307 41513+436 " 11186+1012%  189717£5008
25 7087543072%  53268+11018  oggo7agag®  197300£3072
5 143713+2682F 72152+10235  gg14+497* 1853834502
6d IL-6 secretion in pg/mL (mean+S.D.)

[TCSluM  F214 F217 F224 F238

0 572403448 35223137 10909437 16440+489
005 86357411447 5576044745+ 107471307 2060142322
0.1 10142045923" 4163425707 34465+10097  21773+£9027*
0.25 78789443197 46854424927 21172+426" 2104048637
05 94357+24947% 386272409 236363647  18139+683*

1 60050+2208  43393+2578*  25495+280% 1764143967
25 70645499 57691+260" 33172414567  24967+5497

5 182213+2219% 1197624107497 57253+1330%  48791+4766"

Values are mean+S.D. of triplicate determinations.

L. A .
indicates a significant increase and

*

indicates a significant decrease in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on TNFa secretion from PBMCs.

Table 7.

24 h TNFa secretion in pg/mL (mean+S.D.)
[TCS]UM  F214 F224 F509 F510

0 66929 290+7 670+108 595:+10
0.05 10824234 324460  ggqi116*  519+47
01 917480+  231#83  663+48 560+10™
0.25 13274425 35127 88566 62144 *
1 1040658  351423* 1013+22%  622:87
25 773122 36855  13g74g1*  726+10*
5 800+247  080+347  4322+198% 941+13%
48 h TNFa secretion in pg/mL (mean+S.D.)
[TCSJuM  F214 F224 F509 F510

0 40£7 1537 21842 243+18
0.05 593+69%  169+3%  450+46*  209+23
0.1 698+82%  115+12™ 287+8% 220+22
0.25 520+24*  140%4 419404+ 22029
05 610+110* 157%22  pg143* 235¢11
1 3314317 13845 345+15% 227+11
25 624434+  L73+10  243%12 23830
5 681+41%  929+59%  890+87 341+16™
6d TNFa secretion in pg/mL (meanzS.D.)
[TCS]UM  F214 F224 F509 F510

0 2743 5247 419+13 231+21
0.05 1242 18+3% 19312  269+21
0.1 17447 20+¢9% 154297 3574507
0.25 18417 3242 305x23%  248%33
0.5 15417 26#3%  344+8" 510+29°*
1 11417 17+#1%  510+26%  522#40%
25 25¢1 4843 607+40% 514267
5 204+8*%  651+18* 333+10° 799357

Values are mean+S.D. of triplicate determinations.

L. A .
indicates a significant increase and

*

indicates a significant decrease in secretion compared to control cells, p<0.05
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Effects of 24 h, 48 h, and 6 days exposures to TCS on IFNy secretion from PBMCs.

Table 8.

24 h IFNy secretion in pg/mL (mean+S.D.)
[TCSIuM  F217 F238 F509 F511

0 1033 12247 743 26+1
0.05 141421 12449  84%9 55467
01 101£34  128+14 {9749+  3g40*
0.25 677402+ 111%15 818 3744%
0.5 222+18% 846" 10827  34x17
1 120£14  qo444”* 93£9 39+3*
25 191+24* 7546  99x8*  65#117*
5 67+¢5°  86x1”  36x3F  78£17
48 h IFNy secretion in pg/mL (mean+S.D.)
[TCS]uM  F217 F238 F509 F511

0 16+4 1255  344+14  58+2
0.05 353+42% 14088 27346™ 4643
0.1 418+50% 1065 540+187% 72447
0.25 314+14% 99+6”  481x197 66+37
05 364+67% 1085 526+19% 77#17
1 194419+ 12246  383+21 5715
25 372401* 12747 495:68 6616

5 378+49% 20637 173117 34767
6d IFN7y secretion in pg/mL (mean+S.D.)
[TCSIuM  F217 F238 F509 F511

0 142414 192432 492428 37+l
0.05 146+13 171+12 190+14%* 130+77*
01 186x4% 1375 20147*  g2x2*
0.25 185¢87%  218%15  35040*  7342%
05 17314 210£26  o995412* 120117
1 158+3 169+13  521+21 655+
25 184+3* 185%15  545:14 444+
5 202¢2% 23820 4224117 459457

Values are mean+S.D. of triplicate determinations.

LA - .
indicates a significant increase and

*
indicates a significant decrease in secretion compared to control cells, p<0.05
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Table 9.
Effect of MAPK pathway inhibitors on TCS-induced increases in IL-1f secretion from PBMCs.

MEKZ1/2 Pathway Inhibitor (PD98059)

24 h TCS secreted in pg/mL (mean£S.D.)

[TCS]UM  F630 F631 F633 F696 F697
0 350£19 2300422 347042 1158424  3032+14
0+PD 309+15  1163+25 255433 18630  540%25

1 650+19%  3950+#45% 332146  2293+61% 2661150
1+PD 19927 804+31 1005£18%  1115#697% 6824317
25 10124307 434664  5526£997  2960£187 7473647
25+PD  306+40 18174267 1682428  1103+48* 907x7*
5 13904197 116424267 6696+24"  5341+18* 11019+267

5+PD  640+15" 35504227  4429+1227" 2254+20% 4057+197

p38 Inhibitor (SB202190)

24 h TCS secreted in pg/mL (mean£S.D.)
[TCS]uM  F630 F631 F633 F696 F697
0 130447 3119+46 1325+27 2734+34 448619
0+SB 216+14 952+23 593+30 1010443 2244+14

1 554+36F 2352468 2304+387F 2021+256  2994+112

1+SB 27054 10938 1071267 1372+¢6%  2748+267
25 18564287 4404+20% 6084237 3273+59" 5173+1087

25+SB  550+54%  1518+23% 21894237 2996+27% 4890547

5 4212428 10198+207 88524277 56274227  8248+447

5+SB  941+517"  3624+23"  3361+23" 3443+877 6519+387

Values are mean+S.D. of triplicate determinations.

+
indicates a significant increase in secretion compared to the appropriate control cells, p<0.05
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