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Abstract

Didecyldimethylammonium bromide (DDAB) is a fourth generation dialkyl-quaternary
ammonium compound (QAC) that is used in numerous products for its antimicrobial properties.
While many QACs have been associated with allergic disease, the toxicity and sensitization of
DDAB have not been thoroughly investigated. The purpose of these studies was to evaluate the
irritancy and sensitization potential of DDAB following dermal application in a murine model.
DDAB induced significant irritancy (0.0625-2%), evaluated by ear swelling in female BALB/c
mice. Initial evaluation of the sensitization potential was conducted using the local lymph node
assay (LLNA) at concentrations ranging from 0.0625% to 2%. A concentration-dependent increase
in lymphocyte proliferation was observed with a calculated EC3 value of 0.057%. Immune cell
phenotyping along with local and systemic IgE levels were evaluated following 4 and 14 days of
dermal application. Phenotypic analyses revealed significant and dose-responsive increases in the
absolute number of B-cells, CD4* T-cells, CD8" T-cells, and dendritic cells in the draining lymph
nodes (DLNs) following 4 and 14 days of dermal exposure with significant increases in the
number of activated B-cells and dendritic cells. However, increased activation of CD4* T-cell and
CD8™* T-cells was only observed following four days of DDAB exposure. Exposure to DDAB also
induced increased production of IgE as evaluated by phenotypic analysis of DLN B-cells (IgE* B-
cells) and measurement of total serum IgE levels following 14 days but not four days of dermal
application. Significant increases in gene expression were observed in the DLN (//-4, /I-10, and
0x40/) and ear (zs/p) following 4 and 14 days of DDAB exposure. These results demonstrate the
potential for development of irritation and hypersensitivity responses to DDAB following dermal
exposure and raise concerns about the effects of exposure duration on hypersensitivity responses.
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Introduction

Quaternary ammonium compounds (QAC) have been used for over 50 years as water-based
surface disinfectants due to their low volatility and broad antimicrobial capabilities (Zhang
et al. 2015). There are many different QAC that are increasingly being used in hospitals,
hotels, and in consumer products. They are primarily used as cleaners and disinfectants for
non-critical surfaces, algaecides, fabric softeners, antistatic agents, and wood preservatives
(Rajkowska et al. 2016). However, in hospitals and other health care settings, they are
frequently used as high-level disinfectants for the decontamination of surfaces, surgical
instruments, endoscopes, and other medical instruments (Saito et al. 2015). In addition, the
use of QAC as antiseptics, disinfectants, detergents, and preservatives has increased their
incorporation into consumer products that are applied to the skin or eyes for the purpose of
decreasing microbial contamination and reducing the incidence of pathogen-induced illness.

All QAC are permanently charged ions with four alkyl side chains. Their structure contains
at least one hydrophobic hydrocarbon chain linked to a positively charged nitrogen atom,
and other alkyl groups which are mostly short-chain substitutes. The biocidal activity is
conferred through alkyl chain length (McBain et al. 2004) and the chemistry and
formulation of QAC are constantly changing to promote or boost activity against
intrinsically resistant groups of microorganisms (Carson et al. 2008). Several generations of
QAC have evolved since they were first introduced (Gerba 2015). These generations are
defined by substitutions of the side chains designed to increase biocidal activity and
sometimes are the result of combining other generations (dual QAC). More recently
developed, the fourth generation of QAC is twin chain compounds or dialkyl QAC that allow
for a wide spectrum of activity. These new synthetic polymeric QAC contain multiple
positively charged amine centers that confer antimicrobial, anti-static, and surfactant
properties in solution. They have stronger antimicrobial ability compared to their single
chain predecessors which include improved tolerance to anionic surfactants, protein soil and
water hardness salts. In an effort to reduce the incidence of pathogen induced illnesses,
newer generations of QAC are continually being developed.

Throughout their 50+ years of use, QAC have generally been regarded as safe; however,
there is very limited published research describing the toxicity of these compounds,
especially regarding the newer generations. Of concern, several recent studies have shown
that the use of QAC in animal facilities has led to decreased rates of fertility and result in
birth defects in mice (Melin et al. 2014, 2016; Hrubec et al. 2017), highlighting the need for
further research on their potential effects on health. QAC have been identified to be among
the most common allergens in the health care profession and have been associated with both
contact dermatitis and work related asthma (Bernstein et al. 1994; Shaffer and Belsito 2000;
Suneja and Belsito 2008). While there have been fewer overall reported cases of
sensitization to the newer formulations of QAC, delayed and immediate-type allergic
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reactions have been recently reported (Dejobert et al. 1997; Dibo and Brasch 2001;
Houtappel et al. 2008; Ruiz Oropeza et al. 2011; Mowitz and Ponten 2015).

While a role for QAC in allergic disease has been suggested, the exact mechanism of
sensitization to these compounds remains to be investigated. Previously, the irritancy and
sensitization potential of didecyl-dimethylammonium chloride (DDAC), one of the newer
fourth generation QAC that has been described as a sensitizer in epidemiology studies, were
evaluated (Anderson et al. 2016). DDAC induced significant irritancy (0.5 and 1%),
evaluated by ear swelling in female BALB/c mice and was identified as a sensitizer with a
calculated EC3 value of 0.17% (local lymph node assay (LLNA)). Dermal application (four
days) of DDAC did not induce increased production of local or total IgE. In addition, there
was also a significant and dose-responsive increase in the number of activated CD4* T-cells,
CD8™ T-cells, B-cells, and dendritic cells, suggesting a T-cell-mediated hypersensitivity
response.

Didecyldimethylammonium bromide (DDAB) is another fourth generation QAC that is
increasingly being used as a broad-spectrum bactericide and fungicide. It causes disruption
of intermolecular interactions and dissociation of lipid bilayers, making it extremely
effective against bacteria, algae, and molds (Rajkowska et al. 2016). It is recommended for
use in the food and agriculture industries and is also used as a disinfectant cleaner for linen
in hospitals and hotels industries. Due to the high potential for human exposure,
epidemiological studies suggesting an association with allergic disease, and the lack of
dermal toxicological data, this study was performed to evaluate the irritancy and skin
sensitization potential of DDAB using a murine model in an effort to assess its role in the
development of allergic disease.

Materials and methods

Animals

Female BALB/c mice were used for the murine models as this strain has a T-helper (Ty)-2
bias, is comparable to the CBA mouse in responses in the LLNA (Woolhiser et al. 2000),
and is commonly used to evaluate IgE-mediated sensitization (Klink and Meade 2003). Mice
were purchased from Taconic (Germantown, NY) at 6-8 weeks of age and upon arrival,
allowed to acclimate for a minimum of five days. Each shipment of mice was randomly
assigned to treatment group, weighed, and individually identified via tail marking using a
permanent marker or tattoo. A preliminary analysis of variance (ANOVA) on body weights
was performed to ensure homogeneous distribution across treatment groups. Mice were
housed (at a maximum of five per cage) in ventilated plastic shoebox cages with hardwood
chip bedding, and both NIH-31 modified 6% irradiated rodent diet (Harlan Teklad, Madison,
WI1) and tap water from water bottles were available ad /ibitum. Temperature in the animal
facility was maintained at 68—72 °F and relative humidity at 36-57%. A light/dark cycle was
maintained on 12-h intervals. All animal experiments were performed in the AAALAC
International accredited NIOSH animal facility in accordance with an animal protocol
approved by the Institutional Animal Care and Use Committee.
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Didecyldimethylammonium bromide (CAS# 2390-68-3) (Figure 1), acetone, and a-
hexylcinnamaldehyde (HCA; CAS# 101-86-0) were purchased from Sigma (Milwaukee,
Wwil).

Concentration range finding studies

Concentration range finding studies were performed to select levels of DDAB to be used for
dermal exposures. Mice (three/ group) were exposed topically to acetone vehicle or
increasing concentrations of DDAB (up to 10%) in acetone on the dorsal surface of each ear
(25 pl/ear) for three consecutive days. Acetone was selected as the appropriate vehicle based
on solubility, historical control data, and accepted use in skin sensitization studies (NIEHS
1999). Animals were allowed to rest for two days following the final exposure and then
weighed and examined for signs of overt toxicity including loss of body weight, fatigue/lack
of activity, and ungroomed fur.

Combined irritancy and local lymph node assay

To determine DDAB irritancy and sensitization potential, a combined LLNA was conducted
as described in Anderson et al. (2007) and according to the method in the ICCVAM Peer
Review Panel report (NIEHS 1999), with minor modifications. In brief, mice (five/group)
were exposed topically to acetone vehicle, increasing doses of DDAB (0.0625-2.0%), or
positive control (30% HCA) on the dorsal surface of each ear (25 pl/ear) for three
consecutive days. This level of HCA is an accepted well-characterized positive control for
the LLNA (NIEHS 1999). For irritancy evaluation, thickness of the right and left ear pinnae
of each mouse was measured using a modified engineer’s micrometer (Mitutoyo Co.,
Aurora, IL) before the first chemical administration and 24 h post-final exposure. Mean
percentage ear swelling was calculated as: 100 x [(mean post-challenge ear thickness —
mean pre-challenge ear thickness)/mean pre-challenge thickness]. Animals were allowed to
rest for two days following the final exposure and then (Day 6) injected intravenously via the
lateral tail vein with 20 pCi [3H]-thymidine (specific activity 2 Ci/mmol; PerkinElmer,
Shelton, CT). These mice were euthanized 5 h later via CO5 asphyxiation, and the left and
right auricular draining lymph nodes (DLNs; drain site of chemical application) located at
the bifurcation of the jugular vein were excised and pooled for each animal. Single cell
suspensions were made, incubated overnight in 5% trichloroacetic acid, and samples then
counted in a Tri-Carb 2500TR liquid scintillation analyzer (Packard, Franklin Lakes, NJ).
Stimulation indices (SIs) were calculated by dividing the mean disintegrations per minute
(DPM) per test group by the mean DPM for the vehicle control group. EC3 values
(concentration of chemical required to induce three-fold increase over vehicle control) were
calculated based on Basketter et al. (1999). Dosing levels (0.0625-2.0%) were selected
based on the results from these studies.

Phenotypic analysis of draining lymph node cells

For phenotypic analysis, mice (five per group) were exposed to 25 pl/ear of acetone or
increasing concentrations of test article (0.0625%, 0.125%, 0.25% DDAB), once daily for 4
(four days) or 14 consecutive days (14 days). Mice were euthanized (by CO,) on Day 10
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(four days) or Day 15 (14 days), weighed, and examined for gross pathology. The liver,
spleen, kidneys, and thymus were removed, cleaned of connective tissue and weighed (14
days only). Serum was collected for total IgE analysis (see below). DLN cell suspensions
(two nodes/animal/3 ml PBS [phosphate-buffered saline, pH 7.4]) were prepared by
mechanical disruption of tissues between frosted microscope slides. Live cells were counted
on a Cellometer (Nexcelom Bioscience, Lawrence, MA) using acridine orange/propidium
iodide staining solution. Cells (1-2 x 10%) were then placed in 96-well U-bottom plates,
washed in staining buffer (PBS +1% bovine serum albumin (BSA) + 0.1% sodium azide
[both Sigma, St. Louis, MO]), and then suspended in staining buffer containing anti-mouse
CD16/32 antibody (clone 93) to block surface F. receptors (eBioscience, San Diego, CA).

Cells were then incubated for 30 min at 4 °C in a cocktail of fluorochrome-conjugated
antibodies against specific surface antigens, including IgE-FITC (R35-72), B220-V500
(RA3-6B2), CD8a PE (53-6.7) (BD Biosciences, San Jose, CA), CD4-BV-605 (GK1.4)
(BioLegend, San Diego, CA), CD11b-PerCP-Cyanine5.5 (M1/70), CD11c-eF-450 (N418),
CD25 PE-eF-601 (PC61.5), CD86-APC (GL1), MHC II-AF700 (M5/14.15.2), and CD44-
eFluor 780 (IM7) (eBioscience, San Diego, CA). Cells were then washed in staining buffer,
fixed in Cytofix buffer (BD Biosciences, San Jose, CA) and within 24 h, suspended in
staining buffer for analysis in a BD Biosciences LSR Il flow cytometer (San Jose, CA),
collecting 100,000 events/sample. Compensation controls were prepared with eBioscience
(San Diego, CA) UltraComp eBeads. The IgE*B220" (IgE* B-cells) populations were
analyzed as described by Manetz and Meade (1999). Data analysis was performed using
FlowJo v10 software (TreeStar Inc., Ashland, OR), and the gating strategy shown in
Supplemental Figure 1.

Serum IGE antibody levels

From mice included in the phenotyping study, blood samples were collected via cardiac
puncture. Sera were separated by centrifugation and frozen at —20 °C for subsequent
analysis of total IgE. A standard colorimetric sandwich ELISA was performed according to
manufacturer directions (Mouse IgE Ready-Set-Go!, eBioscience, San Diego, CA). The
lower limit of sensitivity was 4 ng/ml.

Ear and draining lymph node gene expression

Total RNA was isolated from the DLN (miRNeasy kit) and ear (mRNeasy kit) according to
manufacturer directions (Qiagen, Germantown, MD). A QiaCube (Qiagen, Germantown,
MD) automated RNA isolation machine was utilized in conjunction with the specified RNA
isolation kit. The concentration/purity of the isolated RNA was determined using an
ND-1000 spectrophotometer (Thermo Scientific Nanodrop, Wilmington, DE). For gene
analysis, first strand cDNA synthesis was performed using a High-Capacity cDNA Synthesis
Kit (Applied Biosystems, Carlsbad, CA) according to manufacturer recommendations.

For mRNA analysis, TagMan Universal Fast master mix (Life Technologies, Carlsbad, CA),
cDNA, and mouse-specific mRNA primers (TagMan Custom PCR Arrays) were combined
and PCR was performed according to the manufacturer protocols (TagMan Gene Expression
Analysis). Primers used include: SB-actin, runxi, tbet, gata3, foxp3, 1I-4, 1I-5, 1I-10, 1I-13,
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ox40I, tslp, and //-6. MicroAmp Fast Optical 96-well reaction plates were analyzed in a
7500 Fast Real Time PCR system (Applied Biosystems, Carlshbad, CA) using cycling
conditions specified by the manufacturer. p-Actin was used as the endogenous reference
control gene as expression was determined to be stable following chemical exposure (data
not shown). RT-PCR data were collected and represented as relative fold-change over
control calculated from: 2~AACt=ACtgample—ACtcontrol. ACt = Ctrarger—Ctg-acTin, Where Ct
= cycle threshold (defined by manufacturer).

Statistical analysis

Results

For analysis, data were first tested for homogeneity using Bartlett’s Chi Square test. If
homogeneous, a one-way ANOVA was conducted. If the ANOVA showed significance at p<
0.05, Dunnett’s multiple range #test was used to compare treatment groups with the control
group. Linear trend analysis was performed to determine if DDAB had exposure
concentration-related effects for the specified endpoints. Statistical analysis was performed
using Prism v.5.0 (Graph Pad, San Diego, CA). Statistical significance is designated by *p <
0.05 and **p < 0.01.

In vivo studies identify DDAB to be immune sensitizer and irritant

In the initial range finding studies, exposure to 2% DDAB for three days resulted in less than
10% loss in body weight and did not result in signs of overt toxicity or visual signs of
excessive inflammation at the exposure sites (data not shown). Therefore, this concentration
was selected as the highest concentration used in the LLNA and irritancy studies. Topical
application of all concentrations of DDAB induced significant ear swelling 24 h post final
chemical exposure (three days) ranging from ~5% (0.0625% DDAB) to 70% (2% DDAB)
(Figure 2(A)). DDAB also tested positive in the LLNA and an EC3 value of 0.057% was
calculated as previously described (Figure 2(B)). A dose responsive increase (Linear Trend
Test p< 0.05) in lymphocyte proliferation was observed following exposure to DDAB
reaching statistical significance at 0.25%. HCA (30%) was used as a positive control for
these experiments and resulted in a SI value of 12 (data not shown).

Repeat DDAB application results in reduced thymic weights

To avoid potential overt toxicity, reduced concentration (0.0625-0.125%) was used in repeat
exposure studies to evaluate DDAB (Table 1). Following 14 days of dermal exposure, no
significant decreases in body weight were observed. However, a statistically significant
decrease in both thymus weight and thymus as a percent of body weight was observed
following exposure to 0.25% DDAB (Table 1). These decreases were dose-responsive
(Linear Trend Test p< 0.05). No other changes in organ weights were observed.

Exposure to DDAB induced increased DLN cellularity consisting of activated leukocytes

Dermal treatment with DDAB resulted in dose-dependent increases in DLN cellularity
statistically significant at 0.125% and 0.25% following four days of exposure (Table 2), and
at all concentrations following 14 days of exposure (Table 3). There was almost a five-fold
increase in cellularity following exposure to 0.25% DDAB (1.29 x 107) compared to vehicle
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(0.28 x 107) for the four-day application and almost a six-fold increase in cellularity
following exposure to 0.25% DDAB (1.97 x 107) compared to the vehicle (0.348 x 107) for
the 14-day exposure. Exposure to 0.125% and 0.25% DDAB produced statistically
significant increases in the absolute number of B-cells, CD4* T-cells, CD8" T-cells, and
dendritic cells for the four-day application (Table 2). For the 14-day application, statistically
significant increases were observed for absolute numbers of B-cells (0.125% and 0.25%),
CD4* T-cells (0.625%, 0.125%, 0.25%), CD8* T-cells (0.625%, 0.125%, 0.25%), and
dendritic cells (0.125% and 0.25%) (Table 3). Statistically significant increases in the
percent of the B-cell population were also observed (0.125% and 0.25% DDAB) following 4
and 14 days of application as previously described. In addition, significant decreases in the
percent of CD4* and CD8* T-cells were observed following treatment with DDAB for 4
days and 14 days. Interestingly, the changes in CD4 T-cell frequency were only observed at
0.25% for the 14-day study compared to 0.125 and 0.25% for the four-day study.

Exposure to DDAB did not alter the percentage of dendritic cells identified by a high CD11b
and MHC |1 surface marker expression for either exposure duration. Activated cell
percentages were also evaluated based on co-expression of surface markers CD44 (CD4*
and CD8* T-cells) or CD86 (dendritic and B-cells). Significant increases in the percent of
activated CD4* (0.0625%, 0.125%, 0.25%), CD8* (0.0625%, 0.125%, 0.25%), B-cells
(0.125%, 0.25%), and dendritic cells (0.0625%) were noted following the four-day treatment
with DDAB (Figure 3(A,C,E,G)). Interestingly, 14 days of DDAC treatment did not elevate
the percent of activated CD4" cells and the CD8* population was significantly reduced at the
0.25% level (Figure 3(B,D)). In addition, significant increases in percentages of activated
dendritic cells were observed at all concentrations (Figure 3(F)); the percent of activated B-
cells was similar to what was observed following four days of DDAB application (Figure

3(H)).

Repeat exposure to DDAB induced an increase in local and systemic IgE levels

To further evaluate the mechanisms of the hypersensitivity response, the percent of B-cells
and IgE*B220™ cells (IgE* B-cells) in the DLN was determined using flow cytometry.
Soluble IgE bound to the B-cell surface via the low affinity IgE receptor (CD23) is
dependent on the level of soluble IgE present in the local DLN environment (representative
of local IgE levels) and changes in this population following allergen exposure have been
detected earlier than serum IgE levels. Manetz and Meade (1999) have shown that select
chemicals capable of inducing Ty2-mediated allergic responses, have similar peak increases
in the percent IgE* B-cells and total B-cell (B220*) populations and become significantly
elevated at equivalent concentrations of the test chemical. Consistent with the LLNA results,
statistically significant and dose-responsive (Linear Trend Test p < 0.01) increases in the
numbers and percent of B-cells were observed following exposure to 0.125% and 0.25%
DDAB for both exposure durations (Table 4). Statistically significant increases in the percent
and number of IgE* B-cells were also observed in the DLN of mice treated with 0.25%
DDAB for four days.

In addition, there was a significant increase in percent (0.25%) and number of IgE* B-cells
(0.125% and 0.25%) for the mice treated with DDAB for 14 days (Table 4). The percent IgE
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* B-cell population (~30%) and total B-cell population (~34%) were similar following the
14-day 0.25% DDAB exposure but not for the four-day exposure (19% IgE* B-cells vs. 33%
B-cells) suggesting a potential T2 mediated response for the longer exposure duration.
Serum IgE is commonly used as an indicator of T2 hypersensitivity responses. Supporting
the phenotyping results, exposure to DDAB for 14 days, but not four days, produced a
significant elevation in total serum IgE levels compared to the vehicle control group (Figure
4). Exposure to 0.25% DDAB resulted in a significant elevation of total serum IgE (15 702
ng/ml) compared to the vehicle control (4479 ng/ml).

Repeat application with DDAB induced increases in allergic cytokine gene expression in
the draining lymph node and ears

LN and ears were evaluated for expression of cytokines and signaling molecule that are
capable of influencing allergic disease in an attempt to better understand the mechanism of
action. In the LN, supporting a Ty2-mediated allergic mechanism, a significant fold increase
in //-4 compared to the vehicle control was observed following both 4 (~3) and 14 (~5) days
of 0.125% DDAB treatment (Figure 5(A,B)). //-10and ox40/ were both significantly
elevated but only for the 14-day 0.25% DDAB treatment (Figure 5(C—F)). The ears were
also evaluated for changes in gene expression (Figure 6). Significant fold-increases in #s/jp
were observed following both four days at 14 days of DDAB exposure (Figure 6(A,B)),
while no significant changes were observed in levels of the T2 cytokines at this site. While
these changes were only significant for the 0.25% concentration, elevated (but not
significant) fold-changes were noted at the lower concentrations for the 14-day study. In
addition, the overall increase in fold-change was much greater for the longer exposure (4 vs.
20 for ts/p). While there was increased //-6 expression at the high concentration, significance
was not reached (Figure 6(C,D)). No significant changes in runxi, tbet, gata3, foxp3, II-5,
1I-10, or //-13were seen (data not shown).

Discussion

Millions of people suffer from allergic conditions characterized by exaggerated immune
responses. Contact dermatitis is the second most commonly reported occupational illness
accounting for 10-15% of all occupational diseases and urticaria (Anderson and Meade
2014). Health care is one of the occupational sectors with the highest incidence of allergic
disease (Warshaw et al. 2008) and exposure to cleaning agents has been identified as one of
the most common causes of allergic disease in this sector (Pechter et al. 2005). Cleaning
products that contain QAC and other disinfectants are commonly used to prevent the spread
of serious infectious disease and their use is encouraged in clinical and other health care
settings to prevent the transmission of pathogens. However, in recent years, there has been a
rise in publications linking asthma to the use of cleaning products.

Skin is thought to be a significant route of exposure for DDAB and other QAC (Buist et al.
2007). Working concentrations of QAC in disinfectants and cleaning products typically
range from 0.01% to 1%, but can be as high as 5% which is a similar range to the
concentrations tested in the present study (Bank, Hazardous Substances Data 2010). In
addition, the concentrated solutions used for dilution can contain =25% of specific QAC and
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there is the potential for skin exposure to high concentrations as a result of splashes and
spills. While manufactures typically regard these products as safe and non-sensitizing,
specific toxicological information is often lacking in the SDS since it is not required for
QAC or other chemicals to be listed if they are <1% of the cleaning product (Saito et al.
2015). However, DDAB was demonstrated in the present study to be a strong sensitizer/
irritant at concentrations much less than 1% raising concerns about potential exposure to this
and other QAC.

The studies described here use a standardized murine model to begin to evaluate the
sensitization potential of a QAC commonly used in cleaning products, DDAB. DDAB was
identified as an irritant and strong sensitizing chemical. In addition, 14 days of exposure to
0.25% DDAB resulted in a significant reduction in thymus weights, while no other overt
signs of toxicity were observed. As thymus weight loss is one of the most sensitive
indicators of immunosuppression caused by toxicants (Pearse 2006), it is possible that
continued exposure to DDAB (beyond 14 days) may result in suppression of immune
responses and more overt signs of toxicity. However, in these studies — where body weights
and other organ weights were unchanged — it is unlikely that reduction in thymus weights
observed had biological significance with respect to sensitization within the studied
timeframe. In an effort to examine the mechanism of sensitization and potential toxicity of
DDAB, two exposure durations (four days and 14 days) were examined. Typically, chemical
sensitizers are low molecule weight (LMW) molecules that are categorized as dermal or
respiratory sensitizers, depending on the route of sensitization. Dermal sensitizers tend to
result in allergic contact dermatitis (ACD) while respiratory sensitizers induce asthma.
Although dermal and respiratory sensitization typically predicts the type of allergic response
induced (T-cell vs. IgE, respectively), this paradigm is not always valid. However, for the
purpose of this manuscript, IgE and T-cell-mediated hypersensitivity mechanisms will be
identified as T2 and Tyl responses, respectively.

This laboratory has published data on numerous chemicals, generally classified as T2-
mediated or IgE-mediated chemical sensitizers, including o-phthalaldehyde (OPA),
glutaraldehyde, and toluene diisocyanate (TDI), that have induced elevations in IgE (local
and total) at 10 days following four days of chemical treatment (Azadi et al. 2004; Anderson
et al. 2010, 2016). In the present study, antibody levels were also examined following 14
days of continuous chemical application. Interestingly, based on the paradigm described by
Manetz and Meade (1999) and total IgE levels, the results suggest a T2-mediated
mechanism for the 14 days but not the four-day exposure duration. While the LLNA EC3
value has been established as a threshold value for hazard identification for sensitization,
several studies have shown that exposure duration and concentration may also play a role.
For example, extended exposure to doses below the EC3 value have been shown to induce SI
values above 3 for select formaldehyde donors (de Jong et al. 2007), suggesting that duration
of exposure and a possibility of local chemical accumulation should be considered.

In addition to the IgE, significant differences were observed in the immunophenotyping
profile for the two exposure durations. In general, exposure to DDAB produced statistically
significant increases in absolute numbers of B-cells, CD4* T-cells, CD8" T-cells, and
dendritic cells for both exposure durations. Furthermore, statistically significant decreases in
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the percent CD8* T-cell populations were observed following exposure to 0.125% and
0.25% DDAB for four days; however, there was a slight but significant increase in this
population at 0.25% DDAB for the 14-day exposure. Interestingly, while statistically
significant increases in the percent of activated CD4*, CD8*, B-cells, and dendritic cells
were observed following the four-day exposure to DDAB, 14 days of DDAB exposure did
not elevate the percent of activated CD4* cells and the CD8* population was significantly
reduced at the 0.25% concentration. It should be noted that due to migratory properties of T-
cells, the differences in observed frequencies of activated cells may be due to egress of
activated T-cells from the DLN to the site of chemical application (i.e., the ear).

Evaluation of DDAC showed similar trends for sensitization potential, IgE and
immunophenotyping (surface markers and activation status) as DDAB; however, only the
four-day exposure period was examined in the study and higher concentrations of DDAC
(0.25-1%) were used compared to DDAB (Anderson et al. 2016). These findings suggest
that the hypersensitivity responses induced by DDAB might have different mechanisms and
mediators based on exposure duration; while not analyzed in this study, it is possible that
DDAC and other QAC may have similar exposure/duration mediated divergent mechanisms.

To further explore hypersensitivity responses induced by DDAB, gene expression was also
examined in the DLN and ear following both application timepoints. IL-4 is crucial for IgE
expression because it is required for increased expression of CD23 on the B-cells, B-cell
proliferation, isotype switching, and IgE synthesis, and its expression often supports
polarization to a T2 hypersensitivity response. While significant increases in //-4 were
observed at both time points, the fold-increase was greater for the longer exposure duration
supporting a more pronounced T2 response. Increases in //-10, another T2 cytokine that
has been shown to have a role in allergic disease (Zuska-Prot et al. 2016), were also
observed following the extended DDAB application at high concentration. In addition,
secretion of 1L-10 mediates the function of Ty cells (Sojka et al. 2008; Corthay 2009;
Kimber et al. 2012) which have demonstrated a critical role in the development of immune
tolerance by serving as effectors helping to prevent overzealous allergic responses (Sojka et
al. 2008; Yadav et al. 2012). The observed augmentation in //-10support a potential role for
Treg cells in the divergent hypersensitivity responses resulting from DDAB exposure.

While development of immune responses is often thought to be orchestrated in the DLN,
and is thus largely studied at these sites, there is increasing data suggesting that early events
occurring at the site of antigen contact may also be important. In addition to protection from
the outside environment, as the largest organ in the body, the skin is progressively being
recognized as an important player in relation to allergic disease (Deckers et al. 2017). This
laboratory has previously investigated factors in the skin that may influence the
immunological microenvironment and found that increased TSLP expression in the skin
promotes T2 allergic responses following dermal exposure to triclosan anti-microbial
(Marshall et al. 2015). TSLP is expressed by different cell types present in the skin including
epithelial cells, keratinocytes and dendritic cells (Ziegler et al. 2013) and is induced as an
integral part of cellular and immune responses to skin barrier damage (Angelova-Fischer et
al. 2010; Oyoshi et al. 2010). In the present study, #s/p expression was significantly elevated
following exposure to the high concentration of DDAB for both 4-day and 14-day
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application study. However, much higher levels (~4-fold vs. ~20-fold) were observed for the
longer exposure duration, while /L-6, indicative of overall inflammation was relatively
similar between the two exposure durations. It has been reported that TSLP activates
dendritic cells to prime T2 cells (Soumelis et al. 2002) in part through OX40-OX40L
interactions (Ito et al. 2005). OX40L is an important costimulatory molecule for promoting
effector and memory T-cell responses in allergic disease (Jember et al. 2001; Salek-Ardakani
et al. 2003; Seshasayee et al. 2007). Ox40/was also significantly elevated in the DLN but
only at the high concentration of DDAB and for the longer exposure duration. However,
while //-4was elevated in both exposure scenarios, the high levels of tsjpand ox40/
observed in the long duration correlate with the IgE levels observed in the phenotyping
studies, suggesting skewing toward a T2-mediated response. In addition to exposure to
DDAB resulting in sensitization to the chemical, the high levels of TSLP produced at the site
of application may indicate that DDAB can act as an adjuvant to promote allergic
sensitization. Previously, it was shown that triclosan, while not sensitizing itself, increased
the allergic potential of other allergens and increased asthmatic symptoms in an OVA model
of allergy (Anderson et al. 2013) through a TSLP-mediated pathway (Marshall et al. 2015).
Therefore, increases in respiratory diseases correlated with QAC use may occur through
direct or indirect pathways; the mechanisms behind these observations warrant further
investigation.

Collectively, these findings support a potential for multiple hypersensitivity mechanisms in
response to dermal DDAB application. While a lack of increase in both local and total IgE
along with an increased percent of activated CD8* T-cells in the DLN following four days of
exposure suggests that DDAB may induce a Ty1-mediated hypersensitivity response, a T2
response is suggested for the longer exposure duration. Although, TH2 responses are
supported for both exposure durations when examined on a transcript level. Admittedly, the
understanding of immunologic mechanisms underlying many hypersensitivity reactions
remains limited and the complete immunological mechanisms of sensitization for QAC and
other LMW sensitizers are not fully understood. However, much knowledge has been gained
in the last decade regarding the mechanisms of related immune responses. Due to the
complexity of mechanisms involved in chemical allergy and the lack of knowledge regarding
these mechanisms, investigations of novel factors and molecules involved are imperative for
the greater understanding of these conditions. While epidemiological studies support a role
for QAC in allergic disease, these are the first animal studies to confirm that DDAB is a
sensitizing chemical. In summary, based on calculated EC3 values from the LLNA, these
studies demonstrate dermal sensitization potential (strong), based on the criteria set forth by
ICCVAM (2011) for the disinfectant DDAB. While direct associations of dermal exposure to
DDAB on human health have not been fully established, the above mentioned studies raise
concerns about exposure to this chemical and the influence of exposure duration on allergic
sensitization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Immunotoxicol. Author manuscript; available in PMC 2019 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shane et al. Page 12

Acknowledgements

The findings and conclusion in this report are those of the authors and do not necessarily represent the views of the
National Institute for Occupational Safety and Health.

Funding

A portion of this project was funded by the NIOSH intramural National Occupational Research Agenda under
Project 939038G.

References

Anderson S, Franko J, Kashon M, Anderson K, Hubbs A, Lukomska E, Meade B. 2013 Exposure to
triclosan augments the allergic response to ovalbumin in a mouse model of asthma. Toxicol Sci
132:96-106. [PubMed: 23192912]

Anderson S, Meade B. 2014 Potential health effects associated with dermal exposure to occupational
chemicals. Environ Health Insights 8:51-62. [PubMed: 25574139]

Anderson S, Shane H, Long C, Lukomska E, Meade B, Marshall N. 2016 Evaluation of the irritancy
and hypersensitivity potential following topical application of didecyldimethylammonium chloride.
J Immunotoxicol 13:557-566. [PubMed: 27216637]

Anderson S, Umbright C, Sellamuthu R, Fluharty K, Kashon M, Franko J, Jackson L, Johnson V,
Joseph P. 2010 Irritancy and allergic responses induced by topical application of o-phthalaldehyde.
Toxicol Sci 115:435-443. [PubMed: 20176622]

Anderson S, Wells J, Fedorowicz A, Butterworth L, Meade B, Munson A. 2007 Evaluation of the
contact and respiratory sensitization potential of volatile organic compounds generated by simulated
indoor air chemistry. Toxicol Sci 97:355-363. [PubMed: 17347135]

Angelova-Fischer |, Fernandez |, Donnadieu M, Bulfone-Paus S, Zillikens D, Fischer T, Soumelis V
2010 Injury to the stratum corneum induces in vivo expression of human thymic stromal
lymphopoietin in the epidermis. J Invest Dermatol 130:2505-2507. [PubMed: 20555350]

Azadi S, Klink K, Meade B. 2004 Divergent immunological responses following glutaraldehyde
exposure. Toxicol Appl Pharmacol 197:1-8. [PubMed: 15126069]

Bank, Hazardous Substances Data. 2010 Benzalkonium compounds. [accessed July 2017]. http://
toxnet.nIm.nih.gov/cgi-bin/sis/search2/r?dbsphsdb:term+@DOCNO+234*.

Basketter D, Lea L, Dickens A, Briggs D, Pate |, Dearman R, Kimber I. 1999 A comparison of
statistical approaches to the derivation of EC3 values from local lymph node assay dose responses. J
Appl Toxicol 19:261-266. [PubMed: 10439340]

Bernstein J, Stauder T, Bernstein D, Bernstein I. 1994 A combined respiratory and cutaneous
hypersensitivity syndrome induced by work exposure to quaternary amines. J Allergy Clin
Immunol 94:257-259. [PubMed: 8064078]

Buist H, de Heer C, van Burgsteden J, van de Sandt J. 2007 Dermatokinetics of
didecyldimethylammonium chloride and the influence of some commercial biocidal formulations
on its dermal absorption /n vitro. Regul Toxicol Pharmacol. 48:87-92. [PubMed: 17367906]

Carson R, Larson E, Levy S, Marshall B, Aiello A. 2008 Use of antibacterial consumer products
containing quaternary ammonium compounds and drug resistance in the community. J Antimicrob
Chemother. 62:1160-1162. [PubMed: 18694904]

Corthay A 2009 How do regulatory T-cells work? Scand J Immunol. 70:326-336. [PubMed:
19751267]

de Jong W, de Klerk A, Beek M, Veenman C, Van Loveren H. 2007 Effect of prolonged repeated
exposure to formaldehyde donors with doses below the EC3 value on draining lymph node
responses. J Immunotoxicol. 4:239-246. [PubMed: 18958734]

Deckers J, de Bosscher K, Lambrecht B, Hammad H. 2017 Interplay between barrier epithelial cells
and dendritic cells in allergic sensitization through the lung and the skin. Immunol Rev. 278:131-
144. [PubMed: 28658557]

J Immunotoxicol. Author manuscript; available in PMC 2019 February 27.


http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?dbsþhsdb:term+@DOCNO+234
http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?dbsþhsdb:term+@DOCNO+234

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shane et al.

Page 13

Dejobert Y, Martin P, Piette F, Thomas P, Bergoend H. 1997 Contact dermatitis from
didecyldimethylammonium chloride and bis-(aminopropyl)-lauryl amine in a detergent-
disinfectant used in hospital. Contact Dermatitis. 37:95-96. [PubMed: 9285176]

Dibo M, Brasch J. 2001 Occupational allergic contact dermatitis from N,N-bis-(3-amino-propyl)-
dodecylamine and dimethyldidecylammonium chloride in two hospital staff. Contact Dermatitis.
45:40. [PubMed: 11422269]

Gerba C 2015 Quaternary ammonium biocides: efficacy in application. Appl Environ Microbiol.
81:464-469. [PubMed: 25362069]

Houtappel M, Bruijnzeel-Koomen C, Rockmann H. 2008 Immediate-type allergy by occupational
exposure to didecyl dimethyl ammonium chloride. Contact Dermatitis. 59:116-117. [PubMed:
18759880]

Hrubec T, Melin V, Shea C, Ferguson E, Garofola C, Repine C, Chapman T, Patel H, Razvi R, Sugrue
J, etal. 2017 Ambient and dosed exposure to quaternary ammonium disinfectants causes neural
tube defects in rodents. Birth Defects Res. 109:1166-1178. [PubMed: 28618200]

ICCVAM (Interagency Coordinating Committee on the Validation of Alternative Methods). 2011 Use
of the murine local lymph node assay for potency categorization. ICCVAM Test Method
Evaluation Report. Usefulness and limitations of the murine local lymph node assay for potency
categorization of chemicals causing allergic contact dermatitis in humans. NIH Publication No.
11-7709. Research Triangle Park, NC.

Ito T, Wang Y, Duramad O, Hori T, Delespesse G, Watanabe N, Qin F, Yao Z, Cao W, Liu Y. 2005
TSLP-activated dendritic cells induce an inflammatory T-helper Type 2 cell response through
0X40 ligand. J Exp Med. 202:1213-1223. [PubMed: 16275760]

Jember A R, Zuberi R, Liu F, Croft M. 2001 Development of allergic inflammation in a murine model
of asthma is dependent on the costimulatory receptor OX40. J Exp Med. 193:387-392. [PubMed:
11157058]

Kimber I, Travis M, Martin S, Dearman R. 2012 Immunoregulation of skin sensitization and
regulatory T-cells. Contact Dermatitis. 67:179-183. [PubMed: 22804346]

Klink K, Meade B. 2003 Dermal exposure to 3-amino-5-mercapto-1,2,4-triazole (AMT) induces
sensitization and airway hyperreactivity in BALB/c mice. Toxicol Sci. 75:89-98. [PubMed:
12832659]

Manetz T, Meade B. 1999 Development of a flow cytometry assay for the identification and
differentiation of chemicals with the potential to elicit irritation, IgE-mediated, or T-cell-mediated
hypersensitivity responses. Toxicol Sci. 48:206-217. [PubMed: 10353312]

Marshall N, Lukomska E, Long C, Kashon M, Sharpnack D, Nayak A, Anderson K, Meade B,
Anderson S. 2015 Triclosan induces thymic stromal lymphopoietin in skin promoting T2 allergic
responses. Toxicol Sci. 147:127-139. [PubMed: 26048654]

McBain A, Ledder R, Moore L, Catrenich C, Gilbert P. 2004 Effects of quaternary-ammonium-based
formulations on bacterial community dynamics and antimicrobial susceptibility. Appl Environ
Microbiol. 70:3449-3456. [PubMed: 15184143]

Melin V, Melin T, Dessify B, Nguyen C, Shea C, Hrubec T. 2016 Quaternary ammonium disinfectants
cause subfertility in mice by targeting both male and female reproductive processes. Reprod
Toxicol. 59:159-166. [PubMed: 26582257]

Melin V, Potineni H, Hunt P, Griswold J, Siems B, Were S, Hrubec T. 2014 Exposure to common
quaternary ammonium disinfectants decreases fertility in mice. Reprod Toxicol. 50:163-170.
[PubMed: 25483128]

Mowitz M, Ponten A. 2015 Foot dermatitis caused by didecyldimethylammonium chloride in a shoe
refresher spray. Contact Dermatitis. 73:374-376. [PubMed: 26202721]

NIEHS (National Institute of Environmental Health Sciences). 1999 The murine local lymph node
assay: A test method for assessing the allergic contact dermatitis potential of chemicals/
compounds. Fed Regist. 64:14006-14007. [PubMed: 10558409]

Oyoshi M, Larson R, Ziegler S, Geha R. 2010 Mechanical injury polarizes skin dendritic cells to elicit
a T(H)2 response by inducing cutaneous thymic stromal lymphopoietin expression. J Allergy Clin
Immunol. 126:976-984. [PubMed: 21050944]

Pearse G 2006 Histopathology of the thymus. Toxicol Pathol. 34:515-547. [PubMed: 17067942]

J Immunotoxicol. Author manuscript; available in PMC 2019 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shane et al.

Page 14

Pechter E, Davis L, Tumpowsky C, Flattery J, Harrison R, Reinisch F, Reilly M, Rosenman K, Schill
D, Valiante D, et al. 2005 Work-related asthma among health care workers: surveillance data from
California, Massachusetts, Michigan, and New Jersey, 1993-1997. Am J Ind Med. 47:265-275.
[PubMed: 15712261]

Rajkowska K, Kozirog A, Otlewska A, Piotrowska M, Nowicka-Krawczyk P, Brycki B, Kunicka-
Styczynska A, Gutarowska B. 2016 Quaternary ammonium biocides as antimicrobial agents
protecting historical wood and brick. Acta Biochim Pol. 63:153-159. [PubMed: 26629794]

Ruiz Oropeza A, Fischer Friis U, Johansen J. 2011 Occupational contact urticaria caused by didecyl
dimethyl ammonium chloride. Contact Dermatitis. 64:297-298. [PubMed: 21480919]

Saito R, Virji M, Henneberger P, Humann M, LeBouf R, Stanton M, Liang X, Stefaniak A. 2015
Characterization of cleaning and disinfecting tasks and product use among hospital occupations.
Am J Ind Med. 58:101-111. [PubMed: 25351791]

Salek-Ardakani S, Song J, Halteman B, Jember A, Akiba H, Yagita H, Croft M. 2003 OX40 (CD134)
controls memory T-helper-2 cells that drive lung inflammation. J Exp Med. 198:315-324.
[PubMed: 12860930]

Seshasayee D, Lee W, Zhou M, Shu J, Suto E, Zhang J, Diehl L, Austin C, Meng Y, Tan M, et al. 2007
In vivo blockade of OX40 ligand inhibits thymic stromal lymphopoietin driven atopic
inflammation. J Clin Invest. 117:3868-3878. [PubMed: 18060034]

Shaffer M, Belsito D. 2000 Allergic contact dermatitis from glutaraldehyde in health-care workers.
Contact Dermatitis. 43:150-156. [PubMed: 10985631]

Sojka D, Huang Y, Fowell D. 2008 Mechanisms of regulatory T-cell suppression — a diverse arsenal for
a moving target. Immunology. 124:13-22. [PubMed: 18346152]

Soumelis V, Reche P, Kanzler H, Yuan W, Edward G, Homey B, Gilliet M, Ho S, Antonenko S,
Lauerma A, et al. 2002 Human epithelial cells trigger dendritic cell-mediated allergic
inflammation by producing TSLP. Nat Immunol. 3:673-680. [PubMed: 12055625]

Suneja T, Belsito D. 2008 Occupational dermatoses in health care workers evaluated for suspected
allergic contact dermatitis. Contact Dermatitis. 58:285-290. [PubMed: 18416759]

Warshaw E, Schram S, Maibach H, Belsito D, Marks J, Fowler J, Rietschel R, Taylor J, Mathias C,
DelLeo V, et al. 2008 Occupation-related contact dermatitis in North American health care workers
referred for patch testing: cross-sectional data 1998-2004. Dermatitis. 19:261-274. [PubMed:
18845116]

Woolhiser M, Munson A, Meade B. 2000 Comparison of mouse strains using the local lymph node
assay. Toxicology. 146:221-227. [PubMed: 10814854]

Yadav M, Louvet C, Davini D, Gardner J, Martinez-Llordella M, Bailey-Bucktrout S, Anthony B,
Sverdrup F, Head R, Kuster D, et al. 2012 Neuropilin-1 distinguishes natural and inducible
regulatory T cells among regulatory T-cell subsets /n vivo. J Exp Med. 209: 1713-1722. [PubMed:
22966003]

Zhang C, Cui F, Zeng G, Jiang Z, Yang Z, Yu G, Zhu M, Shen L. 2015 Quaternary ammonium
compounds (QACSs): A review on occurrence, fate and toxicity in the environment. Sci Total
Environ. 518:352-362. [PubMed: 25770948]

Ziegler S, Roan F, Bell B, Stoklasek T, Kitajima M, Han H. 2013 The biology of thymic stromal
lymphopoietin (TSLP). Adv Pharmacol. 66:129-155. [PubMed: 23433457]

Zuska-Prot M, Jaroszewski J, Maslanka T. 2016 Involvement of regulatory T cells and selected
cytokines in the pathogenesis of bronchial asthma. Postepy Hig Med Dosw (Online). 70:668-677.
[PubMed: 27356599]

J Immunotoxicol. Author manuscript; available in PMC 2019 February 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shane et al.

H3({
\CH
Br .

Figure 1.
Chemical structure of DDAB.
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Figure 2.
Irritancy and allergic sensitization potential after dermal exposure to DDAB. Analysis of

irritancy (A) and allergic sensitization potential (B) of DDAB using the LLNA. Irritancy was
determined using measurements collected at 24 hours following the final DDAC exposure
(three days). DPM represents [3H]-thymidine incorporation into DLN cells of BALB/c mice
following exposure to vehicle or concentration of DDAC (0.0625-2%). Sl value is the
stimulation index (fold change over vehicle control). Bars represent mean (£SE) of five mice
per group. Significantly different from acetone controls at *p < 0.05 or **p < 0.01.
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Figure 3.
Increases in activated leukocytes following dermal exposure to DDAB. Analysis of percent

CD44-high CD4* (A), CD44-high CD8* (C), CD86* dendritic cells (E), and CD86* B-cells
(G) of total lymphocytes on Day 10 following four days of DDAC application. Analysis of
percent CD44-high CD4* (B), CD44-high CD8* (D), CD86™ dendritic cells (F), and CD86™"
B-cells (H) of total lymphocytes on Day 15 following 14 days of DDAC application. Bars
represent mean (£SE) of five mice per group. Significantly different from acetone controls at
*p<0.05or **p<0.01.
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Figure 4.
Systemic IgE levels following dermal DDAB exposure. Analysis of total serum IgE on (A)

Day 10 following four days of DDAB application and (B) Day 15 after 14 days of DDAB
application. Bars represent mean (£SE) of five mice per group. Significantly different from
acetone controls at *p < 0.05.
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Figure 5.
Increases in lymph node gene expression following DDAB application. Gene expression of

IL-4, IL-10, and 0x40/in lymph nodes following DDAB application for four days (A, C, E)
or 14 days (B, D, F). Bars represent mean (xSE) of five mice per group. Significantly
different from acetone controls at *p < 0.05 or **p < 0.01.
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Increases in ear gene expression following DDAB application. Gene expression of #s/pand
/L-6in the ear following DDAB application for four days (A, C) or 14 days (B, D). Bars
represent mean (=SE) of five mice per group. Significantly different from acetone controls at
**p<0.01.
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Body/organ weights of female Balb/c mice dermally exposed for 14 days to DDAB.

Table 1.

DDAB (W/v)%

Parameter 0 0.0625 0.125 0.25
Body weight (g) 21.91+121 2158+058 21.99+050  22.45+1.12
Kidney weight (mg) 264 %2 264+ 4 267+5 286+ 6

% bw? 1.20 £ 0.02 1.22 £ 0.04 1.21+0.05 1.29 £ 0.05
Spleen weight (mg) 95+5 93+1 99+5 91+5

% bw 0.43 £0.02 0.43+0.01 0.45 +0.02 0.41+0.02
Thymus weight (mg) 37+4 36+3 33+4 5#24 492

% bw 0.17 +0.01 0.17 +0.01 0.15+0.02 **'#0.11 +0.005
Liver weight (mg) 1045 + 66 992 + 34 1041 + 28 1114 +39

% bw 476 +0.11 4.60 +0.09 4.74 £0.09 4.98 +0.09

abw: body weight.

Values are means (+SE) for each group. Value significantly different from acetone control at or

*
p<0.05

Aok

p<0.01.

Linear trend

#p< 0.05.
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Table 2.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Effects of dermal exposure to DDAB on DLN cell number and lymphocyte sub-populations in mice after four

days exposure.

DDAB (%)
Parameter 0 0.0625 0.125 0.25
DLN number (x107) 028+0.02 047+0.04 104+085%" 129+0147*
B-cell number(x10°) 056007 1022012  571+026™ 4.26+062""
% of DLN 19784145 2168+058 9506+073"F 3272+135""
CD4*T-cell number(x10%)  152+0.11  249+025 1515+038"" 565+061°"
% of DLN 5424+103 5316+057 497g8+047™ 441241337
CD8*T-cells(x10°) 046003 081£009 155+019™ 185:022™"
% of DLN 1654+050 17.06+040 1476062  14444047%
Dendritic Cells(x10%) 0314001 0424007 103+004™ 1.23+013™
% of DLN 116+011  089+008  1.00+0.04 0.96 + 0.04

Mice were dermally exposed to vehicle (acetone) or different concentrations of DDAB for four consecutive days. The mice were euthanized six

days after the final exposure, DLN were removed, and total cells counted. Numbers and frequency of B- and T-cells, and subsets of T-cells (CD4™

and CD8™), and dendritic cells were enumerated. Values represent the means (+SE) for each group. Significantly different from acetone controls at

*
p<0.05

HoA
p<0.01.
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Effects of dermal exposure to DDAB on DLN cell number and lymphocyte sub-populations in mice after 14

days exposure.

DDAB (%)
Parameter 0 0.0625 0.125 0.25
DLN number (x10°) 0348+0.03 069+007" 1.33+010™ 1.97+0.09™"
B-cell number(x10°) 079011 1482017  370+036™ 6.70+048™"
% of DLN 2256+132 2138+070  9770+065" 33.86+107°"
CD4'T-cell number(x10%) ~ 1.69+0.14  3574036™ 6.14+045™ 800+028™"
% of DLN 48.98+169 5114+092  46.30:059 4074+ 0.86""
CD8*T-cells(x10°) 0542006 115+011™ 2142012 324+016™"
% of DLN 1564+056 1680+051  16.22+047  1546+033%
Dendritic Cells(x10°) 043003  078%016  162+018™ 209+019™
% of DLN 128+011  1.10%0.10 1.22 £0.08 1.08 +£0.08

Mice were dermally exposed to vehicle (acetone) or different concentrations of DDAB for 14 consecutive days. The mice were euthanized six days

after the final exposure, DLN were removed, and total cells counted. Numbers and frequency of B- and T-cells, and subsets of T-cells (CD4™ and

CD8+), and dendritic cells were enumerated. Values represent the means (+SE) for each group. Significantly different from acetone controls at

*
p<0.05

Hok
p<0.01.
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