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ARTICLE INFO ABSTRACT

Handling editor: Prof. L.H. Lash Diesel exhaust (DE) is an air pollutant containing gaseous compounds and particulate matter. Diesel engines are

common on gas extraction and oil sites, leading to complex DE exposure to a broad range of compounds through

Keywords: occupational settings. The US EPA concluded that short-term exposure to DE leads to allergic inflammatory
Diesel EXhaf‘S_t disorders of the airways. To further evaluate the immunotoxicity of DE, the effects of whole-body inhalation of
Immunotoxicity 0.2 and 1 mg/m> DE (total carbon; 6 h/d for 4 days) were investigated 1-, 7-, and 27-days post exposure in
Immunomodulation

Sprague-Dawley rats using an occupationally relevant exposure system. DE exposure of 1 mg/m? increased total
cellularity, number of CD4+ and CD8+ T-cells, and B-cells at 1 d post-exposure in the lung lymph nodes. At 7
d post-exposure to 1 mg/m?, cellularity and the number of CD4-+ and CD8+ T-cells decreased in the LLNs. In the
bronchoalveolar lavage, B-cell number and frequency increased at 1 d post-exposure, Natural Killer cell number
and frequency decreased at 7 d post-exposure, and at 27 d post-exposure CD8+ T-cell and CD11b+ cell number
and frequency decreased with 0.2 mg/m? exposure. In the spleen, 0.2 mg/m? increased CD4+ T-cell frequency at
1 and 7 d post-exposure and at 27 d post-exposure increased CD4+ and CD8+ T-cell number and CD8+ T-cell
frequency. B-cells were the only immune cell subset altered in the three tissues (spleen, LLNs, and BALF), sug-
gesting the induction of the adaptive immune response. The increase in lymphocytes in several different organ
types also suggests an induction of a systemic inflammatory response occurring following DE exposure. These
results show that DE exposure induced modifications of cellularity of phenotypic subsets that may impair im-
mune function and contribute to airway inflammation induced by DE exposure in rats.

Immune phenotyping
Whole-body inhalation

1. Introduction

Diesel exhaust (DE) is a chemical mixture that contains hundreds of
different gaseous compounds and particulate matter, both organic and
inorganic, many designated as toxic air pollutants [31]. The particulate
fraction of DE can contain hydrocarbons, sulfur compounds, and oxides
of nitrogen. The gaseous fraction of DE can include carbon dioxide,
carbon monoxide, nitrogen, and aldehydes such as formaldehyde and
acetaldehyde ([19,55]). Diesel engine use has increased due to their
superior energy efficiency and durability leading to an increase in DE
exposure in everyday life. Diesel engines are common on gas extraction
and oil sites, also leading to a high potential for DE exposure through
occupational settings. According to a study published in 2016, air
pollution is in the top 10 risk factors for mortality in men and women
[23]. Also, in the same study, diesel exhaust occupational exposure had

an increase in its summary exposure value (measure of a population’s
exposure to arisk factor) [23]. Therefore, it is critical to fully understand
the health effects of DE exposure.

In the US, as of the beginning of 2023, there were 148,610 people
employed in the Oil Drilling and Gas Extraction Industry (IBIS World
2023) [27]. Workers in these industries that are exposed to DE can be
exposed to higher levels than that found in ambient air [48,53,58].
Although new tier-4 diesel engines have been developed [18], the older
design tier-2 engines are still being used, specifically at hydraulic frac-
turing (“fracking™) sites [44]. Older diesel engines that are already in
operation are “grandfathered in”, allowing the continued use of the
tier-2 engines [18]. At fracking sites, pumping fracking fluid requires
very large diesel engines, where off-road tier-2 diesel engines are still
being used. Some hydraulic fracturing sites have 20 or more
diesel-powered pumps that could contain tier-2 diesel engines for on-site
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water transportation [19].

The International Agency for Research on Cancer (IARC) classified
DE as carcinogenic to humans (Group 1) due to associations between
inhaled DE exposure and an increased risk of lung cancer [26]. A strong
association between occupations where diesel engines are used and an
increase in lung cancer has been observed in humans [55]. Additionally,
numerous non-carcinogenic changes are also associated with DE expo-
sure including cardiovascular health effects, immunological and allergic
effects, and reproductive and developmental effects [24]. Acute
short-term DE exposure effects include eye and throat irritation, light-
headedness, nausea, and exacerbation of asthma and allergy-like
symptoms [55].

In a study done by the National Institute for Occupational Safety and
Health (NIOSH) researchers collected 104 air samples and measured
diesel particulate matter (expressed as elemental carbon) at sites that
were representative of typical oil and gas extraction. The arithmetic
mean of the time weighted average (TWA) was 17 pg/m>, with 10% of
the samples measuring over 20 yg/m® [19]. No federal agency has
established an occupational exposure limit for DE; however, the State of
California has a TWA for elemental carbon exposure of 20 ug/m> [49]. In
an epidemiology study on workers that tested diesel engines, there was a
significant alteration in blood serum cytokine expression (IL-1f, IL-6,
IL-8) in DE exposed workers compared to controls, suggesting inflam-
mation and potential immunotoxicity [15]. The US EPA concluded in
2002 that short-term exposure scenarios lead to allergic inflammatory
disorders of the airways after DE exposure [55]. In addition, there is also
data from animal studies suggesting that DE exposure affects the im-
mune response to infection [24]. In Brown Norway rats, a single high
dose DE particle exposure decreased early innate immune response to
infection followed by an increase in late cell-mediated response (in-
creases in CD4+, CD8+ T-cells and increase in production of IL-2, IL-6,
and IFN-y) [63,64]. With lower DE particle concentrations and repeated
exposure with infection, both innate and T-cell mediated immune re-
sponses were decreased [61,62].

The present study was undertaken to evaluate immunotoxicity
following inhalation exposure to DE in a rat animal model as a surrogate
for potential effects in humans. To evaluate immunotoxicity, the end-
points investigated were natural killer (NK) cell-mediated cytotoxicity,
antibody response to sheep red blood cells (SRBC), and immune cell
phenotyping. This is a hazard identification study designed to deliver
fresh DE immediately to the animal to improve our understanding of DE
effects on immune function.

2. Methods
2.1. Animals

All studies were conducted in facilities accredited by AAALAC In-
ternational, were approved by the CDC-Morgantown Institutional Ani-
mal Care and Use Committee (protocols 16-JF-R-018 and 19-015) and
were in compliance with the Public Health Service Policy on Humane
Care and Use of Laboratory Animals and the NIH Guide for the Care and
Use of Laboratory Animals. Male Sprague-Dawley rats [H1la: (SD) CVF],
approximate body weight of 200 — 275 g at arrival, were obtained from
Hilltop Lab Animals, Inc. (Scottdale, PA). All animals were free of viral
pathogens, parasites, mycoplasm, Heliobacter and cilia-associated res-
piratory bacillus. Animals were acclimated for one week and housed in
ventilated micro-isolator units supplied with HEPA-filtered laminar flow
air (Lab Products OneCage; Seaford, DE), with Teklad Sanichip and
Teklad Diamond Dry cellulose bedding or Shepherd Specialty Paper’s
Alpha-Dri cellulose (Shepherd Specialty Papers; Watertown, TN)
bedding instead of Diamond Dry. They were provided tap water and
autoclaved HaCXan Teklad Global 18% protein rodent diet (Harlan
Teklad; Madison, WI) ad libitum. Rats were housed in pairs under
controlled light cycle (12 h light/12 h dark) and temperature (22 —
25 °C) conditions.
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2.2. Diesel exhaust exposures

2.2.1. Inhalation exposure system

An eight-kilowatt (KW) diesel generator (Onan QD 8000, part
number 8HDKAK11451J, Cummins Inc., Columbus IN) was used to
produce diesel exhaust in real time during inhalation exposures. The US
EPA has set emission standards for diesel engines. The first federal
standards (Tier 1) for new nonroad diesel engines was adopted in 1994.
More stringent Tier 2 standards were adopted in 1998 and phased-in
between 2000 and 2008. This diesel engine was tier 2 EPA compliant
[57]. A load bank was connected to the generator and set to 4 KW (50%
generator load) for all inhalation exposures. Mobil 1 Delvac 1300 Super
Motor Oil 15w40 was used as the engine oil. The fuel used in the
generator was ultra-low sulfur (15 ppm or less sulfur), No. 2 dyed winter
blend from Jacobs petroleum products in Waynsburg PA.

Inhalation exposure system was based on [40] with several adapta-
tions. A custom exposure system with software written in LabVIEW
automatically controlled chamber air flows, particle concentration, and
exposure duration. The software monitored exposure chamber temper-
ature, relative humidity, NO, O3, SOs. and CO; levels. Diesel engine
parameters were monitored and recorded, including fuel level, oil
pressure, coolant temperature, and battery voltage. A portion of the
diesel exhaust was directed into the laboratory, and a
computer-controlled ball valve determined the amount. Clean dry
dilution air (80 L/min) from a mass flow controller was added to the
diesel exhaust delivery line before it entered the top of the exposure
chamber.

The aerosol mass concentration inside the exposure chamber was
continuously monitored with a Data RAM (DR-40000 Thermo Electron
Co.) and gravimetric determinations (37 mm cassettes with 0.45 pym
pore-size Teflon filters, (2 1/min. sample flow) were used to calibrate
and verify the Data RAM readings during each exposure run. Particle
size distribution inside the exposure chamber (count based) was
collected (SMPS Model 3081, TSI Inc., Shoreview, MN). The count me-
dian electric mobility diameter was 120 nm. Mass-based aerodynamic
particle size distribution was determined in the exposure chamber by
using a Micro-Orifice Uniform Deposit Impactor (MOUDI, MSP Model
110, MSP Corporation, Shoreview, MN). The mass median aerodynamic
diameter was found to be 170 nm.

Rats (8 per group) were placed in the custom-made, whole-body
exposure chamber. Exposures were conducted under controlled condi-
tions with a target diesel particulate (DP) concentration of 0.2 or 1 mg/
m® (or filtered air) for 6 h/d for 4 days. Experimental endpoints were
examined at 1-, 7-, and 27-days post exposure for each concentration of
DE. For the first exposure study (A), NK cell activity, immune cell phe-
notyping, and complete blood counts were evaluated. The data pre-
sented for the second study (B) was restricted to the IgM response to
sheep red blood cells (SRBC) due to immunization of rats.

2.2.2. Exposure dose

Table 1
Measured exposure chamber conditions for all exposures used in this study.
Gravimetric filter data was used for the particle concentration data.

Target DEP of 0.2 mg/  Target DEP of 1.0 mg/

m3 m3

Mean STD Mean STD
DP Concentration (mg/m3) 0.20 0.01 0.94 0.08
CO,, (PPM) 3550 580 3611 1100
NO (PPM) 8 2 8 4
SO, (PPM) 0 0 1 1
CO (PPM) 4 2 18 2
02 (%) 21 0.8 20 0.1
Temperature (F) 75 1 74 1
Relative Humidity (%) 30 6 45 8
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2.3. Tissue processing (A)

Tissue processing was conducted as previously described [59]. On
days 1, 7, and 27, following the last DE or filtered air exposure, rats were
given an i.p. injection of sodium pentobarbital (100 — 300 mg/kg; Fatal
Plus; Vortech Pharmaceuticals; Dearborn, MI). No significant difference
in final body weights were seen between control and DE exposure groups
at any time point; there was a significant increase in body weights over
time (linear trend test), but this occurred in both the control and DE
groups (data not shown). Following exsanguination, the trachea was
cannulated, the chest cavity was opened, the right bronchus was clam-
ped off, and bronchoalveolar lavage (BAL) fluid was collected from the
left lung. The first lavage sample was obtained by filling the left lung
with 3 ml of phosphate-buffered saline (PBS), massaging for 30 s,
withdrawing, and repeating the process one more time. This concen-
trated aliquot was withdrawn, retained, kept separately, and was
designated as the first fraction of BAL fluid. Subsequent aliquots of PBS
in 5 ml volumes were instilled once with light massaging, withdrawn,
and combined until a 30 ml total volume was obtained. For each animal,
both lavage fractions were centrifuged (10 min, 598 x g), and the cell
pellets were combined and resuspended in 1 ml of PBS.

The lung lymph nodes (LLNs) and spleen were excised from each
animal, cleaned of connective tissue, and placed in sterile PBS or com-
plete medium (CM)[RPMI-1640, 10% fetal bovine serum (FBS; HyClone,
Waltham, MA) and 100 IU penicillin/100 pg streptomycin (Sigma-
Aldrich; St. Louis, MO) per ml of medium], respectively. LLN single cell
suspensions were prepared by mechanical disruption of tissues between
frosted microscope slides in PBS. Spleens were prepared using a 30 ml
syringe plunger and subsequently passing the homogenate through a cell
strainer to obtain a single cell suspension. Cells were washed with PBS
and resuspended in complete media. To enumerate the total number of
cells, 20 pl of cells was added to 10 ml of Isoton II diluent (1:500;
Beckman Coulter; Brea, CA) and two drops of ZAP-OGLOBIN (Beckman
Coulter) were added to lyse red blood cells. Cells were then counted
using a Coulter counter.

2.3.1. Flow cytometry

Flow cytometry was conducted as previously described [59]. For
phenotypic analysis, single cell suspensions obtained from the BAL,
spleen, and LLN (1 - 2 %x10%) were dispensed into a 96-well,
round-bottom plate and washed in staining buffer (PBS + 1% bovine
serum albumin + 0.1% sodium azide). Erythrocytes were lysed via RBC
lysis buffer before staining of the spleen. For blocking of Fc receptors,
cells were resuspended in staining buffer containing a-rat CD32 anti-
body. Cells were then incubated with a staining cocktail of
fluorochrome-conjugated antibodies specific for rat cell surface epi-
topes: CD3-FITC (clone G4.18), CD4-APC-Cy7 (0OX-35), CD8-PerCP
(OX-8), CD11b-v450 (WT.5), CD45RA-PE (0OX-33), CD45-PE-Cy7
(OX-1), CD161a-AF647 (10/78). Following an incubation, cells were
washed twice in staining buffer and fixed in Cytofix buffer according to
the manufacturer’s instructions (BD Biosciences, San Jose, CA). Within
24 h, cells were resuspended in staining buffer and analyzed on a LSR II
flow cytometer (BD Biosciences). Data analysis was performed with
FlowJo 7.6.5 software (TreeStar Inc.; Fenton, MI). Cells were first gated
on single cells using SSC-AxSSC-H doublet discrimination, followed by
cellular discrimination using FSC-A and SSC-A parameters, then cells
were identified as CD4+ T cells (CD4+ CD3+), CD8+ T cells (CD8+
CD3+4), B cells (CD45RA+ CD3-), NK cells (CD161.21hi CD3-), and
CD11b+ myeloid cells.

2.3.2. Natural killer (NK) cell-mediated cytotoxicity

NK cell cyotoxicity was conducted as previously described [2,59].
NK cell activity was evaluated using Yac-1, a murine T-cell lymphoma
cell line (ATCC; Manassas, VA) as the target cell. Target cells were
cultured in complete media (CM), maintained at 37 °C in a humidified,
5% CO atmosphere, and monitored daily. Cells were harvested in the
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log phase of growth, washed with Dulbecco’s PBS, and counted using
0.4% trypan blue solution. Only the cultures with greater than 95% cell
viability were selected for use in the assay. Target cells were labeled
with carboxyfluorescein succinmidyl ester (CellTrace™ CFSE Prolifer-
ation Kit; Life Technologies; Waltham, MA) according to the manufac-
turer’s directions. Cells were pelleted, washed twice in CM to wash off
the unincorporated dye, counted in 0.4% trypan blue solution, and
diluted to the desired concentration in CM. Splenocytes collected and
processed as described above were used as the effector cells in this assay.
The cytotoxicity assay was performed in 96-well, round bottom tissue
culture-treated microtiter plates. Effector cells were seeded in a 100 pl
volume/well with a fixed number of CFSE-stained target cells (20,
000/well) with effector to target ratios ranging from 50:1 to 150:1.
Control wells for spontaneous death of target contained CFSE-stained
target with no effectors (0:1, E:T ratio). Recombinant rat interleukin
(IL)— 2 (final concentration 0.05 ng/pl; R&D Systems; Minneapolis, MN)
was added to well containing effector cells for enhancement of baseline
cytotoxic activity. The contents of each well were mixed gently by
pipetting, centrifuged briefly at 526 x g, and incubated at 37 °C in a
humidified 5% CO, atmosphere for 4 h. Killing was stopped by placing
the plate on ice for 5 min. All wells were subsequently stained with
Live/Dead Fixable Violet Dead Cell Stain (Invitrogen; Waltham, MA)
and fixed in Cytofix fixation buffer (BD Bioscience) according to the
manufacturer’s directions. Effectors only, unstained target, and Live/-
Dead Fixable Violet Dead Cell -stained targets were also included as
assay controls. Stained samples were analyzed on a LSR II flow cytom-
eter (BD Biosciences). The results were expressed as percentage of dead
targets on a cell-to-cell basis.

2.3.3. Hematology

Following administration of an overdose of sodium pentobarbital
and exsanguination, whole blood was collected from the abdominal
aorta of the rats. A 150 pl aliquot was used for hematological evaluations
(Procyte, IDEXX). Endpoints analyzed included peripheral erythrocyte
and leukocyte counts, leukocyte differentials (lymphocytes, neutrophils,
monocytes, basophils, and eosinophils), reticulocytes, platelet counts,
hematocrit, hemoglobin levels, mean corpuscular hemoglobin (MCH)
and hemoglobin concentration (MCHC), mean corpuscular volume
(MCV), mean platelet volume (MPV), platelet hematocrit (PCT), and
platelet distribution width (PDW). Corrected reticulocyte percentage
was calculated as [reticulocyte %]* [(animal hematocrit/normal animal
hematocrit)] [25]. Normal animal hematocrit number was obtained
[12], and a hematocrit value of 43.93 was used for the calculations as
the male rats had an average age of 8-12 weeks during exposure.
Reticulocyte production index was calculated as (corrected reticulocyte
percentage/reticulocyte lifespan). Reticulocyte lifespan was determined
following the chart at (Cornell University College of Veterinary Medi-
cine 2023)[14] and a lifespan of 1.5 was used for the calculation.

2.4. Spleen IgM response to SRBC (B)

For study B, the primary IgM response to SRBC was enumerated
using a modified hemolytic plaque assay [2,29,59]. Four days prior to
euthanasia, the rats were immunized with 2 x 10® SRBC (in 1 ml vol-
ume) by i.v. injection. All SRBC for these studies were drawn from a
single donor animal (Lampire Laboratories; Pipersville, PA). On days 1,
7, and 27 following the last exposure to DE or air, rats were euthanized
by CO, asphyxiation, body and spleen weights were recorded, and
spleens were collected in 10 ml of Hank’s balanced salt solution (HBSS).

Single cell suspensions of the spleens from individual animals were
prepared in HBSS by disruption using a 30 ml syringe plunger and
subsequent passage through a cell strainer to filter cellular debris. To
quantify the total number of spleen cells, 20 pl of cells was added to 10
ml of Isoton II diluent (1:500; Beckman Coulter) and two drops of ZAP-
OGLOBIN (Beckman Coulter) were added to lyse red blood cells. Cells
were then counted using a Coulter counter.
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Dilutions (1:60 and 1:120) of spleen cells were then prepared and
100 pl of each dilution were added to test tubes containing a 0.5 ml
warm agar/dextran mixture (0.5% Bacto-Agar; Thermo Scientific;
Waltham, MA) and 0.05% DEAE dextran (Sigma-Aldrich), 25 pl of 1:1
ratio of SRBC suspension, and 25 pl of 1:4 dilution (1 ml lyophilized)
guinea pig complement (Cedarlane Laboratories; Burlington, Ontario).
Each sample was vortexed, poured into a petri dish, covered with a
microscope coverslip, and incubated for 3 h at 37 °C. The plaques
(representing antibody-forming B-cells) were then counted. Results
were expressed in terms of both specific activity (IgM plaque forming
cells (PFC) per 10° spleen cells) and total activity (IgM PFC per spleen)
based on the average of the two dilutions.

2.5. Statistical analyses

To determine statistically significant differences in immunological
endpoints, a 2-tailed unpaired t-test was used to compare rats exposed to
filtered air or diesel exhaust at the specified time point. Presented data
are based on the means + SEM of 6-8 rats for each treatment group at
each time point, except for the NK cell assay, in which 4 rats per
exposure group were used [2,59]. Differences between control and
experimental groups were accepted as significant when *P < 0.05, * *P
< 0.01, * **P < 0.001. Statistical analysis was performed using Graph
Pad Prism version 5.0 (San Diego, CA).

3. Results
3.1. Immunophenotyping

Flow cytometry was used to investigate immune cell subsets present
in LLNs, BAL, and spleen, along with total cellularity, at each of the post-
exposure time points. Following exposure to 0.2 mg/rn3 DE, the only
significant change in the LLNs was observed at 27 d post-exposure with
an increase in the frequency of CD4+ T-cells cells (Supplemental
Table 1). However, exposure to 1 mg/m° increased total cellularity, the
number of CD4+ T-cells, CD8+ T-cells, B-cells at 1 d post-exposure
(Fig. 1A, C, E, G). Total cellularity, CD4+ T-cells, CD8+ T-cells, and B-
cells increased by 69%, 66%, 81%, and 84%, respectively. At 7 d post-
exposure to 1 mg/m?, cellularity decreased (32%) along with the
number of CD4+ T-cells (33%) and CD8+ T cells (43%) in the LLNs
(Fig. 1B, D, F). No changes were observed with 1 mg/m® DE at 27 d post-
exposure in the LLN (Supplemental Table 2). All changes in the LLN
were in cell number and no changes were seen in cell frequency with any
cell subtype. This suggests that DE is altering the overall cell number
without specifically targeting certain cell sub-groups. While no changes
in total cellularity were observed in the BAL with 0.2 mg/m® exposure
(Supplemental Table 3), B-cell number and frequency increased at 1
d post-exposure (Fig. 2A, B), NK cell number and frequency decreased at
7 d post-exposure (Fig. 2C, D), and at 27 d post-exposure NK frequency
decreased, CD8+ T-cell number and frequency decreased, and CD11b-+
cell number and frequency decreased (Fig. 2F-J). B-cells had large
changes in both number and frequency with increases of 188% and
173%, respectively. With 1 mg/m® diesel exhaust, CD4+ T-cell fre-
quency decreased at 7 d post-exposure and B-cell frequency and number
increased at 27 d post-exposure (Supplemental Table 4). B-cells also had
alarge increase with 1 mg/m?3, with cell number increasing by 156% and
frequency by 100%. Also, in the absence of changes in cellularity
(Supplemental Table 5), 0.2 mg/m° increased CD4+ T-cells frequency in
the spleen at 1 and 7 d post-exposure (Fig. 3B, D) and at 27 d post-
exposure increased CD4+ and CD8+ T-cell number and CD8+ T-cell
frequency (Fig. 3E, G, H). CD4+ T-cell had the largest increase at 27
d post-exposure, increasing by 26%. CD8+ T cell number increased by
38% and frequency by 18% at 27 d post-exposure. No changes were
observed after 1 Ing/m3 at 1 d post-exposure in the spleen. However, B-
cell number increased at 7 d post-exposure (20% increase), and CD4 T-
cell number and frequency increased at 27 d post-exposure (29% and
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17%, respectively) (Supplemental Table 6).
3.2. Natural killer cell assay

Diesel exhaust exposure of 0.2 mg/m® suppressed NK cell function
but only at 27 d post-exposure (Fig. 4E). A significant decrease in the
percent killing was observed at one effector to target ratio, with 1:150
inducing a decrease of 12.6% at 27 d post-exposure. No changes were
observed with 0.2 rng/m3 at 1 or 7 d post-exposure at any effector to
target ratios. With 1 mg/m® diesel exhaust exposure no changes were
observed at any effector to target ratios at 7 and 27 d post-exposure.
However, at 1 d post-exposure 1 mg/m® diesel exhaust increased the
percent killing at 1:100 by 10.9% (Fig. 4B).

3.3. Hematology

No significant hematological changes were observed following
exposure to 0.2 mg/m3 DE exposure at the time points evaluated
(Table 2). However, with 1 mg/m?> exposure, erythrocytes, hemoglobin,
and hematocrit significantly increase at 1 d post-exposure (5%, 6%, and
7% increase, respectively) (Table 3). At 7 d post-exposure (1 mg/m3)
MPV decreased and at 27 d post-exposure platelet count decreased and
MCH increased (Table 3). Platelet count decreased by 10% (27 d post-
exposure) and MPV decreased by 4% (7 d post-exposure). Platelet
count showed a significant decrease over time (linear trend test) with
1.0 mg/m® DE exposure while control groups showed no change over
time, further supporting a DE effect on platelets. Corrected reticulocyte
(%) and reticulocyte product index (RPI) showed no change with 0.2 or
1 mg/m> DE at any timepoint compared to control. There was a signif-
icant decrease over time (linear trend test) in both these parameters, but
this occurred in both the control and DE exposure groups, showing the
decreases over time were not due to DE exposure.

3.4. IgM response to SRBC

Immunosuppression was evaluated following inhalation exposure to
DE via IgM response to SRBC. No significant reductions in the specific
(PFC/10° cells) or PFC/spleen IgM antibody activity against SRBC were
observed after exposure to 0.2 rng/rn3 (Figs.5)or1 mg/m3 (Fig. 6) DE at
any of the post-exposure time points.

4. Discussion

Acute immunotoxicologic and hematologic toxic effects of DE were
investigated in these studies due to the potential for worker exposure to
a chemical mixture. To examine these effects, rats were exposed to 0.2 or
1 mg/m® DE and endpoints were measured 1-, 7-, and 27-days post
exposure. Following whole-body inhalation exposure to DE, phenotypic
changes were observed at multiple time points with most changes
occurring in the LLNs. In the LLNs, the majority of changes were
observed at the 1-day post exposure timepoint to 1 mg/m?>, resolving by
27 days, suggesting an acute inflammatory response. This is in part
supported by the findings in the BALF. While increases in the frequency
and number of B-cells in the BALF were observed at 1 day following
0.2 mg/m° DE exposure, this increase was only observed at 27 days post
exposure for the high dose. It is worth noting that the control B-cell
number and frequency at 27 d post-exposure are much lower than the
control values at 1 and 7 d post-exposure, therefore, this increase in B-
cells after 27 d post-exposure could be due to variation in BAL collection
and/or processing. Similar findings were observed in the spleen with
more changes occurring following exposure to the 0.2 mg/m® low dose.
Fujimaki et al. also saw an increased number of lymphocytes in the BAL
fluid of mice after 4 weeks of DE exposure to low dose (1 mg/m?) DE but
not in the high dose (3 mg/m®) DE exposure [20]. B-cells were the only
immune cell subset altered in the spleen, LLNs, and BALF. This increase
suggests the induction of the adaptive immune response; however, these
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Fig. 1. Inhalation exposure to DE alters immune cell subsets in the LLN. Phenotyping was evaluated in LLN after in vivo exposure to 1 mg/m® DE. Total cellularity
(A, B), CD4 + cell number (C, D), CD8 + cell number (E, F), and B-cell number (G, H) were quantified via flow cytometry. Statistical analysis was determined using a
one-way ANOVA with a Dunnett’s post-test. Data shown as the means + SEM of 6-8 rats per group. P values are represented by *s where *p < 0.05 and * *p < 0.01.
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Fig. 2. Inhalation exposure to DE alters immune cell subsets in the BAL fluid. Phenotyping was evaluated in BALF after in vivo exposure to 0.2 mg/m> DE. B-cell
number and frequency (A, B), NK number and frequency (C-F), CD8 + cell number and frequency (G, H), and CD11b+ cell number and frequency (I, J) were
quantified via flow cytometry. Statistical analysis was determined using a one-way ANOVA with a Dunnett’s post-test. Data shown as the means + SEM of 6-8 rats

per group. P values are represented by *s where *p < 0.05.
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changes were not observed over multiple time points, although the
changes were observed in multiple tissue types. The increase in lym-
phocytes in several different organ types also suggests an induction of a
systemic inflammatory response occurring following DE exposure. Data
from several research studies support the findings presented in this
manuscript. In a human study, particulates [similar to that of DE Par-
ticulate (DEP)] were shown to accumulate in the LLNs over time [56].
Additionally, an epidemiology study investigating occupational expo-
sure to DE found an association between exposure and an increase in
CD4 + T cells, CD8 + T cells, and B-cells in peripheral blood [35].
Another study in healthy human volunteers, showed an increase in
CD4 + and CD8 + T cells in bronchial biopsies and an increase in B-cells
in the BAL after acute DE exposure [50]. These results support our own
findings and suggest that the increase in T cells may contribute to airway
inflammation induced by DE exposure, similar to what has been
observed by other investigators.

While the phenotypic findings suggest the potential for alterations in
the humoral immune response, functional evaluation of the adaptive
immune response was not consistent with the phenotypic data. The
primary murine assay to evaluate humoral immune function is the SRBC
PFC assay; this is considered the gold standard for assessing immuno-
modulation. This assay requires the cooperation of B and T-lymphocytes
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and macrophages. Although a previous study in BgCsF; mice showed a
decrease in both the specific activity and total activity of spleen IgM
response to SRBC following exposure to DEP [60], no changes in im-
mune suppression were identified in the current study. [60] also
observed a decrease in CD4+ and CD8+ T cells in the absence of B-cell
changes. This is contradictory to our phenotyping results where we saw
an increase in CD4+ (0.2 and 1 mg/m3) and CD8+ (0.2 mg/m3) T cells
along with an increase in B cells (1 mg/m®). These differences in find-
ings could be due to Yang et al. using DEP for exposure via intratracheal
aspiration while the current study utilized whole DE exposure via
whole-body inhalation. Yang et al. also exposed over 2 or 4 weeks while
the current study exposed for 4 days. Similar to our findings, an earlier
study with a much longer exposure (6-24 months) found no effect on
IgM response with DEP inhalation exposure in both rats and mice [4].
The lack of effect on humoral immune function in this study further
suggests that the immune changes observed are acute and inflammatory
in nature.

Support for innate immune effects was demonstrated by the findings
of the NK assay. The present study did observe a suppression of NK cell
function after DE exposure, but only at one timepoint (27 days post
exposure) with 0.2 mg/m3. This could possibly be the start of a sub-
chronic response; however, this study did not allow further
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Table 2

Hematology parameters of rats exposed to 0.2 mg/m?> diesel exhaust by whole body inhalation.

Toxicology Reports 12 (2024) 135-147

Days Post-Exposure

1d

Parameter® Air Diesel
Exhaust

Erythrocytes (M/ul) 6.71 +£0.31 6.81 + 0.32
Hemoglobin (g/dl) 13.25 £ 0.47 13.58 4+ 0.43
Hematocrit (%) 39.89 + 1.68 40.46 + 1.26
MCV (f) 59.52 + 1.47 59.32 + 2.68
MCH (pg) 19.78 £+ 0.50 19.90 £+ 0.88
MCHC (g/dl) 33.24 + 0.44 33.55 + 0.23
Reticulocytes (K/pl) 383.11 + 31.59 365.91 + 54.98
Reticulocytes (%) 5.74 £ 0.72 5.38 £0.92
Corrected Reticulocyte (%) 5.20 + 0.20 4.95 + 0.32
Reticulocyte Product Index (RPI) 3.47 £0.13 3.30 £ 0.21
Leukocytes (K/pl) 6.65 £ 1.07 6.53 £ 1.15
% Neutrophils 8.70 £ 2.16 9.24 +£1.68
% Lymphocytes 85.86 + 3.24 87.25 + 2.84
% Monocytes 4.01 £1.68 2.49 +£1.18
% Eosinophils 1.26 + 0.35 0.80 £+ 0.30
% Basophils 0.39 + 0.62 0.24 + 0.11
Platelets (K/pl) 907.5 + 60.89 902.25 + 103.06
PDW (FL) 7.96 + 0.47 7.89 £ 0.42
MPV (FL) 6.76 + 0.19 6.85 + 0.28
PCT (%) 0.62 + 0.05 0.62 + 0.08

7d 27d
Air Diesel Air Diesel
Exhaust Exhaust
7.04 + 0.52 7.25 + 0.28 8.18 + 0.39 8.24 + 0.22
13.43 +£ 0.54 13.76 £ 0.56 14.98 £+ 0.51 15.07 + 0.58
39.41 +1.96 40.12 + 2.02 43.85 +1.98 44.20 + 2.04
56.11 +1.48 55.55 + 1.34 53.62 + 1.42 53.6 + 1.59
19.11 + 0.68 18.99 + 0.33 18.34 + 0.43 18.27 + 0.41
34.09 + 0.39 34.15 + 0.48 34.18 + 0.46 34.11 + 0.53
288.64 + 29.21 269.99 + 33.54 193.57 +12.80 194.32 + 15.61
4.11 + 0.41 3.73 £ 0.50 2.37 £0.12 2.35+0.15
3.68 + 0.14 3.41 +£0.18 2.35 4+ 0.05 2.35 + 0.09
2.46 + 0.09 2.28 +0.12 1.67 +£0.13 1.92 +0.21
6.12 +1.79 5.33 +1.49 6.86 + 1.45 7.18 + 1.64
84 +1.89 8.45+1.49 10.3 £1.63 10.04 £ 1.72
86.86 + 3.02 87.11 + 2.24 85.11 + 1.85 84.25 +1.12
3.37 +£1.35 3.00 +1.36 2.88 +1.98 4.12 +1.30
1.13 + 0.56 1.25 +£ 0.29 1.58 + 0.47 1.45 + 0.22
0.11 +0.11 0.16 + 0.11 0.11 + 0.11 0.11 + 0.06
854.2 +71.91 781.14 + 68.56 740.71 + 95.33 780.85 + 70.28
8.43 £ 0.95 7.69 £+ 0.32 7.88 £0.22 8.08 + 0.28
6.98 + 0.26 6.59 + 0.21 6.71 + 0.14 6.88 + 0.11
0.52 + 0.15 0.52 + 0.05 0.49 + 0.05 0.54 + 0.05

AMCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; PDW, platelet distribution width; MCHC, mean corpuscular hemoglobin concentration, MPV,
mean platelet volume; and PCT, platelet hematocrit. Values are expressed as the means ( & SD) for each group (n = 7-8 rats/group).

Table 3

Hematology parameters of rats exposed to 1 mg/m> diesel exhaust by whole body inhalation.

Days Post-Exposure

1d 7d 27d
Parameter® Air Diesel Air Diesel Air Diesel
Erythrocytes (M/pl) 6.63 +0.13 6.99 + 0.09 * 7.19 +0.10 7.01 +0.14 7.93 + 0.07 7.81 + 0.04
Hemoglobin (g/dl) 13.11 + 0.24 13.85 + 0.18 * 13.89 + 0.27 13.44 +0.18 14.19 £ 0.11 14.25 + 0.12
Hematocrit (%) 38.63 + 0.78 41.31 + 0.74 * 41.78 +£1.01 39.99 + 0.61 41.29 + 0.46 41.20 + 0.25
MCV (f) 58.30 + 0.45 59.16 + 1.06 58.11 + 0.95 57.11 + 0.52 52.03 +£ 0.31 52.78 £ 0.22
MCH (pg) 19.81 +0.18 19.85 + 0.26 19.34 + 0.24 19.21 + 0.20 17.90 + 0.06 18.25 + 0.10 *
MCHC (g/dl) 33.96 + 0.13 33.54 £ 0.20 33.28 £ 0.22 33.63 £ 0.18 34.37 £ 0.28 34.58 +0.17
Reticulocytes (K/pl) 354.9 4+ 19.53 390.5 + 14.03 302.3 +8.17 278.7 + 14.57 245.6 + 35.60 206.3 + 5.96
Reticulocytes (%) 5.37 £ 0.31 5.59 + 0.21 4.21 +£0.12 3.98 +0.18 3.09 + 0.43 2.64 + 0.08
Corrected Reticulocyte (%) 4.71 £ 0.27 5.27 + 0.24 4.01 +£0.18 3.62 +0.19 2.92 + 0.43 2.48 + 0.06
Reticulocyte Product Index (RPI) 3.14+0.18 3.51 £ 0.16 2.88 +0.31 2.41 £0.12 1.94 +0.29 1.65 + 0.04
Leukocytes (K/pl) 6.08 + 0.66 6.81 + 0.42 7.31 4+ 0.83 6.26 + 0.42 6.17 + 0.25 6.39 + 0.60
% Neutrophils 10.86 + 0.81 10.16 + 0.67 10.00 + 1.03 10.50 + 0.66 10.37 + 0.77 9.48 + 0.89
% Lymphocytes 83.33 +£1.28 84.28 + 1.55 84.40 +1.43 83.74 £1.31 84.70 + 1.122 85.56 + 0.75
% Monocytes 4.44 + 0.49 4.51 +1.03 4.15 + 0.66 3.94 + 0.63 3.10 + 0.57 3.20 + 0.48
% Eosinophils 1.10 + 0.24 0.98 +0.13 1.38 £ 0.20 1.60 + 0.56 1.60 = 0.19 1.59 £+ 0.08
% Basophils 0.34 +0.10 0.15 + 0.03 0.20 + 0.01 0.23 + 0.04 0.23 + 0.06 0.18 + 0.05
Platelets (K/pl) 977.4 + 69.46 946.9 + 53.69 921.5 + 36.46 895.5 + 49.89 846.6 + 27.22 758.4 + 28.66 *
PDW (FL) 8.31 +0.21 7.98 + 0.10 8.33 +0.17 7.98 + 0.10 8.39 +0.15 8.23 +0.17
MPV (FL) 7.48 + 0.41 6.83 + 0.05 7.10 £+ 0.08 6.79 + 0.08 * 7.00 + 0.09 6.86 + 0.09
PCT (%) 0.74 + 0.09 0.65 + 0.04 0.66 + 0.03 0.61 + 0.04 0.59 + 0.03 0.52 £ 0.02

#MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; PDW, platelet distribution width; MCHC, mean corpuscular hemoglobin concentration, MPV,
mean platelet volume; and PCT, platelet hematocrit. Values are expressed as the means ( + SE) for each group (n = 7-8 rats/group). Several samples were omitted from
% Basophils calculations as they were below the accurate limits of detection. *P < 0.05

examination of this since acute effects were examined (less than 28
days) after initial exposure. NK cells kill diseased or stressed cells via
cytolytic granules. NK cell activity is an innate immune function that
plays a critical role in defense against infectious diseases as well as
tumor surveillance. NK cells are vital in the innate immune response to
infection and act as a bridge between innate and adaptive immune
response. A study using isolated peripheral blood from human volun-
teers observed a decrease in NK cell cytotoxicity with DEP stimulation
[41]. Another study found a decrease in cytotoxic activity of NK cells
from peripheral blood of inhabitants living near oil industries compared
to control group [6]. In the current study, no changes in NK cell number
or frequency in the spleen were observed after DE exposure, suggesting
changes in NK cell function were not due to an effect on phenotypic

changes in NK cells but rather a functional immune defect occurring. NK
cell frequency decreased at multiple time points (7- and 27-days post
exposure) but only in the BALF. However, due to these changes being
relatively minor and not consistent between time points, the biological
relevance is questionable.

The data on DE effects on hematological parameters are minimal or
inconsistent and considered to be due to biological variability. The
decrease in platelet count observed in this study (with no changes in
corrected reticulocyte count or RPI) suggest DE effects acting on platelet
production. Platelets can regulate the maturation and activation of
certain innate immune cells (macrophages, neutrophils, and DCs) and
have been shown to have additional roles in modulating the adaptive
immune response [1]. Platelets can affect leukocyte recruitment to
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Fig. 5. Inhalation exposure to 0.2 mg/m> DE does not suppress the spleen IgM response to sheep red blood cells (SRBC). The spleen IgM response to SRBC was
evaluated after exposure to 0.2 mg/m® of DE. The IgM response to SRBC/10° splenocytes and IgM response to SRBC/spleen is illustrated at 1 d (A, B), 7 d (C, D), and
27 d (E, F) post-exposure. Data shown as the means + SEM of 8 rats per group.

tissues undergoing inflammation [1] and can activate T and B cells [21].
In the current study, phenotyping analysis showed alterations in lym-
phocytes, however, activation status was not investigated. Decreases in
platelet count along with the effects on immune phenotyping markers
may suggest a more complex interaction across these two systems in
response to DE. A significant decrease over time (linear trend test) in
corrected reticulocyte count and RPI was observed in both the control
and DE exposure groups and no differences were observed between
control and DE exposure at any timepoint; suggesting the decrease over
time was not due to DE exposure. The decrease in reticulocytes over time
could be due to overall stress of the animal or another external factor. In
a human study with inhaled DE exposure, a significant increase in he-
matocrit was observed 7 h after DE [34] and following 4 weeks of DEP
exposure, a decrease in platelet count was observed in mice exposed to
15 mg/kg DEP [60], both similar to that in the current study. Opposite
to our findings, another human study found no effect on platelet number
after DE exposure, compared to filtered air, 3, 6, and 22 h after exposure
[8]. In a mouse study, no effect on any hematological parameters
(measured 1 day after a 4-week exposure) after DE exposure was
observed [10]. DEP induced a reduction in red blood cell number and
hemoglobin in rats [42], however, this study used intravenous admin-
istration of the DEP as opposed to inhalation. A possible reason for the
differences in hematology results could be the species dependent
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degrees of internalization of DEP and resistance to effects in the eryth-
rocytes after DEP exposure [43].

Although not evaluated in the studies presented in this manuscript,
many studies report DE and DEP as adjuvants rather than inducing direct
immunogenic effects. Mediators of inflammation (RANTES, TNF-a, MIP-
la, MCP-3) increased in production after exposure to DEP with allergen
and led to an increase in lymphocyte, monocyte/macrophage and
neutrophil cell number ([17,28,45, 55]). These findings are supported
by the acute inflammation observed in the present study, further sup-
porting immunotoxic effects of DE.

As mentioned previously, DE is composed of multiple chemicals,
some of which have been shown to individually alter immune function.
One group of compounds usually found in DE are polycyclic aromatic
hydrocarbons (PAHs). PAHs show effects on both immunosuppression
and immune enhancement [7]. PAHs can penetrate the epithelial barrier
and activate the aryl hydrocarbon receptor (AhR). AhR activation is
used by both innate and adaptive immune cells leading to effects on
macrophages, mast cells, B cells and T cells [65]. PAHs can also interfere
or activate signaling pathways in both murine and human B- and T- cells
[7,16]. While the current study did not observe suppression of the hu-
moral immune response, alterations in T and B-cell number and fre-
quency were observed. Nitric oxide is another component of DE.
Following nitric oxide exposure in 15 healthy volunteers, a decrease in
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T-cells in the BAL was observed (compared to filtered air exposure) [52]
which is consistent with the finding in our study. Higher outdoor nitric
oxide levels have also been associated with childhood asthma [22]. After
nitric oxide exposure, all subjects (18 healthy non-smokers) showed an
inflammatory response with altered numbers of lymphocytes in the BAL
fluid [51], and another study showed an increase in B-cells in the BAL
fluid after exposure in healthy subjects [5]. Composition of DE
(including particle diameter, surface area, and PAH concentration) have
been shown to differ between diesel fuel types and the DE created [3].
DEs are variable mixtures that have been shown to induce differing
biological results depending on the components [54]. Careful interpre-
tation of exposures occurring with mixtures need to be conducted as
each mixture is not exactly the same and may contain varying concen-
trations of immunomodulating substances. Only male rats were used in
this study, in order to compare results with previous and future studies.
While interpreting the results, it is important to note that previous
studies have found differences between males and females in a variety of
endpoints after DE exposure [13,30,33,36] and the immune response is
known to differ between males and females [32].

Diesel particulate mass has historically been the measure of exposure
to simulate whole DE exposure [55]. The majority of articles published
on DEP toxicity use standard reference particles that are administered
intranasally or intratracheally. The exposure method utilized in the
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current study overcome some of the limitations of reference particle
exposure as the particles are freshly generated with the volatile organics
and gases still present and exposure is occurring via inhalation which is
the main route of exposure for humans. As mentioned above, it is
important when interpreting DE findings to consider the type of DE/DEP
being utilized, the exposure method, the concentration of the DE/DEP,
and the animal model. The doses utilized in the current study were
chosen to bracket potential occupational exposure levels using both a
low and high dose [48]. Similar concentrations to what was used in this
study have been published previously both in human exposure
(0.3 mg/m3 [11,37,47,9] and 0.11 rng/m3, [46]) and in rodents (0.1 to
0.996 mg/m3 [38],and 0.2 mg/m3 [39]). In summary, the present study
observed quantitative changes in cellularity in the BAL, LLNs, and
spleen, alterations in NK function, and alterations in hematology pa-
rameters in rats after DE whole-body inhalation exposure. The suspected
health effects of DE exposure with the high risk of occupational exposure
demonstrates the need for additional studies to help evaluate the
adverse effects of DE to human health.
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