1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Immunotoxicol. 2021 December ; 18(1): 1-12. doi:10.1080/1547691X.2020.1869355.

Immunotoxicity studies of sulfolane following developmental
exposure in Hsd:Sprague Dawley SD rats and adult exposure in
B6C3F1/N mice

AtLee T. D. Watson®", Victor J. JohnsonP”*, Michael I. LusterP, Gary R. Burleson®, Dawn M.
FallacaraC®, Barney R. Sparrow®, Mark F. Cesta?, Michelle C. Cora?, Keith R. Shockleyd, Matt
D. Stout?, Chad R. Blystone?, Dori R. Germolec?

aDivision of the National Toxicology Program, National Institute of Environmental Health Sciences,
Research Triangle Park, NC, USA

bBurleson Research Technologies, Inc, Morrisville, NC, USA
®Battelle Memorial Institute, Columbus, OH, USA

dDivision of Intramural Research, National Institute of Environmental Health Sciences, Research
Triangle Park, NC, USA

Abstract

Sulfolane is a solvent used in the petrochemical industry and a groundwater contaminant in areas
near refineries. The current studies were conducted to assess the impact of oral exposure to
sulfolane on the immune system using two models: (1) a perinatal drinking water exposure to

0, 30, 100, 300, or 1000 mg/L from gestation day (GD) 6 until ~ 13 weeks-of-age in Harlan
Sprague Dawley rats; and, (2) a 90-day gavage exposure of adult female B6C3F1/N mice to 0, 1,
10, 30, 100, or 300 mg/kg/day. Immune parameters evaluated included measurement of antibody
production against sheep red blood cells (SRBC) and keyhole limpet hemocyanin (KLH), ex
vivo measurements of natural killer (NK) cell activity, cytotoxic T-cell (CTL) activity, and T-cell
proliferation, as well as measures of splenic immune cell populations, hematological parameters,
and histopathology of immune tissues. A decrease in ex vivo NK cell activity was observed in
cells from female — but not male — F1 rats following developmental exposure. In adult female
mice, splenic NK cell number was lower than the vehicle controls at doses 100 = mg/kg; however,
ex vivo NK cell activity was not affected by sulfolane treatment. In female mice, a decrease in
the number of large unstained cells at doses = 30 mg/kg was observed. In F1 rats, effects on
white blood cells (WBC) were limited to a decreasing trend in leukocytes in females; no effects
were observed in males. Under the conditions of this study, a no-observed-effect level (NOEL) of
3 mg/kg/day was identified based on reduced NK cell activity in female F1 rats. Overall, these
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findings suggest that oral exposure to sulfolane in rodents had minimal effects on the immune
system.
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Introduction

Sulfolane (2,3,5-tetrahydrothiophene-1,1-dioxide; tetramethylene sulfone) is a high
production volume chemical used in liquid-liquid and liquid-vapor extraction of chemicals
from petroleum, in fractionalization of wood tars, and as a desulfurization agent in

the purification of natural gas. Release of sulfolane into the environment can result in
contamination of groundwater and well water in neighboring communities, as evidenced in
the city of North Pole, AK where sulfolane has been detected at levels up to 500 parts per
billion (ppb) in drinking water (ADEC (Alaska Department of Environmental Conservation)
2012). Therefore, in addition to potential occupational exposure through inhalation and/or
dermal routes, residents may potentially receive exposure to sulfolane through ingestion of
drinking water and certain foods in these affected communities.

Sulfolane is well absorbed and rapidly eliminated in male and female rats and mice
(Waidyanatha et al. 2019, 2020). Acute LDsg toxicity values for sulfolane have been
observed in the range of 2000 mg/kg in rats and mice (Brown et al. 1966), and other

effects on neurobehavior and thermoregulation occur at relatively high doses approaching
the LDsg (Gordon et al. 1985). A 28-day comparative study demonstrated that rats were
more sensitive than mice or guinea pigs when administered sulfolane via gavage, with
no-observed-effect levels (NOEL) of 10 and 100 mg/kg reported for rats based on decreased
body weights in females and increased kidney and liver weight in males, respectively
(Shipkowski et al. 2021).

Reproductive effects have also been observed in rodents following exposure to sulfolane.
A guideline reproductive screening study (OECD 421) in Sprague-Dawley rats exposed
via gavage to sulfolane (0, 60, 200, or 700 mg/kg/day) during preconception, gestation,
and lactation (~63 days) reported increased litter loss, reduced live litter size, and lower
pup weights at doses = 200 mg/kg/day (OECD (Organization for Economic Cooperation
and Development) 2004, 2016). In mice, a prenatal developmental toxicity study observed
increased fetal resorptions and fetal skeletal anomalies at 840 mg/kg (Zhu et al. 1987).

A review of the available toxicity literature suggests that mild-to-moderate decreases in
white blood cell (WBC) counts is a relatively consistent finding in animal studies of
sulfolane (ATSDR (Agency for Toxic Substances and Disease Registry) 2011). In a 90-

day subchronic drinking water study, a no-observed-adverse-effect level (NOAEL) of 25
mg/L (2.9 mg/kg/day) was reported based on decreased WBC, lymphocytes, monocytes,
basophils, and large unstained cells (LUC) in female Sprague-Dawley rats. Male rats were
unaffected by sulfolane treatment (Huntingdon Life Sciences 2001). The hematological
effects in female rats were subsequently used to set a noncancer oral reference dose (RfD) of
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0.01 mg/kg/day based on benchmark dose modeling (USEPA (United States Environmental
Protection Agency) 2012; Thompson et al. 2013). While severe leukopenia can result in
compromised immune function leading to increased susceptibility to infections and cancer,
additional data are needed to discern whether mild-to-moderate leukopenia in rodents
represents a significant human health effect.

Given the limited toxicity data available for sulfolane, the National Toxicology Program
(NTP) conducted studies to evaluate the effects of oral exposure on immune function in
two rodent models. Due to continued exposure in communities, which likely included
developmental periods, a developmental immunotoxicity study was conducted in Harlan
Sprague Dawley rat offspring exposed to 0, 30, 100, 300, or 1000 mg/L in drinking water.
In addition, a 13-week repeat dose gavage study was performed in adult female B6C3F1/N
mice exposed to 0, 1, 10, 30, 100, or 300 mg/kg/day to provide additional data in a second
rodent species as an important aspect of a comprehensive safety assessment. In addition,
the adult female mouse study provides a bridge to compare effects following a 13-week
exposure with those previously observed following shorter exposure duration in the NTP
28-day gavage studies. Here, we report the effects of sulfolane exposure on a comprehensive
suite of immune parameters and functional endpoints to provide necessary toxicity data to
inform risk assessment activities for sulfolane.

Methods
These studies were conducted in compliance with the U.S. Food and Drug Administration
Good Laboratory Practices for Nonclinical Laboratory Studies (Title 21 of the Code of
Federal Regulations, Part 58).

Test article

Sulfolane (CAS No. 126-33-0; Lot No. MKBN9784V, > 99% purity) was obtained from
Sigma (St. Louis, MO). Sulfolane gavage and drinking water formulations in water (vehicle;
tap water from animal facility) were stable for up to 42 days when stored under refrigerated
or ambient conditions. All formulations were within + 10% of target concentrations.
Cyclophosphamide (CPS; Lot No MKBS0021V, >99% purity; Sigma) was used as a positive
control for immunosuppression. CPS formulations were within 5% of a target concentration
of 5 mg/ml.

Test animals and sulfolane treatment

All animal procedures were approved by the institutional animal care and use committee
(IACUC) at the appropriate institution. Female mice (/7= 8/treatment group) and F1 rats (7=
12/sex/treatment group) were randomly assigned to five assay cohorts (Table 1). For F1 rats,
no assay cohort contained more than one male or one female from the same litter.

B6C3F1/N mice

Mouse studies were conducted at Burleson Research Technologies (BRT; Morrisville, NC).
Adult female B6C3F1/N mice were obtained from Taconic Biosciences Inc. (Hudson, NY).
Female mice were used based on their historical use in NTP immunotoxicity studies to
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evaluate test article-mediated effects on immune function, and the more robust response in
females for both innate and adaptive immunity (Klein and Flanagan 2016). Following an
acclimation period of at least 7 days, mice were randomized by body weight ( £ 20% of
mean body weight) and group-housed in individually-ventilated cages (up to 5 mice/cage).
Municipal tap water (Town of Cary, NC) and NTP-2000 pelleted diet were provided ad
libitum. All animals were kept in facilities with a 12-h light/dark cycle at 21-24 C and with
a 35-65% relative humidity.

Formulations of sulfolane were prepared at concentrations of 0.1, 1, 3, 10, or 30 mg/ml in
water to provide dose levels of 0 (vehicle control), 1, 10, 30, 100, or 300 mg/kg/day (based
on a dose volume of 10 ml/kg). Exposure levels for female mice were selected based on
overt toxicity observed at 800 mg/kg in male and female mice in the NTP 28-day gavage
studies (Shipkowski et al., 2021). Female mice (8-9 weeks-of-age at start of dosing) were
administered the vehicle or sulfolane daily for 90 days by gavage.

Harlan Sprague-Dawley rats

The perinatal phase of the rat developmental immunotoxicity studies was initiated at Battelle
Memorial Institute (Columbus, OH) as part of a 2-year chronic toxicity study. Time-mated,
nulliparous Hsd:Sprague Dawley® SD® (Harlan Sprague Dawley, HSD) rats were obtained
from Envigo (Haslett, MI). Following acclimation for up to 15 days, dams were randomized
by body weight ( = 20% of mean body weight) and were housed individually in cages,
alone or with their respective litters until weaning on postnatal day (PND) 28. Litters were
standardized on PND 4 to eight pups per litter (four/sex, when possible). Post-weaning F1
rats were group housed by sex with up to two males or three females per cage. Male and
female F1 rats were shipped to BRT on PND 56-61 for conduct of immune function assays.
Additional male and female age-matched HSD rats (7= 45/sex) were obtained from Envigo
for use as positive control and naive animals in the immunotoxicity studies. Rats were
provided NIH-07 diet from gestation day (GD) 6 to PND 28, and NTP-2000 pelleted feed
thereafter ad /ibitum. \ehicle or sulfolane-treated drinking water was provided ad /ibitum.
Animal room conditions were maintained on a 12-h light/dark cycle at 21-26 C and with a
35-65% relative humidity.

Time-mated FO female rats (12—-13 weeks-of-age at study initiation) were exposed to vehicle
or sulfolane-treated water from GD 6 until PND 28, where GD 0 was defined as the first
day of positive evidence of mating. Post-weaning, male and female F1 offspring were
exposed to the same dose level as their respective dam from PND 28 until PND 56-61,

at which point they were shipped to BRT where exposure continued for 5-6 weeks until
study termination on PND 91-95 (for conduct of immune function assays). Formulations of
sulfolane were prepared in tap water to provide exposure levels of 0, 30, 100, 300 and 1000
mg/L in drinking water. Exposure levels were selected based on findings of reproductive
and developmental toxicity in pregnant rats at doses = 200 mg/kg/day (OECD 2004) and
decreased WBC counts and differentials at doses = 400 mg/L in male and female rats

(HLS (Huntingdon Life Sciences) 2001). Water bottles were changed twice weekly; water
samples were analyzed for both chemical (PACE Analytical, Englewood, OH) and microbial
contaminants (Brookside Laboratories, New Brennen, OH).
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A positive control group was administered CPS in saline at a dose of 50 mg/kg for mice

or 15 mg/kg for rats once per day via intraperitoneal (IP) injection starting on the day of
infection or immunization until the day before the scheduled euthanasia, or for the last four
days prior to necropsy if no infection or immunization was performed on the cohort.

General toxicology (Cohort 1)

Food and water consumption were monitored in F1 rats exposed to vehicle or sulfolane

in drinking water. Water consumption data was used to calculate sulfolane intake. Daily
clinical observations were recorded in all study animals. At necropsy, the liver, spleen,
lungs, thymus, kidneys, adrenal glands, bone marrow (femur), gastrointestinal tract with
Peyer’s patches (rats only), and mesenteric and popliteal lymph nodes (LN) were collected,
fixed in 10% neutral buffered formalin, sectioned at 4-6 mm, and stained with hematoxylin
and eosin for histopathological evaluations in the rat study. The lymphoid organs were
evaluated using enhanced histopathology (EH) guidelines (Elmore 2006a, 2006b, 2006c¢,
2006d, 2006e); non-lymphoid organs were evaluated by traditional histopathology. All
evaluations were conducted in accordance with the NTP Immunotoxicity Study Pathology
Specifications.

Hematology (Cohort 1)

At their scheduled termination, animals were randomized, rendered unconscious with carbon
dioxide (COy), and then blood was collected. Blood (~250 ml) was collected from the
retroorbital site and placed into tubes containing KoEDTA. Immediately following blood
collection and before recovery of consciousness, the animal was returned to the CO,
chamber for euthanasia. The blood was analyzed the day of collection on an Advia 120
hematology analyzer using associated V.6.3.2-MS software (Siemens Medical Solutions
USA, Inc., Malvern, PA). The following hematologic parameters were assessed: erythrocyte
count, hematocrit, hemoglobin concentration, mean cell volume, mean cell hemoglobin,
mean cell hemoglobin concentration, platelet count, reticulocyte count, and leukocyte count
and differential.

Assessment of humoral immunity to T-dependent antigens (Cohorts 2 and 3)

Sheep red blood cells (SRBC) in Alsever’s solution (Colorado Serum Company, Denver,
CO) were washed three times in phosphate-buffered saline (PBS) and re-suspended in PBS
to a final concentration of 3.75 x 108 SRBC/ml for use with the mice or 2 x 108 SRBC/ml
for use with the rats. Female mice from Cohort 2 were intravenously immunized via the

tail vein with 0.2 ml (7.5 x 107 SRBC) on Study Day (SD) 86. F1 rats from Cohort 2

were intravenously immunized via the tail vein with 0.5 mL (108 SRBC) four days prior

to study termination on PND 87-91. Four days after immunization, animals were humanely
terminated with CO, and weighed. A maximum amount of blood was collected by cardiac
puncture, allowed to clot for 30—-60min at room temperature, and serum was then isolated.
The serum was stored at —=70°C or below until evaluated for anti-SRBC IgM antibodies. The
spleen and thymus were removed, and weights recorded.

For the antibody-forming cell (AFC) response to SRBC, spleens from Cohort 2 animals
were processed to single cell suspensions in HBSS + HEPES and cell concentration and
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viability were determined. Spleen cells (1:30 and 1:120 dilution in 100 pl volume) and
SRBC (25 pl of 50% suspension in HBSS) were added to 500 pl of molten agar media (at
44 + 1°C) and mixed with 25 pl of guinea pig complement (1/3 dilution of stock in 1 mL
of HBSS with 0.1 mL of 50% SRBC suspension; Cedarlane Laboratories, Burlington, NC)
in duplicate tubes. Resulting suspensions were poured onto the center of a petri dish (in
duplicate) and covered with glass. The agar was allowed to solidify prior to being placed in
an incubator set to maintain 37°C for at least 3h and then AFC plaques were enumerated.
The number of plaques were expressed per million spleen cells and per spleen.

Serum samples from Cohort 2 animals immunized with SRBC were also evaluated for
anti-SRBC IgM using an ELISA kit (Life Diagnostics, St. Petersburg, FL) according to
manufacturer instructions. Following the addition of stop solution, optical density was
determined at 450 nm using a Spectramax 340 spectrophotometer and associated Softmax
Pro v2.2.1 software (Molecular Devices, Sunnyvale, CA).

Keyhole limpet hemocyanin (KLH; Stellar Biotechnologies, Inc., Los Angeles, CA) whole
protein was used as a second T-dependent antigen. Animals from Cohort 3 were immunized
14 days prior to scheduled termination (SD 76 in mice, PND 77-81 in rats) via IP injection
of 300 pg KLH/animal. Blood was collected via the saphenous or tail vein, in mice and rats
respectively, five days following immunization to examine the impact of sulfolane on the
primary IgM antibody response. Terminal blood collection 14 days following immunization
with KLH was used to isolate serum for determination of the impact of sulfolane on isotype
switching to 1gG antibody production. In both cases, isolated sera (stored at 70°C until
analyzed) were assayed for anti-KLH IgM or IgG using ELISA Kits (Life Diagnostics) as
above.ss

Splenic T-cell proliferation (Cohort 4)

To evaluate T-cell proliferation, 96-well microtiter plates were coated overnight with anti-
mouse CD3 antibody (100 pl/well of 1 pg/ml solution of Clone 145-2C11; BD Biosciences)
or anti-rat CD3 antibody (100 pl/well of 1 pg/ml solution of Clone G4.18; BD Biosciences)
and then washed. Spleen cell suspensions from Cohort 4 animals were separated from red
blood cells (RBC) using Ficoll-Paque Plus (GE Healthcare) density gradients. The isolated
cells were then re-suspended in complete RPMI 1640 medium (RPMI containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin; Gibco ThermoFisher Scientific) at 5 x
108 cells/ml. From this suspension, 100 pl of cells (5 x 105/well) were added to appropriate
wells, and the plates incubated at 37 °C (in 5% CO,) for up to 72 h. Changes in total

cell number, indicative of proliferation, were measured using a fluorescent nucleic acid
stain assay (CyQuant Direct Cell Proliferation; ThermoFisher Scientific, Grand Island, NY)
according to manufacturer instruct-tions. The fluorescent signal (485 nm excitation/535 nm
emission), directly proportional to live cell number and thereby an index of proliferation,
was measured using a Spectramax M2e spectrofluorometer and associated Softmax Pro
software v5.0 (Molecular Devices).
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Natural killer (NK) cell activity (Cohort 4)

Spleen single cell suspensions from Cohort 4 animals were evaluated for the impact of
sulfolane treatment on NK cell killing activity toward tumor target cells (Yang et al. 1994).
In brief, spleen effector cells were separated from RBC using Ficoll-Paque Plus density
gradient and then separated from adherent cells by passing through nylon wool columns
(Polysciences, Inc., Warrington, PA). The spleen effector cell suspensions were diluted in
complete RPMI 1640 to achieve effector-to-target ratios of 50:1. 25:1 and 12.5:1. Effector
cells (100 plI) were added to triplicate wells in round-bottom microtiter plates that contained
100 pl of target YAC-1 cells (10% cells/well) that had been pre-labeled for 90 min with
Chromium-51 (°1Cr) at a dose of 100 pCi/10° target cells. Spontaneous-release (S) and
total 51Cr release (T) controls were prepared separately by adding 100 pl of YAC-1 cells

to appropriate wells containing 100 pul RPMI 1640 or Triton X-100, respectively. YAC-1
cells (ATCC, Manassas, VA) were cultured and then labeled with 51Cr as reported in earlier
studies (Burleson et al. 2018).

After loading, the plates were centrifuged at 250 x g for five min, then incubated at 37
°C/5% CO,, for 4 h. Culture supernatants were harvested and release of ®1Cr determined
using a Cobra 11 Auto-Gamma counter (Packard, Meriden, CT). Percent-specific 51Cr
release (NK lysis) was calculated using the formula [(E-S)/(T-S)] x 100, where E is the

SICr release from target cells in the presence of effector cells, S is the spontaneous release of
S1cr from target cells alone, and T is the maximum release of 51Cr from target cells in the
presence of Triton X-100.

Immunophenotyping (Cohort 4)

Spleen cells from Cohort 4 animals were subjected to ammonium chloride RBC lysis.

The resulting mononuclear cells were re-suspended in RPMI with 5% FBS to 2.5 x 10°
cells/ml; and 100 pl aliquots containing 2.5 x 10° cells were added to cluster tubes and the
cells pelleted. The cells were then re-suspended in 50 pl stain buffer (PBS/2% BSA/0.1%
NaN3) and incubated for 5-30 min on ice after addition of F. Block solution (BioLegend,
San Diego, CA). Following the blocking step, 50 ul of antibody (all BioLegend) cocktails
containing antibodies to: (1) CD3, CD161a, CD45, and CD45RA,; (2) CD8a, CD3, CD45,
and CD4; or (3) for mouse CD11b/CD11c, Ly6G, and NKp46, or rat CD11b/c, CD103,
RP-1, and CD161a were added to the appropriate tubes. Antibody staining titers were
previously optimized for the experimental conditions and equipment used. Control tubes
contained cells only, cells with a single antibody from the list above, or cells with a single
isotype control antibody. Cells were then incubated on ice for 20-50 min protected from
light. Following incubation, the samples were fixed using 2% paraformaldehyde for at least
30 min, followed by centrifugation and resuspension in fresh stain buffer. The samples were
then stored at 2-8 °C, protected from light, until analyzed on an Accuri C6 flow cytometer
using CFlow Plus v 1.0.264.15 (BD Biosciences). In all cases, a minimum of 20,000 events/
sample was acquired.

Lymphocyte gating was performed on CD45" populations. The following lymphocyte
subsets were identified; T-cells (CD3"CD45RA), B-cells (CD3"CD45RA™), NK cells
(CD3~CD161a™), T-helper cells (CD3*CD4"), and T-cytotoxic cells (CD3*CD8*). Myeloid
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cells were gated based on being positive for CD11b with low-to-mid intensity staining

for CD11c (mouse) or CD103 (rats). Myeloid populations were differentiated from NK
cells based on lack of NKp46 expression, (mouse) or lack of CD161a (rats). Further
differentiation was based on expression of Ly6G (mouse) or RP-1 (rat) with positive cells
being neutrophils and negative cells differentiated using SSC into monocytes/macrophages
with low granularity and eosinophils with high granularity.

Cytotoxic T-lymphocyte (CTL) assay (Cohort 5)

To stimulate an in vivo cell-mediated immune response, F1 rats in Cohort 5 were infected
eight days prior to scheduled termination (PND 83-87) with influenza virus [~2 x 10°
plaque forming units (pfu)/rat]; adult female mice were infected with influenza virus (~4 x
104 pfu/mouse) on Day 20 via intranasal instillation (Burleson et al. 2018). The ex vivo CTL
assay was performed using lung effector cells isolated from the influenza-exposed animals 8
days following infection. Lung effector cells were separated from RBC using Ficoll-Paque
Plus density gradient and then separated from adherent cells by passing through nylon wool
columns. The resulting single cell suspensions were adjusted using DMEM with 10% FBS
and 1% penicillin/streptomycin to achieve effector-to-target ratios of 50:1. 25:1 and 12.5:1.
For the assay, 100 pl of the cells were added to 100 pl of target cells (1 x 10* cells/well)
that had been both pre-infected with influenza virus and labeled with °1Cr as described in
Burleson et al. (2018). The U-bottomed plates were then incubated at 37 °C for 6 h before
51Cr release was evaluated in each well. The control wells were treated DMEM or Triton
X-100 to assess spontaneous and maximum °1Cr release, respectively. Percent specific ®1Cr
release (CTL lysis) was calculated via the formula [(E-S)/(T-S)] x 100; where E is the >1Cr
release from target cells in the presence of effector cells, S is spontaneous release of 51Cr
from target cells, and T is maximum release of ®1Cr from target cells. Due to unusually high
spontaneous release from the target cells in the mouse CTL assay, CTL-specific killing of
the targets could not be determined and is not reported.

Data collection and statistical analysis

These studies were conducted in compliance with Nonclinical Laboratory Studies Good
Laboratory Practice Regulations issued by the U.S. Food and Drug Administration (Title
21 of the Code of Federal Regulations, Part 58). Data were collected into Provantis v9.2.3
(Instem, Philadelphia, PA) and calculation of endpoints was performed within this validated
electronic data collection and management system.

Results are presented as mean + SEM. Jonckheere’s test was used to test for dose-related
trends (Jonckheere 1954). Body weight and organ weight data, which typically exhibit a
normal distribution, were analyzed using a parametric multiple comparison procedure. If a
significant trend was detected at p< 0.01, a Williams’ test was used (Williams 1986); if the
trend was not significant, a Dunnett’s test was used (Dunnett 1955). Data for other endpoints
were analyzed using a non-parametric multiple comparison procedure. If a significant trend
was observed Shirley’s test was used (Shirley 1977); if the trend was not significant Dunn’s
test was used (Dunn 1964). Positive control group data was compared to the vehicle control
group using the Kruskal-Wallis test. Data that were different from control at p < 0.05 were
considered significant. Extreme values were identified by the outlier test of Dixon and
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Massey (Dixon and Massey 1957). All flagged outliers were examined by NTP personnel,
and implausible values were eliminated from the final analyses.

Summary findings relevant for evaluating immune toxicity are presented below.

All study findings (including individual animal data) are available at the NTP

Chemical Effects in Biological Systems (CEBS) database (https://doi.org/10.22427/NTP-
DATA-002-03276-0016-0000-7).

General toxicity

In-life and terminal body weights were not affected by sulfolane treatment in female mice.
No clinical indications of toxicity were observed in female mice that were considered related
to sulfolane exposure. All female mice that were infected with influenza virus (Cohort 5),
regardless of treatment group or control, exhibited clinical signs of piloerection, a commonly
occurring symptom following viral challenge.

In rats, water consumption was monitored in FO dams during gestation and lactation (GD

6 — PND 28) and in F1 offspring from PND 35 to approximately PND 91 to determine
sulfolane intake (Table 2). No clinical signs of toxicity were observed in sulfolane-exposed
FO dams, and there were no apparent effects on gestational and lactational weight gain,

litter parameters, or pup weights on PND 0. At weaning on PND 28, male and female

F1 offspring weighed 7-8% less than controls in the 1000 mg/L group (data not shown).
Water consumption in male and female F1 rats at all test doses was not statistically different
from the vehicle controls for the duration of the study. When normalized to body weight,
sulfolane exposure in female F1 rats was up to 63% higher than that of male F1 rats on a
mg per kg-day basis. Feed consumption was 6—7% lower than controls in male and female
rats exposed to 1000 mg/L during the post-weaning period. In female F1 rats, there was a
significant trend in lower body weights with increasing dose during the post-weaning period,
with 1000 mg/L females weighing 7-10% less than the vehicle control group from PND

35 until study termination on PND 91. Male F1 rats in the 100 mg/L group weighed ~5%
less when compared to the vehicle control group for the during the post-weaning period. No
clinical indications of toxicity that were considered related to sulfolane exposure were noted
in F1 rats.

Organ weights and pathology

In female mice from Cohort 1 there was a positive trend in liver weight with a significant
increase (+16%) in the 300 mg/kg treatment group compared to that of the vehicle control
group. No other notable changes in organ weights were observed in female mice treated
with sulfolane; female mice treated with CPS demonstrated marked decreases in spleen and
thymus weights.

Exposure to sulfolane in female F1 rats resulted in significant increases in absolute and
relative thymus weights (+18%) in the 300 mg/L group, and a negative trend with a
significant decrease in absolute kidney weight (-9%) in the 1000 mg/L group compared

to the vehicle control group (Table 3). In male F1 rats, absolute and relative spleen weights
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demonstrated a positive trend with increasing sulfolane exposure, with a pairwise significant
increase of 11% when compared to controls in relative spleen weights in the 1000 mg/L
group. Spleen and thymus weights were significantly decreased in CPS-treated male and
female F1 rats (Table 3).

There were no gross or microscopic changes identified in lymphoid tissues (spleen, thymus,
lymph nodes, BALT, bone marrow) or in non-lymphoid tissues examined (liver, lung, right
kidney, right adrenal gland) in female mice or F1 rats that were attributed to sulfolane
exposure. There were a number of gross and histopathological findings identified but these
were considered sporadic or background findings based on their low incidence, minimal
severity, and/or similar incidence between control and treated groups.

Exposure to sulfolane in female mice and F1 rats resulted in changes in a few hematological
parameters. A negative decreasing trend in LUC count was observed in female mice with
significant pairwise decreases observed at doses = 30 mg/kg (Table 4). In female F1 rats,

a negative trend was observed in leukocyte counts and a positive trend was observed in
reticulocyte counts; however, no pairwise differences were observed in individual treatment
groups when compared to the vehicle controls. No treatment-related differences were
observed in the leukogram of the male F1 rats. There were no other changes in the
hematology data from mice or F1 rats that were considered related to sulfolane exposure.
CPS-treated female mice and F1 rats showed characteristic decreases in most hematological
parameters including reticulocyte and erythrocyte counts, as well as the leukocyte count and
differential.

Ex vivo T-cell proliferation

The ability of monoclonal anti-CD3 antibodies to induce T cell proliferation was used
as a measure of T-cell function. A dose-related trend in lower CD3-mediated ex vivo
proliferation of T-cells was noted with the female mice. There were no exposure-related
effects on T-cell proliferation in spleen cells isolated from either female or male F1

rats exposed to sulfolane. CPS treatment caused a significant decrease in ex vivo T-cell
proliferation in spleen cells isolated from the female mice and male F1 rats but not from
female F1 rats.

Ex vivo natural killer (NK) cell activity

Natural Kkiller (NK) cell activity was evaluated by examining the ability of splenic NK cells
to lyse YAC-1 tumor target cells. NK activity was significantly decreased at the 12.5:1 E:T
ratio among cells isolated from female mice treated with 1 mg/kg sulfolane relative to the
vehicle control group. £x vivo NK activity in all other sulfolane treatment groups in female
mice was similar to the vehicle control group (Figure 1(A)).

Sulfolane treatment had no significant effects on ex vivo NK cell activity in cells isolated

from male F1 rats (Figure 1(B)). In contrast, NK cell activity decreased in a dose-dependent
manner in cells from the sulfolane-treated female F1 rats. NK cell activity was significantly
decreased up to 47% at exposure levels of = 100 mg/L at the 50:1 E:T ratio and was reduced
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by 49% at 1000 mg/L at the 25:1 E:T ratio. Cells isolated from female F1 rats treated
with 1000 mg/L of sulfolane demonstrated reduction of NK cell activity of 40-76% at all
E:T ratios tested when compared to cells from the vehicle controls (Figure 1(C)). NK cell
activity was significantly decreased in cells from CPS-treated female mice (50:1 E:T and
25:1 E:T ratios) and female rats (all E:T ratios) and was increased in male rats.

Immunophenotyping

Spleen cell enumeration was performed to determine absolute and relative numbers of
immune cell populations for female mice and F1 rats (Tables 5 and 6, respectively). In
female mice, lower numbers of NK cells (24-27%) and the relative percentage of NK cells
compared to vehicle controls were observed at doses = 100 mg/kg (Figure 2(A)). In addition,
there was a small, but statistically significant decrease in the percentage of total lymphocytes
(~2% lower than controls) at doses = 30 mg/kg in female mice.

In male F1 rats, there were negative trends in total spleen cells, NK cells, and neutrophils.
Additional changes in male F1 rats included lower numbers of monocytes/macrophages
(—=31%) and neutrophils (=32%) with exposure to 1000 mg/L when compared to the vehicle
controls. Although not statistically significant, NK cell numbers were 33% lower than the
vehicle controls in male F1 rats at the 1000 mg/L exposure level (Figure 2(B)). In female
F1 rats, there was a significant decrease in the numbers of NK cells (-25%) (Figure 2(C))
and decrease in eosinophils (—26%) at 300 mg/L, and a significant increase in the relative
percentage of T-cells at 100 mg/L when compared to vehicle controls. In both male and
female F1 rats, there was a positive trend for an increase in the percent of B cells.

Immunophenotype profiles observed in the CPS treated female mice and male and female
rats demonstrated significant decreases in nearly all cell populations when expressed as
absolute cell numbers (Tables 5 and 6).

Ex vivo cytotoxic T-lymphocyte (CTL) activity

Ex vivo CTL responses were unaffected following sulfolane treatment of female F1 rats.
With male F1 rats, sporadic changes in ex vivo CTL activity were observed at select
exposure levels and E:T ratios. A modest though not statistically significant decrease was
observed in cells from the male F1 rats exposed to 1000 mg/L sulfolane when the cells

were assayed at the 12.5:1 and 25:1 E:T ratios. A trend toward lower CTL activity was

also observed at the 50:1 E:T ratio; however, changes in individual exposure groups were
minimal (< 24%) and did not significantly differ (o < 0.05) compared to cells from the
vehicle control group. The CTL response in cells from the CPS-treated rats was significantly
decreased at all E:T cell ratios. In female mice, CTL-specific cytotoxicity could not be
resolved due to the high spontaneous background release of 51Cr from the target cells (in the
absence of lung effector cells).

Discussion

Given the potential for human exposure in communities near oil and natural gas refineries
where sulfolane contamination has occurred, and previous studies that suggest the immune
system may be a target, the potential for sulfolane to modulate immune function in adult
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female mice and developing male and female rat offspring was evaluated. Overall, sulfolane
exposure resulted in reduced NK cell activity in spleen cells obtained from female F1 rats

and changes in splenic immune cell populations in female mice and F1 rats; several minimal
changes in the leukograms of female mice and male and female F1 rats were also observed.

Of the functional endpoints evaluated, sulfolane treatment had the most dramatic effect

on NK cell parameters. Across species and sexes, slight reductions (24-33%) in NK cell
numbers at select dose and exposure levels were observed. In female F1 rats, ex vivo

NK cell lytic function against YAC-1 tumor cells was significantly reduced in an exposure-
dependent manner; however, despite similar reductions in NK cell number, significant
reductions in NK cell activity with cells from adult female mice or male F1 rats after
exposure to sulfolane were not observed. This observed difference between male and female
rats could be attributed to the higher exposure levels in female F1 rats compared to their
male counterparts.

An absence of suppressed NK cell activity in female mice and male F1 rats is not necessarily
surprising given the existence of multiple intra-/extracellular targets whose modulation could
impair NK cell function at exposure concentrations that do not induce NK cell apoptosis/
necrosis. For example, ex vivo NK cell activity in mice is suppressed following exposure to
the carbamate pesticide metam (Pruett et al. 1992) as well as to the herbicide propanil and its
metabolite 3,4 dichloroaniline (Barnett 1992). Mechanistic studies in human NK cell lines
demonstrate that the carbamates ziram and thiram cause lower intracellular perforin and
granzyme levels, which mediate NK cell cytotoxicity against tumor cells and viral pathogens
(Lietal. 2012, 2015). Similar /n vitro studies with pentachlorophenol have shown reduced
human NK cell Iytic function due to reduced ATP levels and/or NK cell binding capacity
(Hurd et al. 2012), or in the case of atrazine, through inhibition of cytolytic granule release
(Rowe et al. 2007). While elucidation of these potential modes of action is beyond the scope
of the present study, it is plausible that one or more of these factors could be responsible for
observed reduction in NK lytic function in sulfolane-treated female F1 rats.

Given the role of NK cells as innate effectors against viral infections and tumor cells,

it is important to understand what degree of NK cell suppression results in increased
susceptibility to infection or tumorigenesis. In the present study, sulfolane exposure in
female F1 rats suppressed ex vivo NK lysis of YAC-1 tumor cells in a dose-dependent
manner with 40-76% lower activity observed at the highest exposure level of 1000 mg/L
across the E:T ratios tested. For context, a prior study in NK cell-depleted mice challenged
with B16F10 melanoma cells found that tumor burden was increased when NK cell activity
was reduced by more than 80%. However, recognizing that the immune response reflects
both the strength of the host response and the nature of the challenge, the same study

found tumor burden was increased when NK cells activity was suppressed by only ~50%
when the number of B16F10 cells was increased (Wilson et al. 2001). Importantly, a
similar magnitude of reduced ex vivo NK cell activity in sulfolane-exposed F1 females was
observed; however, the ability of these animals to respond to tumorigenic challenges in vivo
remains unknown.
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The importance of NK cell function and its modulation by genetic factors and chemical and
non-chemical stressors is well established. In humans, NK cell deficiency (NKD) disorder,
a primary immunodeficiency disease in patients with NK cell-specific abnormalities, is
characterized by reduced NK cell numbers, subsets and/or function (as reviewed by Mace
and Orange 2019). The clinical consequences of NKD include fatal viral infections and
increased susceptibility to latent viral infections such as cytomegalovirus and herpes viral
infections. In addition, there is some epidemiological evidence to suggest an association
between exposure to certain pesticides, some of which have been shown to alter NK cell
function in mice (mentioned above), and an increased risk of developing non-Hodgkin’s
lymphoma (McDuffie et al. 2001; Fritschi et al. 2005).

Further, numerous studies report impaired immune function in individuals experiencing
prolonged psychological stress (as reviewed by Webster Marketon and Glaser 2008). Lower
NK cell activity has been reported among medical students (Kiecolt-Glaser et al. 1986),
long-term patient caregivers (Irwin et al. 1991), and those experiencing depression (Irwin et
al. 1992) and marital stress (Kiecolt-Glaser et al. 1993). Stress-related immunosuppression
has been seen in mice where stress induced by physical restraint resulted in lower NK cell
and CTL activity and led to increased viral titers in mice challenged with herpes simplex
type 1 virus (Bonneau et al. 1991). While no human studies examining immune responses
in individuals exposed to sulfolane have been published, it is important to recognize the
multifactorial nature of the human immune system and its potential modulation by various
chemical and non-chemical stimuli. As a result, these stimuli could exacerbate individual
sensitivities in stressed or immunocompromised individuals that may not be detected in
standard immune assays conducted in laboratory animals.

Additional effects were observed in select hematological parameters. Decreased numbers of
large unstained cells (LUC) were observed in female mice; however, similar trends were not
seen with other leukocyte populations. LUCs are counted by some automated hematology
analyzers. These cells cannot be identified by the instrument into one of the five major cell
types, but are generally thought to be monocytes, lymphocytes or some immature cells; large
increases in LUC would warrant evaluation of a peripheral blood smear. Decreases of LUC
without any other changes in the leukogram have uncertain relevance. While there were no
notable hematological effects observed with the male F1 rats, there was a negative trend (no
pairwise differences) in leukocyte counts of female F1 rats; this was largely driven by the
changes observed with the highest dose. This is somewhat consistent with the negative trend
in leukocytes observed with female and male rats following a 28-day repeat dose gavage
exposure (Shipkowski et al. 2021). In addition, the female-specific effects on leukocytes and
lymphocytes in the present study, although lower in magnitude, are consistent with those
observed in a subchronic (90-day) drinking water study (HLS Huntingdon Life Sciences
2001) in that female and not male rats were affected. Here, decreases of 20 and 22% in
lymphocytes and leukocytes, respectively, were observed in the 1000 mg/L (~128 mg/kg/
day) female F1 rats compared to respective decreases of 47 and 43% in female rats in the
Huntingdon Life Sciences study receiving 1600 mg/L in drinking water (~191 mg/kg/day).
The reason for the quantitative differences is unclear but may be due to the difference in
timing (e.g. developmental vs. adult exposure) or magnitude of exposure.
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It is also worth noting the different oral exposure routes in this study, especially in relation to
the known toxicokinetic and absorption, distribution, metabolism, and elimination (ADME)
properties of sulfolane. Sulfolane is rapidly absorbed and cleared in male and female
B6C3F1/N mice and HSD rats, with no apparent sex differences in ADME or toxicokinetic
parameters following a single gavage exposure to 10, 30, or 100 mg/kg) (Waidyanatha

et al. 2020). At the same dose levels, B6C3F1/N mice reach a similar Cp,x but have

shorter plasma elimination half-lives (< 1.3 h) compared to HSD rats (< 6.3 h) when
administered sulfolane via gavage, with saturation of clearance pathways beginning at 30
mg/kg (Waidyanatha et al. 2019).

In the present study, female mice received sulfolane as a bolus once-daily gavage; in
comparison, drinking water exposure to F1 rats resulted in a more gradual ingestion of
sulfolane throughout the 24-h period. Moreover, the highest exposure level in adult female
mice (300 mg/kg/day) was two- to four-fold higher than that of the male and female F1
rats (78 and 128 mg/kg/day, respectively). The minimal to no immune-related effects of
sulfolane in adult female mice was likely due to faster clearance of sulfolane in the mice
as compared to in the rats. The reduction of NK cell activity in female F1 rats at exposure
levels = 100 mg/L (= 10.2 mg/kg/day) may reflect an overall greater sensitivity to sulfolane
in rats compared with mice, as previously shown by Shipkowski et al. (2021). However,
the precise mechanisms underlying the female-specific reduction in NK cell activity in rats
remains uncertain.

Conclusions

As part of a broader toxicological evaluation of sulfolane by the NTP, the present studies
provide a comprehensive assessment of sulfolane exposure on immune function in adult
female mice and developmentally-exposed F1 rats. Contamination of drinking water with
sulfolane has been confirmed in select communities neighboring oil and gas refineries, and
thus, it is critical to understand the potential impacts of sulfolane under human relevant
exposure scenarios (e.g. drinking water). Under the conditions of this study, female F1 rats
demonstrated the greatest sensitivity to sulfolane exposure with a no-observed-effect level
(NOEL) of 3mg/kg/day based on the exposure-dependent reduction of NK cell activity.
These effects occurred at exposure levels two orders of magnitude higher than current oral
RfD of 0.01mg/kg/day. In addition, select hematological and splenic lymphocyte parameters
were altered; however, the majority of changes in cell populations were either sporadic

or low in magnitude, and were not consistently altered across species, gender, and timing
of exposure. Overall, these findings suggest that oral exposure to sulfolane in rodents had
minimal effects on the immune system.
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NK cell activity following exposure of adult female B6C3F1/N mice and F1 rats to
sulfolane. Cyclophosphamide (CPS) administered via IP intraperitoneal injection at 15
mg/kg (rat) or 50 mg/kg (mice). Arrows indicate significant decreasing trend with increasing
sulfolane exposure (p< 0.01 for mice and p< 0.05 for rats). Result is significantly different
from vehicle control group (*p< 0.05; **p< 0.01). E:T: effector:target ratio.
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Figure 2.
Splenic NK cell numbers following exposure of adult female B6C3F1/N mice and F1 HSD

rats to sulfolane. Cyclophosphamide (CPS) administered via IP injection at 15 mg/kg (rat)
or 50 mg/kg (mice). Arrows indicate a significant decreasing trend with increasing sulfolane
exposure (p< 0.05). Result is significantly different from vehicle control group (*p< 0.05;
**p< 0.01).
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Table 1.

Study cohorts and endpoints assessed in sulfolane-treated adult female B6C3F1/N mice (/7 = 8/treatment
group) and F1 Harlan Sprague Dawley rats (n7 = 12/sex/treatment group).

Cohort Endpoints examined

1 Gross pathology
Enhanced immunopathology

Hematology (Complete blood count with differential and reticulocyte counts)

2 Antibody response to SRBC
3 Antibody response to KLH
4 T-cell proliferation

NK cell activity
Immunophenotyping of the spleen

5 CTL response to influenza infection

CTL: cytotoxic T-lymphocyte; KLH: keyhole limpet hemocyanin; NK: natural killer; SRBC: sheep red blood cell.

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.

Page 20



Page 21

Watson et al.

'82 ANd Uo Buiueam |un €T dNd punoJe Jo uo BuiuuiBag Buridsyo T4 Aq uondwinsuod sapnjoul Ing sajewa 0 1oy umto%w_u

‘Rep/pg Byi/auejogins B ui ale &_:DQ

‘Rep/amg Bj/181em B ul ase ﬂ_ch

"(Buridsyo T4) dnoab Juswiealy/zt =N ‘(swep 04) dnoib wswieasy/ge—0g = A/ "3S F UL\

£2FL/2T TTIFTEE ¢0FZ0T TOFEE  00F00 4’4
€ZFY8L  LOFZSZ CO0FS6  TOF9Z  00F00 W/ eIl auejoyNS
€ZFLLTT QEFEOIT 6TFLTOL PZFI60T SEFEHOT 44
TTFIV8L  TIFOV8  YZTFES6 QETESE  BTTFEO8 W/'d uonduwnsuod Jatem
(T6-G€ ANd) Burueamisod
89F00/Z TT¥808 90%89Z Z0¥08  00F00 afejul auejoyng
89F00LZ S9FLI9Z 6STL99Z 6SFIVSZ 00T 00 uonduwinsuod JajeM
(,82-T ANd) uonejoe]
62FTLZT 90FE9E Z0Feel TOF9E  00F00 g el BUBIOlINS
6ZFTLIT 0CZFE0LT 02F6TZT LTFVIZT 00T 00 44 pUONIUINSUOD JB1E/
(Tz-9 @o) uonelsen
000T 00€ 00T o€ 0 Xa5/UOIeJaUD)

(71/bw) J8yeM DU{ULIP Ul BUR|O}NS

EEILEZNY

Bupjuiip ur suejoyjns 01 pasodxa (T 1oyoD) sies ASH ul porsad Bulueam-1sod pue [ereursad ayy Burinp axeiul aue|oyns pue uondwnsuod Jajem Ues|N

Author Manuscript

‘¢ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 22

Watson et al.

Author Manuscript

900 7 65°€ L00FOrE  LO0FOSE  800FEYE  900F TV L00FOVE oites pg:Asupiyy
o COOFBLO 200F¥80 700780  £00F60 2007060 #0060 Kaupry
£50F L8 60FT'LE LOFTHE SOFEVE 0TFZSE TTFEGE oIl GBI
»x STOF60°L 970FST6  [€0FE06  ¢Z0FeG6  SEOFIE6  0S0FVES JonT
» POOFSTO 000F2T0  TO0FZT0  000FZT0  000FITO 000F2T'0  Onel Mg:[eusipy
2000 ¥ 2€0°0 TO00F0S00 TO00FZE00 TOOOFEEO0 TOOOF6200 TOOOF2E00 [euBIPY
»x L00F890 1007207 «900F6TT  go0F00T  £00FL0T €00FTOT  Ouel Mg SNWAYL
»x CO0FSTO 1007620 «C00FTE0  100¥620  T00F820 T00F 20 snwiAy L
xx PO0F89T 800 F9EZ 600F02C  SOOFITZ  SO0F02C 00FTTZ ol pg:usa|ds
»x WOOFLED Z00¥850  €00F8S0  200FTIBS0 200 F8S0 20007950 usalds
e 07 F69TC SZTF8T ELTEEO  VSTEWZ  T9Fever 4o % Mg [eutisl
STV T4

0T0FGZE 900F¥SE  900FGEE  800FTVE  SOOTFLIEE 800F2vE oItes Ag:AsupIy|
»x SO0 F6TT €00FSST  ¥00F8YT  €00FGKT  E00FEST €00F€EST Asupry|
60FTVE LOF6LE 907FL'GE 90F¥'og V0T 198 LOF¥og oItel MG
» 7OFGCT V0T L9l 907 6T €0F 96T 0¥ 99T S0F 19T Joni
000 ¥90°0 000¥G00  000FS00  000FS00  000FG00 000FG00  Olel ME:[RUBIpY

» 1000 F1200 T000% 7200 TOO0FTZ00 TOO0FZZ00 TO00Fzzog # 000 F¥e00 [eUBIPY
»x E00F6V0 v0'0 ¥ 980 S00FZ60  SO0F880  YOOTFO060 €00F88°0  ONel g SNWAYL
»x WOOF8T0 Z00¥8€0  EOOFTIVYO  200FLE0  200FTVO 200 F 00 snwAy L
v J00FVCT o 00F8T  yooxeT  pooForT  s00789T  4700F9T  oner mauseids
s TOOF G0 00F280  €00F6L0  200¥§L0  g00F9r0  #00FSLD usa|ds
xx 6GFBVIE SGFL8ey  OOTFTEPy  €EFLSey  QLFOESy VLT O6hY Mg [euIWIaL

STIVIN T4
B/Bw ST (8 = U) SdD 000T 00€ 00T 0 0

QI TOENEES

‘aue|oj|ns 01 Ajjeluawdolansp pasodxa syed T4 ajewa) pue ajew ul sybram uebiQ

‘€ 9l1qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 23

Watson et al.

'100>d
¥¥
‘s00>d

*

dnouf 1013u02 3191YaA 3y} 01 pasedwiod UaYM SaduBIaIp asimited JuedlyIuBIS ajedalpul sanfeA pjog
‘T00>d

100 o

60°0 > d pua) Buiseasosp Emoc_cm_w%

‘ap1wreydsoydo)ahd :SdD ‘ybramApoqg ;g

‘Mg B/6w ui sones png:uebio (6 ul siybiam ainjosqy

‘(8s1mIay30 pajou ssajun ‘dnolb/gT-TT =) INIS F ueaw juasaldal sanfen

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 24

Watson et al.

*SIBI[IN0 JO [eAOWSI 0} 8NP 9 =/

T
'700>d

*¥

‘500>d
*

dnoJb 1013u02 3J21YaA aY} 03 paredwod uaym saduaiayip asimured Juednsiubis ayedaipul sanfea pjog

“10°0 > puaJ) pare|ai-ssop Emo_,._cm_m%%

‘199 paureisun abue| :0N 7 {(63/6w 0g) apiwreydsoydojohd :SdD

‘1I/S1183 0T ul sjunoy

‘NS F sueauw Jussaidal sanjeA

L 00700, T00FG00 , 000F+00 ,, T00FE00 1oox900 T00FL00 00T 400 N0 oN7
e 0007€000  fO0F200  rhh2000  000FT00  TO0FEO0 200FSO0 000 F 200 Wnog jiydoseg
v CO0FV00  yo0F6T0  €00FSTO €00FET0  TTO0F¥E0 » Y00F9O0  zooxoT0 1unod |iydouiso3
e T00F200  zo03er0  co0Fero  OO0FTTO 200%Tr0  TOOFSTO  Z00FETO  1unoD aikoouow
v E00FVT0 370780  SO0FL90 s007e50  oroFrogo rotO0FY0  rpozyg uno9 JiydonneN
v WOFEET 107126 GrOoF6vy  0S0FTTY  OVOFTITS 990FTE9  990F ¥8%  1unod akooydwkl
v TTOF09T 6273459 2907055 950 F L6V  LE0FSY'9 VY8O0F LS.  T80F98S 1unod a1kooxna

L L 9 L 9 S L W) srewiuy
SdD 00€ 00T 0¢ (1) T 0

(G5/BU0) SUe[oIng

Author Manuscript

"301W 9[eWa} Ul 3ur|oy|ns 0] ainsodxa abeneh Ajrep Buimoljo) sis1awered [eaibojorewsay 199]3S

‘v al|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 25

Watson et al.

"U33|ds/S]19 0T x T Ul SIUNOD

*(dnoub Juswieasy/g—, =A/) INIS F Ues

xx 00FCET S00FS9T  €00FEYT  YOOFIIT BOOFYYT €00FLST  SOOTLOT onel |19 1 ,8AD:¥AD
xx E00FS0T €00FIS0  TOOFISO  200F0S0 E00F.F0 TOOFSYO0  Z00F¥SO olel |13 g:1[89 L [e10L
1007270 S00FZr0  E00FOV0  200FOY0 LOOF6YO0 POOFZr0  900FESO (%) siydoutsox

» 100900 £00F820 ZO0FEZ0 EOOFIE0 GOOFELO <200F8Z0  LOOFOVO siiydourso3
»x E00F0E0 600FS60 ZTOFTIOT  OV0OF62T 2ZEOFOFT 900FL60  600F00T (%) siydosnaN
»x WOOFS00 800FS90  YOOFES0  2Z0FZ80 ZZOFTI6E0 L00F990  ZTOFILO siiydosinaN

» T0FVOT ET0FITC  GST0F2eC 020F62C ¥I0OFvZe 800Fv0Z  600F2TC (%) sebeydoioew /sak00uoly

xx 00F 920 8TOFSY'T  L00F2€T  OT0FEST GSTOFSYT TIOF6ET  6T0FLST sabeydo.oew /ss1fa0uoiy
o Q00FZET  B00FEOT  prgigrz  oTOT6rC 6T0FTZZ  0T0FIge #9007 19¢C (96) S1199 N
wx EO0FOE0 VTOF6ET  TTOFEET  yroTpoT 4TOFTFT ETOTF6OT 4 0 18 $1189 YN
wx SOFEOY 0TF9T9 €0F609 S0F909 ZTF979 « S0FET 80T 165 (CORIESE:!
»x B90FOEL 6EF 0Ty VIFYSE 62FL6E VEFBOY ZTFOTY gETGEY slleo g
« LOF08E 60FGVE 90F9GE TTF69E 60FL9E  90FVIE 90F 09 (%) s1190 1 ,8A0
»x €0 F067C 6/0FEC.  ECOFEY9  8SOFOLL O980FTTL 9G0FO0S.  [80F9S8 sl189 1 ,8aD
xx 0TF00S 0TF9095 907 8.8 LTFTT9  9TF66S  v0F98S 0TF965 (%) s18d L ,+@D
e CVOFL8E TTF6TI S0F90T TTF2el  TIFPIT  LOFLTI STFCVI sI182 1 +#A0
x 80FV8Y Z1F2IE SOFETE 0TFE0E ETFE6C V0OTE6Z 80FECE (%) si10 L [e10L
xx CLOFE9YL 0ZFTTC 80F 8T 6TF00Z TZFC6T ZTT66I €TF L s1189 1 [eloL
o OO0FEL6  TOFTB6  GOFEL6 , VOFO86 ¢orggs c0TE8E 4 O C OO (9%) seA00ydWA| [E10L
wx STFOST 797089 €TF 285 YFLGY  9GFEGY  QEF699 99FTEL sa1kooydwiA| [eoL
wx STFEOT £9TE69 V2T 568 8YFO0L9 LSTFE99  SEFLL9 L9FLEL s1180 usa|ds [e10L
SdD 00g 00T 0¢ ot T 0

(D>/bw) auejoyns

"301W N/T4E€D94d ajews) ul auejoyns 01 ainsodxs abeaeb Buimojjoy Buidfiousydounwwi o1us|ds

‘S 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 26

Watson et al.

'100>d
¥
‘500 >d
dnouf 102302 3191Y3A Y} 0} pasedwod UaYM SaduaIaIP asimited Juedlyiubis ajedalpul sanfeA pjog
"T0°0 >d puai) paje|ai-asop Emu_h_cm_mﬁ
‘1199 paureisun abuey :oN7 {(6x/6w 0g) spiweydsoydoldakd :SdD

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 27

Watson et al.

Author Manuscript

SITVNIH T4
X CTOFCT VTOFO09T +T0FZ9T OT0FEYT TT0F6ST STOF8YT onel 1199 1,802, ¥AD
»x TVOFT9C vO0F 660 YOOFI60 VYOOFYE0 YOOFYOT  SO'0F L60 olel 180 G:1189 L [eJ0L
»x 800¥890 Z00F9E0 Z00FBE0 <CO0OFEEO E00FZE0  200FLED (%) siydouso3
wx OTOF¥90 YTOFLET  LTOFE6T 600F8ET 2TOF8ST LTOFO06T s|iydoutso3
»x CEOF L8 TI0F L6 STOFYYZ 600F15C L00F 6z #7007 9L¢ (%) siydosnaN
o 850F6GY  JOTF6E6  TpeT  0FOOT  60FZET 400 OCF s|iydosnaN

wx 0TOFL8T STOF.9C STOFI0E TT0F8LC L0OOF.6C vT0F20€ (%) sabeydoioew jssifoouopy

e ECOFO8T  TTFYOT  gTEger  L0FQTT  OTFTGT 50 Lot sabeydo.oew /ss1400U0N
€90 F vL VIOFIT8 290F69L 2S0FCr8 £90F998 LL0F668 (%) sl130 YN
xx ELOF0L9 GET86C  OVFELE  veTIee IvITew 00 o0 s1120 YN
W EOFLTL yoxger  L0Fz0z  L0F00z  goFosr  #L0FLET (CARTESE:
e CTFEOT 98F8Y. €LFT86  LSFT08 89FL06  €6FT26 slleo g
e VCFOTY LTF9SE  9TFPvE  VIFOEE GTIFI9VE  GTF8CE (%) siie2 L .8AD
v LTFOCT VEFG9Z  LEF8CE  9TFGVC €TF0TE  LTFO8R sl182 L ,8AD
£TFS8Y 8TFCVS 8TFEES VIFZES €TFCes  STFLIS (%) sl1so L ,+QD
e VTFEET LyFTOr  LSFT6V ZZF88 O0EFE6y  GZFOGH SI1®d 1 +¥A0
wx LOFECE SOFY6T  VOFZ6T VOFGST GOFZ6T  GOF8LI (%) sl120 L [ev0L
e CEFELE v8FTV¥. LLFvE6 OvFgeL €G¥9%  9GF98 sl189 1 [eloL
xx COF 86 €0FI9Y6  Z0TF6V6 Z0F0S6 E€OFES6  Z0OFIV6 (%) sa1k00ydwiAT [ero L
v 9OFVTE VOETFELE  6EETFV8y  QTZFE6E ECTEFG8Y 067 F sy sa1kooydwiAT [eroL
wwBBFYYE  gueTpee  9GEFTIS  0€ZF6TY  9ZET60S 40 OC 018 s1180 Usa|ds [e10)
STIVIN T4
000T 00g 00T 0¢ 0
(8=N)
SdO (b>/bw) suejoyns

'S1el QSH T4 ajewa) pue afew Ul aue|oyns 0] ainsodxa Jarem Bujurp Buimojjoy sadAjousydounwiwi o1us|ds

‘9 9|qeL

Author Manuscript Author Manuscript Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 28

Watson et al.

‘100>d
100 o

‘G0°0 >d puaiy parejai-asop Emoc_:m_m%

(6x/Bw §T) ap1wreydsoydoakd ‘sdd

"ua3]ds/S]180 §OT x T Ul SHUN0D

(dnoub yuswiean/zT-TT =) INIS F UBSI\

VIO 12T 600F9ST TTOFTIOT GOOFLFT TIUOF¥.T TTOFIOT olel [180 | ,802:,¥AD
wx BCOFSTE Y00F680 YO0F260 VOOFY60 SO0FZ60  SO0F680 o17el [129 g:1129 L [el0L
wx CVOFELD 200FTE0  200F0S0 TOOFIE0 TOOF620 200F2€0 (%) sliydouiso3
»x 800F9V0 800FSTT [O0F/80 GOOFSE0 LOOFO00T TTOFLTT s|iydourso3
v 090 F LEY 800F6LT 600FV6T CT0FSET OTOF¥IT ETOFOLT (%) siydonnen
e IP0FGBC Y90FS89  OP0F99G GE0F69S 8FOFC9S O0SOFIEY siydonaN
wx CTOFO6T STOFYSZ 6T0F20E ET0F66'C 2ZI0FL9C ST0F89C (%) sebeydoioew /sa1koouoin
e VTOF6CT YZTF¥6'6 690F8.8 OS0FS8T6 <2L0FIC6 2L0FIL6 sabeydougew /se1£o0uoN
wx WLOFTIL 60F8TT 8QOFTTIT 8O0FLTIT LOFO0T  LOFTCI (%) S1199 YN
wx EO0FLLY SrFver » 9¢FO0E  gryye  sTFEE VEIFLOV S1189 N
e L90F186 90¥88T 907G/l 90Fvir  roFour  #O0FT (%) si190 @
»x 990F80°9 TLFE0, €€F98 0TFCIS BEFLSS 67 FE6S slIeo g

£ ECFOEY ZTT69E  VIFZ9E 60F6.E VIFLVE  GTTFOOE (%) s1190 1 ,8aD
xx LLOFG8L 8TFee CTF6ST 60F28T LTF8.T  OTFSEl slled 1 .8AD
2TFGTS €TF29S 9TF99S LOFTSS +TF.L8S YTF0.S (%) s1192 1 ,#Q@D
v 190FCVE SEFOVE  €TFOVe 80FE9C STFE6C  CTFEGE sl18d 1 4¥Ad
wx 60FG6C  GOFGOT  EOFEST L E0FTIT  poxegr #7070V (%) sl120 L 1oL
e CTFTET ZSTOT9  €TFLEy  VIF8LY TEFVOS  OEFOTS sl180 L [eoL
TT¥6¢€6 YOFE96  90F8Y6  VOFESE 90FGS6  60F L6 (%) se1kooydwiAT feroL
wx CYFSTY €62 F0/E  TSTFILL LSF¥6Z T6TF6ZE  0ECFGSHE sa1hooydwA relol
v TVFGSY 00£F¥8E  T'STFI6C TOF80E V6IFIWE  GECF YOS s|180 usB|ds [e10L
000T 00€ 00T 0g 0
(8=N)
SdD (B>/Bw) suejojIns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



Page 29

Watson et al.

'100>d
¥
‘500>d
*
dnoJf 1023U09 3]91YaA a3y} 0) paredwiod UsYM S3ouIalIp asimited JuedlyIubls a1edlpul sanfea pjog

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Immunotoxicol. Author manuscript; available in PMC 2021 December 01.



	Abstract
	Introduction
	Methods
	Test article
	Test animals and sulfolane treatment
	B6C3F1/N mice
	Harlan Sprague-Dawley rats
	General toxicology (Cohort 1)
	Hematology (Cohort 1)
	Assessment of humoral immunity to T-dependent antigens (Cohorts 2 and 3)
	Splenic T-cell proliferation (Cohort 4)
	Natural killer (NK) cell activity (Cohort 4)
	Immunophenotyping (Cohort 4)
	Cytotoxic T-lymphocyte (CTL) assay (Cohort 5)
	Data collection and statistical analysis

	Results
	General toxicity
	Organ weights and pathology
	Hematology
	Ex vivo T-cell proliferation
	Ex vivo natural killer (NK) cell activity
	Immunophenotyping
	Ex vivo cytotoxic T-lymphocyte (CTL) activity

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.
	Table 6.

