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1 — 3-3-Glucans have been associated with increased pulmonary inflammation in fungal-
related indoor air problems. Epidemiological studies have shown a correlation between in-
creases in T-cell proliferation and decreases in CD4+4-/CD8+ ratio after exposure to fungi.
The objective of the present investigation was to determine the mechanisms by which 1 —
3-3-glucans affect immune responses using an animal model. Rats received a single dose of
zymosan A (2.5 mg/kg body weight) via intratracheal instillation (IT) and were euthanized on
days 1,4, 6, 8, and 10 post IT. Bronchoalveolar lavage was performed at each time point post-IT.
Inflammation and lung injury were assessed by measuring neutrophil infiltration into bron-
choalveolar lavage fluid (BALF) and by measuring albumin and lactate dehydrogenase levels
in BALF, respectively. Alveolar macrophage activation was determined by chemiluminescence.
Immune response was characterized via immunophenotyping of bronchoalveolar lavage cells
and lymphocytes isolated from the lung-associated lymph nodes. Upon challenge with zymosan,
rats exhibited increased inflammation and injury at early time points (days 1 and 4) post IT
exposure. Although elevations in neutrophil infiltration and chemiluminescence had returned
to control levels on day 4, lymphocytes recovered from lung-associated lymph nodes continued
to proliferate and reached a maximum on day 6. The CD4-+/CD8+ T cell ratio from lymph
nodes was lower in zymosan-treated rats than in control rats. Zymosan treatment increased
tumor necrosis factor (TNF)-q, interleukin (IL)-6, IL-10, and IL-12p70 secretion in BALF on
day 1. In summary, rats exposed to zymosan had an increase in acute inflammation, and the

altered lymphocyte profiles were consistent with the findings of epidemiology studies.

Mold and fungi have long been linked to respiratory problems
in many occupations and environments. (Douwes et al., 2000;
Fogelmark et al., 1992; Rylander, 1985, 1994, 1999a, 1999b;
Rylander & Fogelmark, 1994; Rylander et al., 1992, 1994, 1999;
Thorn et al., 1998; Urbain et al., 1999; Wan et al., 1999; Zejda &
Dosman, 1993). The symptoms may include headache, wheeze,
chest tightness, throat irritation, shortness of breath, cough and
fatigue. 1 — 3-B-Glucans are major cell wall components of
fungal spores and have been considered as a biomarker for fungi
exposure in the workplace (Rylander, 1997).

Recently, epidemiological studies have shown a correlation
between an alteration of immune marker expression and expo-
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sure to fungi (Beijer et al., 2003; Dales et al., 1998; Shin et al.,
2004). Dales et al. (1998) found that children who lived in fungi-
contaminated homes had an increase in T-cell proliferation and a
reduced CD44-/CD8+ T-cell ratio when compared to those that
lived in less contaminated homes. In contrast, a similar study
examining lymphocyte subsets of peripheral blood mononu-
clear cells (PBMCs) in adults exposed to a higher 1 — 3-8-
glucan concentration did not find a similar increase of cytotoxic
CD8+ number compared to those exposed to a lower 1 — 3-f-
glucan concentration (Beijer et al., 2003). A more recent study
demonstrated an enhanced immune response to ubiquitous fungi
in chronic rhinosinusitis patients (Shin et al., 2004). These in-
vestigators found that interleukin (IL)-5, IL-13, and interferon
(INF)-y were elevated in PBMCs from chronic rhinosinusitis pa-
tients when cocultured with a common fungi, Alterneria (Shin
et al., 2004). These studies suggest that exposure to I — 3-
B-glucans alters immunophenotyping and cytokine production
by cells, but many questions remain about the mechanisms by
which 1 — 3-B-glucans affect pulmonary immune responses.
In our previous studies, we have demonstrated that expo-
sure to zymosan A, a particulate form of 1 — 3-8-glucan from
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Saccharomyces cerevisiae, could induce pulmonary inflamma-
tion in rats (Young & Castranova, 2005; Young et al., 2001a,
2002, 2003a, 2003b). Briefly, zymosan elevated lung damage
indicators and increased macrophage activation. The goal of
the present study was to characterize the pulmonary immune
response to zymosan in rats by examining lymphocyte popu-
lation (lung-associated lymph nodes) and cytokine production
by bronchoalveolar lavage cells and lymph node cells. We hy-
pothesized that exposure to zymosan would alter the adaptive
immune response in the lung of rats.

MATERIALS AND METHODS

Animals

Specific-pathogen-free male Sprague-Dawley [Hla: (SD)
CVF] rats approximately 7-8 wk old at arrival (~225-250 g)
were purchased from Hilltop Lab Animals (Scottdale, PA).
The animals were housed in a room with restricted access un-
der temperature- and humidity-controlled condition and HEPA-
filtered air. Rats were allowed to acclimate in an AAALAC-
approved animal facility for 1 wk before use. The rats were
maintained on ProLab 3500 diet and tap water ad libitum. Alpha-
Dri virgin cellulose chips and hardwood Beta-chips were used
as bedding.

Experimental Design

At day 0, male Sprague-Dawley rats, ~8-9 wk old, were in-
tratracheally instilled with either saline (control) or zymosan at
a dose of 2.5 mg/kg body weight. At days 1, 4, 6, 8, and 10
after instillation, bronchoalveolar lavage was performed on the
right lung. The cells recovered were differentiated, and chemi-
luminescence (CL), a measure of macrophage function and pro-
duction of reactive oxygen species, was determined. Albumin
and lactate dehydrogenase (LDH) activity, indicators of lung in-
jury, were measured in the acellular bronchoalveolar lavage fluid
(BALF). Atthe same time points, the left lungs were inflated with
10% buffered formalin and preserved. The lobes of the left lungs
were embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E). The lung-associated lymph nodes were
removed and lymphocytes were recovered. Immunophenotyping
was performed on the lymphocyte suspension and bronchoalve-
olar lavage cells via flow cytometry. The cytokines in the BALF
and lymphokines from cultured lymphocytes were also deter-
mined by using enzyme-linked immunosorbent assay (ELISA)
kits. The following cytokine levels from the first fraction of bron-
choalveolar lavage (BAL) were determined: tumor necrosis fac-
tor (TNF)-«, IL-2, IL-4, IL-6, IL-10, IL-12p70 on days 1, 4, 6,
8, and 10 post IT. The levels of IL-2, IL-4, IL-10, IL-12p70, and
IFN-y were determined for lymphocytes, cultured supernatants.

Zymosan Treatment

Zymosan A was purchased from Sigma Chemical Company
(St. Louis, MO). On day 0, rats were lightly anesthetized by
an intraperitoneal injection of 0.6 ml of a 1% (w/v) solution of
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sodium methohexital (Brevital; Eli Lilly, Indianapolis, IN) and
intratracheally instilled with zymosan at a dose of 2.5 mg/kg
body weight or saline as a vehicle control. The selection of this
optimal zymosan dose was based on a previous study (Young
et al., 2001a) demonstrating a dose response where 2.5 mg/kg
body weight was the concentration that induced a significant
difference in measurable inflammation and injury (LDH and
albumin).

Bronchoalveolar Lavage and Cell Differentials

At 1, 4,6, 8, and 10 days after IT, the rats were anesthetized
with an overdose of sodium pentobarbital and then exsan-
guinated by severing the abdominal aorta. The left bronchus was
clamped off, and bronchoalveolar lavage was performed on the
right lungs of rats. The lungs were first lavaged with 1 m1/100 g
body weight (BW) of Ca?*- and Mg?* -free phosphate-buffered
solution (PBS) at pH 7.4. The first lavage fluid remained in the
lung for 30 s with constant massaging of the lung and was re-
peated twice. This first fraction of BALF was centrifuged at
500x g for 10 min and supernatant used for analysis lactate
dehydrogenase (LDH), albumin and cytokines. The lung was
further lavaged with 6-ml aliquots of PBS until a total of 30 ml
BALF was collected. These samples were also centrifuged for
10 min at 500 x g and the cell pellets from all washes for each rat
were combined and used for cell differentials and for phenotyp-
ing. Total cell number was determined with a Coulter Multisizer
II (Coulter Electronics, Hialeah, FL), and 1 x 10° cells were spun
for 5 min at 72x g and pelleted onto a slide using a cytospin
(Shandon Cytospin III, Shandon, Inc., Pittsburgh, PA). Cells
(200 cells/rat) were differentiated into alveolar macrophages,
lymphocytes, eosinophils, and neutrophils on cytocentrifuge-
prepared slides after staining with Leukostat stain (Fisher
Scientific, Pittsburgh, PA).

Lung-Associated Lymphocyte Harvest and Culture

Lung-associated lymph nodes were harvested in a 15-ml con-
ical tube that contained 1 ml RPMI 1640 medium (Sigma) with
2 mM glutamine, 100 pg/ml. streptomycin, 100 U/ml peni-
cillin, 5 x 1075 M 2-B-mercaptoethanol, 5 mM HEPES and
10% heat-inactivated FBS (Sigma). A Teflon fluorocarbon resin
and stainless-steel shaft pestle (Fisher Scientific, Pittsburgh, PA,
catalog number 05-559-26) were used to gently release lympho-
cytes into medium. Aliquots of 1.5-ml cell suspensions adjusted
to 6 x 10% lymphocytes were added to each well of a 24-well
tissue culture plate (Becton Dickinson, Franklin Lakes, NJ) and
incubated (37°C and 5% CO,) for 24 h with or without con-
canavalin A (Con A, Sigma, St. Louis, MO) at a concentration
of 3.3 ug/ml. The lymphocyte-conditioned media was collected
and centrifuged (834 x g for 5 min) and aliquots of the super-
natants were stored at —80°C until assayed.

Immunophenotyping and Flow Cytometry
Immunophenotyping was performed on lymphocyte suspen-

sions via flow cytometry. Briefly, 50 ul of lymphocyte suspen-

sions (~0.5 x 10° cells) was added to a 12 x 75 mm polystyrene
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tube on ice. A blocking buffer (100 ul) containing 300 pg/ml
mouse immunoglobulin G (IgG) was added to this suspension
for 10 min. Anti-CD3 and anti-CD45R were used for T-
and B-cells enumeration, respectively. 7-Aminoactinomycin D
(7-AAD) and monoclonal antibody such as anti-CD3, anti-CD4,
anti-CD8a, anti-CD45R, and NKR-P1A were purchased from
Becton Dickinson (San Diego, CA). Appropriate amounts of
antibody for different cell membrane surface markers were
prepared in FACS buffer (PBS with 0.2% bovine serum albumin
[BSA] and 0.09% NaNj3) and added to a tube (50 ul/tube) for
30 min on ice. Each antibody was titrated for optimum amount
of antibody. Each tube was then washed 1x with 1 ml FACS
buffer to remove supernatant. The cells were then fixed with
1% paraformaldehyde (concentration at final) and analyzed
on FACSCalibur (flow cytometer, BD Biosciences, San Diego,
CA). Two panels of three- or four-color analysis were set
up for immunophenotyping: CD4-FITC/NKR-P1A-PE/CDS-
PerCP/CD3-APC and CDA45R-FITC/CD3-PE/7-AAD. Flow
data was expressed as percent of positive stained cells. The live
lymphocyte population was selected based on forward-scatter
and side scatter light signal intensity, and was identified by
7-AAD staining. In total, 10,000 events were collected per
sample.

Biochemical Parameters of Injury

The albumin content and LDH activity in the acellular first
fraction of BALF were measured. These measures reflect the per-
meability of the bronchoalveolar—capillary barrier and general
cytotoxicity, respectively. Albumin content was determined col-
orimetrically at 628 nm based on albumin binding to bromcresol
green using an albumin BCG diagnostic kit (Sigma, St. Louis,
MO). LDH activity was determined by measuring the reduction
of lactate to pyruvate coupled with the formation of NADH at
340 nm. Measurement was performed with a COBAS MIRA
autoanalyzer (Roche Diagnostic Systems, Montclair, NJ).

Alveolar Macrophage Chemiluminescence

Luminol-dependent chemiluminescence (CL) was performed
on bronchoalveolar lavage cells as a measure of the light
generated by reactive species produced by activated alveolar
macrophages. CL was performed with an automated Berthold
Autolumat LB 953 luminometer (Wallac, Inc., Gaitherburg,
MD) at 390-620 nm for 15 min. Nonopsonized, insoluble zy-
mosan (2 mg/ml, Sigma Chemicals Co., St. Louis, MO) was used
as a stimulant of alveolar macrophages (5 x 103 macrophages
per test as calculated from the Coulter count) and was added
to the assay immediately prior to measurement of CL. Resting
CL was determined by incubating 5 x 10° macrophages at 37°C
for 10 min in 0.008 mg/dl (weight/volume) luminol in a total of
0.5 ml of 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
buffer followed by the measurement of CL for 15 min. Zymosan-
stimulated CL was calculated as the counts per minute (cpm)
in the zymosan-stimulated assay minus the cpm in the resting
assay.
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BALF and Lymphocyte Cytokines

Cytokine protein concentrations were determined with
enzyme-linked immunosorbent assay (ELISA) kits from
Biosource International (Camarillo, CA). The results of this
colorimetric assay were obtained with a Spectramax 250 plate
spectrophotometer using Softmax Pro 2.6 software by (Molecu-
lar Device Corp., Sunnyvale, CA). The following cytokine levels
from the first fraction of BALF were determined: TNF-«, IL-2,
IL-4, IL-6, IL-10, and IL-12p70 on days 1, 4, 6, 8, and 10 post
IT. The levels of IL-2, IL-4, IL-10, IL-12p70, and IFN-y were
determined for lymphocytes, cultured supernatants on days 1, 4,
6, 8, and 10 post IT.

Measurement of Nitric Oxide

The presence of nitric oxide in acellular BAL was determined
as the accumulation of nitrite using a modified microplate assay
using the Greiss reagent (Green et al., 1982). Briefly, total nitrite
was measured after 1 h of incubation with a nitrate reductase to
convert any nitrate in the sample to nitrite. The microplate was
then centrifuged, and the supernatant was transferred to another
microplate to stop the enzymatic reaction and incubated with the
Greiss reagent (Molecular Probes, Eugene, OR) for 10 min. The
absorbance of the samples was analyzed on a SPECTR Amax 250
spectrophotomter (Molecular Devices Co., Sunnydale, CA) at
550 nm. The measurement of total nitrite represents the presence
of both nitrate and nitrite (NOX) in the sample.

Statistical Analysis

All data are presented as means =+ standard error of measure-
ment (SEM). Statistical analysis was performed using SigmaStat
v3.11 software (Systat Software, Inc.). The significance was set
at p < .05. A paramatic 7-test was used to compare zymosan-
treated group with saline or zymosan + Con A with saline +
Con A at each time point. For multiple comparisons, a two-way
analysis of variance (ANOVA) with Student-Newman—Keuls
procedure method was used.

RESULTS

Pulmonary Inflammation, Cytotoxicity and Lung Injury

LDH Activity and Albumin

Figure 1A (n = 8-12) shows that LDH activity was elevated
approximately two- to threefold in the zymosan-treated group
atdays 1, 4, and 6 post zymosan IT. LDH activity level then de-
creased over time in the zymosan-treated group, which suggests
a recovery from pulmonary injury. On days 8 and 10, there was
no significant difference from control rats. Zymosan-treated rats
had approximately three- to fourfold higher albumin level than
that of control at days 1, 4, 6, and 10 post IT (Figure 1B).

BALF Cell Differential
Zymosan induced local inflammation and recruitment of in-
flammatory cells in lung. The results showed that on day 1, a
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FIG. 1. Lactate dehydrogenase (LDH) activity (A) and albumin concentrations (B) on different days post IT. Values are means £
SEM of 8-12 rats per exposure group. Asterisk indicates a significant increase versus the saline control level (p < .05).

4.5-fold increase of total cells recovered by BALF was observed
in the zymosan-treated group (Table 1). Atlater time points (days
4, 6, 8, and 10), total cell counts were approximately 2.5- to 3-
fold higher in the zymosan group.

PMN infiltration has been shown to have a dose-response re-
lationship with zymosan (Young et al., 2001a). In this study,
zymosan induced a massive neutrophil infiltration on day 1
(Table 1). In the saline-treated control group, 99% of bron-
choalveolar lavage cells were alveolar macrophages (AM). In
comparison, on day 1, the zymosan-treated group only had
28.7% AM, but had significantly more neutrophils (67.1%).
In addition, the zymosan-treated group also had a small, but
measurable, percentage of lymphocytes (1.1%) and eosinophils
(3%) on day 1. Onday 4, neutrophil infiltration rapidly decreased
in the zymosan-treated group. However, there were still differ-
ences in neutrophil counts between saline-treated and zymosan-
treated groups for days 6, 8, and 10.

Histology

Histological staining was done on the left lungs of saline and
zymosan-treated groups at days 1 and 4 (Figure 2). Lungs ap-
peared normal for the saline group on days 1 and 4 (Figures 2A
and C); however, the lungs of the zymosan-treated animals dis-
played inflammation with increased airway thicking, as well as
a significant infiltration of neutrophils (Figures 2, B and D).

Immunophenotyping : BALF + Lymph-Node Lymphocytes

Table 2 shows the immunophenotyping of bronchoalveolar
lavage cells. Each phenotype cell number was calculated by us-
ing value = (percent positive) X (total cell count). Zymosan
treatment induced a significant (p < .05) increase in both
CD3+4-CD4+ and CD3+CD8+ T cells, B cells (CD45R+), and
NK cells (NKR-P1A+CD3—) in recovered BALF cells at all
time points compared to the saline-treated group.

TABLE 1
Bronchoalveolar lavage cell differentials

Total cells (10%)

Macrophages (10°)

Neutrophils (10%)

Time Saline Zymosan Saline Zymosan Saline Zymosan

Day 1 9.64 + 0.66 46.42 £9.11¢ 9.60 + 0.65 11.45£1.77 0.02 +£0.01 33.42 £7.75¢
Day 4 9.38 +0.64 23.91 £2.79¢ 9.36 +£0.64  21.19+2.71¢ 0.01 £0.01 1.54 £0.29¢
Day 6 10.26 £ 0.75 36.90 £ 2.43¢ 10.20+£0.75  35.44 £2.30¢ 0.05 £0.05 0.68 £ 0.30°
Day 8 11.25 +0.61 36.59 £ 1.99¢ 11.25 £ 0.61 36.29 £ 1.95¢ 0£0 0.15 £ 0.07¢
Day 10 9.99 £0.55 30.84 £ 2.18¢ 9.99£0.55  30.67 £2.15¢ 0£0 0.16 £ 0.06°

Note. Values are means = SEM (n = 8-12).
“Significantly greater than mean value of saline control rats.
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FIG. 2. Micrographs of one rat lung stained with hematoxylin
and eosin after exposure to (A) saline, day 1; (B) zymosan,
day 1; (C) saline, day 4; and (D) zymosan, day 4. The original
magnification is x 10. The bar is 100 pm.

Table 3 shows the immunophenotyping results from lung-
associated lymph nodes. There was a slight increase in lympho-
cyte counts in the zymosan-treated group on day 1 (24.9 x 10° vs
21.4x 106 cells). Significantincreases of 2.8-,3.7-,3.3-,and 3.4-
fold in lymphocyte counts were observed on days 4, 6, 8, and 10
in the zymosan-treated group when compared to the control (data
not shown). Zymosan-induced lymphocyte proliferation reached
a maximum on day 6. On day 1, the number of lymphocytes that
expressed CD3 in zymosan-treated rats was not different from
saline control. However, zymosan induced a significantly higher
proliferation of T cells on days 4, 6, 8, and 10 (CD34 number
in Table 3). The number of NK cells (NKR-P1A+CD3—) was
significantly increased in the zymosan-treated group on days 4,
6, 8, and 10. Zymosan treatment not only induced proliferation
of lymphocytes, but also altered the proliferation of lympho-
cytes. The result of lymphocyte phenotyping showed that both
the numbers of double positive CD3+CD4+ and CD3+CD8a+
cells were increased in zymosan-treated rats (Table 3). However,
the increase in the CD8a+ subpopulation appeared to be faster
than the increase in the CD44- subpopulation, which resulted
in the ratio of CD3+CD4+4-/CD3+4-CD8a+ being lower in the
zymosan-treated group (Figure 3).

Production of Reactive Species

Figure 4 shows that AMs from zymosan-treated rats had a
15-fold greater oxidative potential than control on day 1, as in-
dicated by an increase in CL. On day 4, the zymosan-treated
group had four-fold higher CL activity than the control. CL was
the same for both groups on days 6, 8, and 10. Figure 5 demon-
strated that on days 1 and 4, there was no difference in NOx
level between control and zymosan-treated rats in the first BALF.
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FIG. 3. CD4/CD8 ratio in lung-associated lymph nodes from
saline- or zymosan-treated rats. Values are means = SEM
of 8-12 rats per exposure group. Asterisk indicates a sig-
nificant increase versus the saline control level (p <.05).
The CD3+CD4+/CD3-+CD8+ ratio was calculated by using
CD3+4-CD4+ phenotype cell number divided by CD3+4-CD8+
phenotype number from each individual rat. The mean £ SEM
values of CD3+CD4+4-/CD3+4CD8+- then plot as shown.

However, NOx increased two-fold in the zymosan-treated rats
on days 6, 8, and 10.

BALF Cytokine

Expression of various cytokines in BALF was increased in the
zymosan-treated rats on day 1 post IT (Figure 6). There was an
18-fold, 46.5-fold, 4.5-fold, and 35-fold, increase post 1 day in
TNF-a, IL-6,IL-10, and IL-12p70, respectively, when compared
to the saline group. The cytokines levels returned to control
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FIG. 4. Macrophage chemiluminescence. Values are means +
SEM of 8-12 rats per exposure group. Asterisk indicates a sig-
nificant increase versus the saline control level (p < .05).
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FIG. 5. NOx production in BALF. Asterisk indicates a signifi-
cant increase versus the saline control level (p < .05). Values
are means = SEM of 8—12 rats per exposure group.

levels by day 4 (data not shown). There were no significant
differences between the control group and the zymosan-treated
group for IL-2 and IL-4 (data not shown).

Lymphocytes Cytokines

Lymphocytes were collected from lung-associated lymph
nodes and cultured for 24 h, and media was collected for analy-
sis of lymphokine secretion. Unstimulated baseline expression
of IL-2, IL-4, IL-10, IL-12p70, and IFN-y was not significantly
different between the zymosan and saline groups (Figures 7 and
8). Con A stimulation of lymphocytes collected from zymosan-
treated rats led to a statistically significant increase in IFN-y
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FIG. 6. Cytokine (TNF-a, IL-6, IL-10, and IL-12p70) produc-
tion in BALF 1 day post IT. Asterisk indicates a significant
increase versus the saline control level (p < .05). Values are
means + SEM of 812 rats per exposure group.
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FIG. 7. IFN-y level in lymphocyte culture medium. Lympho-
cytes from lung-associated lymph nodes were cultured for 24 h
in RPMI 1640 medium with and without Con A (3.3 pg/ml).
Asterisk indicates a significant increase versus the saline control
+ Con A level (p < .05). Values are means &+ SEM of 8—12 rats
per exposure group.

compared to corresponding saline controls at days 4 and 6
(Figure 7). Con A stimulation caused a significant increase in
IL-10 secretion by lymphocytes from the zymosan group com-
pared to the corresponding saline group at all time points except
day 4 (Figure 8). No significant differences were observed in
IL-2 levels at any time point when comparing the zymosan and
saline groups (data not shown).
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FIG. 8. IL-10 production in lymphocyte culture medium. Lym-
phocytes from lung-associated lymph nodes were cultured for
24 h in RPMI 1640 medium with or without Con A (3.3 pg/ml).
Asterisk indicates a significant increase versus the control +
Con A level (p < .05). Values are means == SEM of 812 rats
per exposure group.
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DISCUSSION AND CONCLUSIONS

Dales et al. (1998) observed an increase in T-cell prolifera-
tion and a reduction in CD44-/CD8+- ratio in children who lived
in fungi-contaminated homes compared to children who lived
in less contaminated homes when monitored over a 12-m. pe-
riod. In the present study, we used zymosan (a I — 3-8-glucan
from Saccharomyces cerevisiae) to model environmental fungal
exposure and to investigate the mechanism by which immune
defense responses may be altered after fungal exposure in rats.
The results show that a one-time zymosan exposure induced an
early pulmonary inflammatory response followed by a prolifer-
ation of lymphocytes and alteration of the CD4+/CD8+ ratio,
which persisted over the 10-day study period. The animal results
appear to be consistent with the epidemiology findings by Dales
et al. (1998).

Pulmonary damage and inflammation were observed early
after zymosan treatment. Elevations in LDH activity, albumin
content, and neutrophil infiltration were found in the lungs of
the zymosan-treated group. BAL macrophage activation also
was enhanced, as evidenced by increases in CL and NOx. This
increase in macrophage activation may account for the elevation
in injury and inflammation that was observed in the zymosan-
treated animals. In addition, BALF cytokine expression (TNF-
a, IL-6, IL-10, and IL-12 p70) was increased by zymosan
treatment.

TNF-o is a proinflammatory cytokine released from
macrophages or activated T cells in response to microbes or
other agents. TNF-¢ plays a key role in the initiation of in-
flammation in the lung and other tissues (Driscoll et al., 1997).
Zymosan-induced TNF-« production occurs through the activa-
tion of nuclear factor kB (Young et al., 2001b). The BALF cy-
tokine profile is consistent with a previous epidemiology study
that reported an increased level of TNF-«, IL-6, and NOx in
the nasal lavage fluid of school staff in a mold-contaminated
school (Hirvonen et al., 1999). A similar increase of TNF-«
and IL-6 was reported in the BALF of mice exposed to fun-
gal spore Aspergillus versicolor (Jussila et al., 2002). This pat-
tern of cytokine expression and macrophage activation may
influence the development of the adaptive immune response to-
ward a cell-mediated response, characterized by CD4+ Thl
and CD8+ T cells, or a humoral response involving Th2 T
cells and B cells. Although the mechanism controlling this
differentiation is not fully understood, it is believed that spe-
cific cytokines influence the initial proliferation phase of T-cell
activation.

Cytokines are known to play a role in communication be-
tween innate immune cells, such as dendritic cells, macrophages,
neutrophils, and NK cells, and adaptive immune cells (Janeway,
1999). Zymosan exposure resulted in a significant increase in
IL-12p70, a cytokine produced by macrophages and dendritic
cells, which has been shown to be involved in promoting a cell-
mediated immune response. Activation of these innate respon-
ders by glucan may determine the direction of the adaptive im-
mune response.
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Most adaptive immune responses are a combination of both
cell-mediated and humoral immunity. IL-12 and IL-4 play a role
in inducing the differentiation of Th1 and Th2 cells, respectively
(O’Garra & Arai, 2000). The cell-mediated response, including
Th1 and CD8+ cells, is driven by IL-12p70 (O’Garra & Arai,
2000), which is produced by macrophages and dendritic cells.
Activated Th1l and CD8+4 T cells produce IL-2, and NK cells
and activated CD8 T cells produce IFN-y. On the other hand,
the Th2 response is driven by IL-4 (Muraille & Leo, 1998) and
is characterized by production of IL-10 and IL-4. The cytokines
from one subset of T lymphocytes can inhibit the other. The
present study showed a 18-fold increase of CD4+ T helper cells
in BALF of zymosan-treated rats on day 1. Thl cells and Th2
cells release different sets of cytokines, which define their dis-
tinct actions in immunity. From the BALF cytokine analysis
in the present study, there was a 35-fold increase in IL-12p70,
a 4.5-fold increase in IL-10, and a 46.5-fold increase of IL-6
in the zymosan-treated group on day 1. BALF cytokine results
showed that IL-4 was not significantly elevated, while IL-12p70
was dramatically increased, suggesting that the cell-mediated
immune response may be favored. An increase in IFN-y when
costimulated with con A was observed in the lymphocyte cul-
tured medium of zymosan-treated rats, which also supports a
Thl-directed response. A similar Th1 pathway was reported in
human lymphocytes exposed to «-p-glucans (Raveendran Nair
et al., 2004). Glucan treatment of a patient with allergic rhini-
tis, who typically presents with production of Th2 cytokines,
has been shown to increase IL-12 production and decrease IL-4
production (Kirmaz et al., 2005). Thus, glucan exposure may
promote more of a cell-mediated immune response; however,
this does not exclude the ability of glucan to stimulate cells
involved in humoral immunity.

The immunophenotyping results showed that both CD4+4 T
helper cells and CD8+ cytotoxic T cells significantly increased
in the lymph node of the zymosan-treated group. The CD8+
population increased at a high rate, resulting in a decrease of the
CD4+/CD8+ ratio. There was also a significant increase in the
CD8+ T cell population in the BALF. These data suggest that
the increase in CD84- T cells is one of the prominent effects of
zymosan-induced inflammation. The increase in CD8+ T cells
may be related to an elevated IL-6 level in BALF. Zymosan-
induced a 46.5-fold greater increase in IL-6 production com-
pared to the saline-treated rats. IL-6 has been shown to induce
cytotoxic T-cell differentiation. IL-6 has also been shown to play
a role in T-cell activation (Lotz et al., 1988). In the presence
of IL-1, IL-6 controls the initial step of T-cell activation, with
CD8+ T cells being the target cell (Akiraetal., 1990). 1 — 3-8-
Glucans have been shown to induce differentiation of precursor
T cells to cytotoxic effector cells in vitro within 5 days (Hamuro
etal., 1978). The current study demonstrated that CD8+- cell dif-
ferentiation can also be induced in vivo. A similar report of an
increase in CD8 antigen expression was observed in intraepithe-
lial lymphocytes via oral administration of g-glucan (Tsukada
etal., 2003). In immune-suppressed mice lacking CD4+ T cells,
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CD8+ T cells were shown to compensate and induce vaccine im-
munity against fungi Blastomyces dermatitidis and Histoplasma
capsulatum (Wuthrich et al., 2003). This suggests that CD8+
T cells may play a more important role than CD4+ T cells in
response to fungal infection.

Interestingly, in addition to the data indicating activation of
the cell-mediated response in the zymosan-treated group, there
was a small, but significant, elevation in IL-10 in the BALF
on day 1. However, this response did not persist, and IL-10
was only elevated in lymphocyte culture after it was stimu-
lated with con A. This increase may be due to stimulation of
the B-cell population, which was increased in the zymosan-
treated lymphocytes. This finding may indicate a small role
for the humoral immune response in fungal exposure, although
the primary response appears to be cell mediated. Alternately,
IL-10 is a known anti-inflammatory cytokine and may be pro-
duced early after exposure as a feedback mechanism in re-
sponse to the increased inflammation caused by the zymosan
group.

In conclusion, our present study suggests that exposure to
zymosan, which contains mostly 1 — 3-8-glucan, increased
T-cell proliferation, reduced the CD4+4-/CD8+- ratio, and altered
cytokine production in a way that indicates zymosan exposure
may favor a cell-mediated immune response. Questions exist
as to what role these fungal-induced effects have in increasing
the susceptibility to infection. A further evaluation of lung im-
mune responses to fungal exposure before infection with a bac-
terial pathogen using an animal infectivity model is currently
underway.
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