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SINGLE PRE-EXPOSURE TO A HIGH DOSE OF ZYMOSAN
ENHANCES LUNG DEFENSE MECHANISMS AND ACCELERATES THE
PULMONARY CLEARANCE OF A BACTERIAL PATHOGEN IN RATS

Shih-Houng Young, James M. Antonini, and Jenny R. Roberts [0 Health
Effects Laboratory Division, National Institute for Occupational Safety and Health,
Morgantown, West Virginia, USA

O The present study examines the effects of pre-exposure to zymosan (a 1— 3-B-glucan from baker
yeast) on lung defense against bacterial infection. Rats received a single dose of zymosan A (0.6,
1.2, or 2.5 mg/kg body weight [bw]) or vehicle control (saline) via intratracheal instillation 3 days
prior to intratracheal inoculation with 5 x 10° Listeria monocytogenes. Left lungs were ho-
mogenized and cultured to assess bacterial clearance, and bronchoalveolar lavage was performed
on the right lungs to monitor lung inflammation and injury. Prior to bacterial infection, zymosan
exposure resulted in elevated inflammation and oxidant production in the lungs. Zymosan treat-
ment followed by infection led to an accelerated pulmonary clearance of bacteria when compared to
the saline control group in a dose-dependent fashion. In addition, lower levels of injury and in-
Sflammation were associated with the enhanced bacteria clearance observed in zymosan-infected rats.
Our findings suggest that zymosan exposure may enhance the lung immune response by activating
alveolar macrophages prior to infection, and stimulating T cells involved in the adaptive immune
response early after infection, thus resulting in a heightened pulmonary immune response.

Keywords 1— 3-8-glucans, Listeria monocytogenes lung clearance, pulmonary inflamma-
tion, zymosan

Fungi and bacteria have been identified as important etiological agents in
indoor air pollution [1]. It is well known that exposure to endotoxin (a cell
wall product from gram-negative bacteria) is strongly associated with lung
disease [2]. However, higher endotoxin levels in dust sample alone do not
always correlate well with inflammatory indicators [3]. Young and colleagues
[4] demonstrated that 1— 3-B-glucan (a major cell wall component of fungi)
is also an important inducer of pulmonary inflammation. Exposure to fungi
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has been shown to have a strong correlation to both upper (throat irrita-
tion and sinus symptoms) or lower (wheeze, chest tightness, shortness of
breath, and cough) respiratory symptoms [5]. The goal of this study was to
examine the effects of pre-exposure to zymosan, a 1—3-f-glucan, on lung
defense against bacterial (Listeria monocytogenes) infection using a rodent
model.

Different components of yeast cell wall have been examined for their
inflammatory potential [6-9]. The main components of yeast cell wall are
1— 3-B-glucan, mannan, and chitin, which comprise 90% of the cell wall
[10]. Fungal cell walls typically are 80% polysaccharide and 3% to 20%
protein by dry weight [11]. In their native environment, 1— 3-B-glucans
are cross-linked with mannan and chitin [10]. However, there is very lim-
ited information in regards to the inflammatory potential of other non-
1—3-B-glucans components and their ability to alter pulmonary infection.
Young and colleagues [12] compared the pulmonary inflammatory poten-
tial of a cell wall component partially enriched in either 1—3-B-glucan,
mannan, or chitin and concluded that 1—3-g-glucans and chitin were the
major components that cause pulmonary inflammation. However, chitin
is not as abundant as 1—3-B-glucan in fungal cell wall [13]. Therefore,
study of 1—3-B-glucan is relevant to inflammatory responses due to fungi
exposure.

1—3-B-Glucan and endotoxin have been considered to be markers for
the presence of fungi and gram-negative bacteria, respectively. There is epi-
demiological evidence of a strong interaction between fungi and bacteria
[5]. However, the nature of this interaction is still largely unknown. A syn-
ergistic effect of 1— 3-B-glucan and endotoxin has been suggested from an
experiment with guinea pigs [14], which found increases of lung lavage cells
after exposure to curdlan and endotoxin. However, results from a previous
study by our laboratory have shown that there may not always be synergy be-
tween the 2 components. There were no synergy in inflammatory responses
after exposure to endotoxin first then zymosan A or to both simultaneously
[15]. Furthermore, less than additive pulmonary responses (lower lactate
dehydrogenase [LDH], albumin, and tumor necrosis factor [TNF]-« levels)
were observed in animals that were pretreated with 1— 3--glucan (zymosan
A) then exposed to endotoxin [15]. The discrepancies in the studies may
have resulted because of different 1—3--glucans that were used. In the
present study, we used live bacteria (L. monocytogenes) instead of endotoxin
to further examine the effects of zymosan A pretreatment on inflammatory
responses.

L. monocytogenes is a gram-positive, intracellular bacteria [16, 17], which
induces a different response from endotoxin (a gram-negative bacteria).
L. monocytogenes activates not only the innate (nonspecific) but also the
cell-mediated (antigen-specific) immune response upon infection. The
well-defined immune response to L. monocytogenes allows it to serve as an
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experimental probe to evaluate the affects of an immunotoxic xenobiotic
on both innate and cell-mediated host immunity [18-23]. L. monocytogenes
was used here as a model pathogen to investigate lung defense mechanism
in response to pulmonary exposure to zymosan A.

MATERIALS AND METHODS
Animals

Specific-pathogen-free male Sprague-Dawley [Hla: (SD) CVF] rats, ap-
proximately 7 to 8 weeks old at arrival (~ 225 to 250 g) were purchased from
Hilltop Lab Animals (Scottdale, PA). The animals were housed under tem-
perature and humidity controlled conditions in cages with HEPA-filtered air.
Rats were allowed to acclimate in an Association for Assessment and Accred-
itation of Laboratory Animal Care (AAALAC)-approved animal facility for
1 week 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

Three days before infection with L. monocytogenes, male Sprague-Dawley
rats, ~8 to 9 weeks old, were intratracheally instilled with either saline (con-
trol) or zymosan at a dose of 0.6, 1.2, or 2.5 mg/kg body weight (bw). On day
0 the animals were inoculated with 5 x 10° L. monocytogenes. On day 0 (be-
fore infection), and days 3, 5, and 7 after infection, rats were euthanized and
bronchoalveolar lavage (BAL) was performed on the right lungs (n = 10-14
per group, except for non—L. monocytogenes-treated animals where n = 4-6).
The cells recovered by BAL were differentiated, and chemiluminescence, a
measure of macrophage oxidant production, was determined. Albumin and
lactate dehydrogenase (LDH) activity, indicators of lung injury, were mea-
sured in BAL fluid. The lung-associated lymph nodes were removed and
lymphocytes were recovered. Immunophenotyping was performed on the
lymphocyte suspension and BAL cells via flow cytometry. The cytokine lev-
els in the BAL fluid were also determined.

Zymosan Treatment

Zymosan A was purchased from Sigma Chemical (St. Louis, MO) and
was suspended in sterile phosphate-buffered saline (PBS). Three days before
L. monocytogenes infection, rats were lightly anesthetized by an intraperi-
toneal injection of 0.6 mL of a 1% (w/v) solution of sodium methohex-
ital (Brevital; Eli Lilly, Indianapolis, IN) and intratracheally instilled with
zymosan at the indicated doses or saline as a vehicle control.
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Intratracheal Bacteria Inoculation

L. monocytogenes was cultured overnight in brain-heart infusion broth
(Difco Labratories, Detroit, MI) at 37°C in a shaking incubator. Following
incubation, the bacterial concentration was determined spectrophotomet-
rically at an optical density of 600 nm. The sample was diluted with sterile
saline to the concentration of 5 x 10° L. monocytogenes in 500 L sterile
saline. L. monocytogenes was intratracheally instilled 3 days post zymosan in-
stillation. The dose of L. monocytogenes chosen was found to give a uniform
infection and did not result in mortality in untreated naive Sprague-Dawley
rats in a previous study [24].

Pulmonary Clearance of L. monocytogenes

At days 3, 5, and 7, the left lungs were removed from all rats in each
treatment group. The excised tissues were suspended in 10 mL sterile wa-
ter, homogenized using a PowerGen 700 homogenizer (Fisher Scientific,
Pittsburgh, PA), and cultured quantitatively on brain-heart infusion agar
plates (Becton Dickinson, Cockeysville, MD). The viable colony-forming
units (CFU) were counted after an overnight incubation at 37°C.

Bronchoalveolar Lavage and Cell Differentials

At 0 (before infection), 3, 5, and 7 days post bacterial instillation, the
rats were deeply anesthetized with 0.4 mL of Sleepaway (26% sodium pen-
tobarbital, 7.8% isopropyl alcohol, and 20.7% propylene glycol; Fort Dodge
Animal Health, Fort Dodge, IA) and then exsanguinated by severing the ab-
dominal aorta. The left bronchus was clamped off, and BAL was performed
on the right lungs of rats. The lungs were first lavaged with 1 mL/100 g bw
of Ca*"- and Mg?*-free PBS at pH 7.4. The first fraction of lavage fluid re-
mained in the lungs for 30 seconds, with constant massaging of the lungs,
and was repeated twice. This first fraction of BAL fluid was centrifuged at
500 x g for 10 minutes and supernatant used for analysis of LDH, albumin,
and cytokines. The lung was further lavaged with 6-mL aliquots of PBS un-
til a total of 30 mL BAL fluid was collected. These samples were also cen-
trifuged for 10 minutes 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 (Coul-
ter Electronics, Hialeah, FL) and 1 x 10° cells were spun for 5 minutes
at 800 rpm and pelleted onto a slide using a cytospin (Shandon Cytospin
II; Shandon, Pittsburgh, PA), and cells (200 cells/rat) were differentiated
into alveolar macrophages, lymphocytes, eosinophils, and neutrophils on
cytocentrifuge-prepared slides after staining with Leukostat stain (Fisher Sci-
entific, Pittsburgh, PA).
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Lung-Associated Lymphocyte Harvest

Lung-associated lymph nodes were harvested into a 15-mL conical tube
that contained 1 mL of RPMI 1640 medium (Sigma) with 2 mM glu-
tamine, 100 pug/mL streptomycin, 100 U/mL penicillin, 5 x 107> M 2-
B-mercaptoethanol, 5 mM HEPES, and 10% heat-inactivated fetal bovine
serum (FBS) (Sigma). A Teflon fluorocarbon resin and stainless steel shaft
pestle (Fisher Scientific, Pittsburgh, PA; catalog no. 05-559-26) were used to
gently release lymphocytes into medium. Total number of lymphocytes was
determined using a Coulter Multisizer II.

Immunophenotyping and Flow Cytometry

Immunophenotyping was performed on lymphocyte suspensions via
flow cytometry. Briefly, 50 uL of lymphocyte suspensions (~0.5 x 10°
cells) were added to a 12 x 75-mm polystyrene tube on ice. A blocking
buffer, 100 uL, containing 300 pug/mL mouse immunoglobulin G (IgG)
was added to this suspension for 10 minutes. Anti-CD3 and anti-CD45R
were used for T and B cells enumeration, respectively. 7-Aminoactinomycin
D (7-AAD) and the monoclonal antibodies, anti-CD3, anti-CD4, anti-CD8a,
anti-CD45R, and NKR-P1A, were purchased from Becton Dickinson (San
Diego, CA). Antibodies for different cell membrane surface markers were
prepared in fluorescence-activated cell sorting (FACS) buffer (PBS with
0.2% bovine serum albumin [BSA] and 0.09% NaNs)and added to a tube
(50 puL/tube) for 30 minutes on ice. Each antibody was titrated for opti-
mum amount of antibody. Each tube was then washed 1 time with 1 mL
FACS buffer to remove excess of unbound antibody. The cells were then
fixed with 1% paraformaldehyde (concentration at final), and analyzed
on FACSCalibur (flow cytomter; BD Biosciences Immunocytometry Sys-
tems, San Jose, CA). Two panels of 3 or 4 colors analysis were set up for
immunophenotyping: CD45R-FITC/CD3-PE/7-AAD and CD4-FITC/NKR-
PIA-PE/CD8-PerCP/CD3-APC. The live lymphocyte population was se-
lected based on forward scatter and side scatter light signal intensity, and
was identified by 7-AAD staining. A total of 10,000 events were collected per
sample.

Biochemical Parameters of Injury

The albumin content and LDH activity in the acellular first fraction
of BAL fluid were measured. These measures reflect the permeability of
the bronchoalveolar-capillary barrier and general cytotoxicity, respectively.
Albumin content was determined colorimetrically at 628 nm based on al-
bumin binding to bromcresol green using an albumin BCG diagnostic kit
(Sigma). LDH activity was determined by measuring the reduction of lactate
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to pyruvate coupled with the formation of NADH at 340 nm. Measurement
was performed with a COBAS MIRA autoanalyzer (Roche Diagnostic Sys-
tem, Montclair, NJ).

Alveolar Macrophage Chemiluminescence (CL)

Luminol-dependent CL was performed on BAL cells as a measure
of the light generated by reactive species produced by activated alveolar
macrophages (AMs) and polymorphonuclear neutrophils (PMNs). CL was
performed with an automated Berhold Autolumat LB 953 luminometer
(Wallac, Gaitherburg, MD) at 390 to 620 nm for 15 minutes. Nonopsonized,
insoluble zymosan (2 mg/mL; Sigma) was used as a stimulant of alveolar
macrophages (5 x 10° 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 minutes in 0.008 mg/dL (weight/volume) luminol in a total of 0.5 ml of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer followed by the
measurement of CL for 15 minutes. Zymosan-stimulated CL was calculated
as the counts per minute (cpm) in the zymosan-stimulated assay minus the
cpm in the resting assay, and this was normalized to the total number of
macrophages recovered from the BAL.

BAL Fluid Cytokines

Cytokine protein concentrations were determined with enzyme-linked
immunosorbent assay (ELISA) kits from Biosource International (Camar-
illo, CA). The results of this colormetric assay were obtained with a
Spectramax 250 plate spectrophotometer using Softmax Pro 2.6 software
(Molecular Device, Sunnyvale, CA). The following cytokine levels from the
first fraction of BAL were determined: interleukin (IL)-2, IL-4, IL-6, IL-10,
tumor necrosis factor (TNF)-«, interferon (IFN)-y, IL-12p70, and IL-18 on
days 0, 3, 5, and 7 post bacteria inoculation.

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). For multiple comparisons, a 2-way analysis
of variance (ANOVA) was performed and significant differences between
groups were determined by using the Student-Newman-Keuls method. The
significance was set at P < .05.
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FIGURE 1 Dose-dependent increase in pulmonary bacterial clearance in rats 3 days post infection that
were preexposed to zymosan A (0.6, 1.2, or 2.5 mg/kg bw) or saline 3 days prior to intratracheal inoc-
ulation with 5 x 10° L. monocytogenes. Values are expressed as percentage of bacteria counts in control
rats == SEM of 4 to 12 rats per exposure group. **Significantly different from all groups (P < .05).

RESULTS

Pulmonary Clearance of L. monocytogenes

Pulmonary clearance of bacteria after pretreatment with 0.6, 1.2, or
2.5 mg/kg bwt of zymosan was assessed on day 3 (Figure 1). There was a
dose-dependent enhancement in the clearance of bacteria from the lungs
of rats treated with zymosan prior to infection. There was significantly less
bacteria in the lungs of rats pretreated with the highest dose of zymosan
when compared to all other groups. Table 1 shows the time course of lung
bacteria clearance after prior instillation with 2.5 mg/kg bw zymosan. Instil-
lation with zymosan prior to infection resulted in an increase in bacterial

clearance from the lungs for up to 7 days post infection.

TABLE 1 Bacteria Clearance From Lung for 2.5 mg/kg bw Zymosan Dose at Days 3, 5, and 7

Days CFU from saline group Standard error CFU from zymosan group

Standard error

3 17,088,000 2,271,904 2,707,733*
5 350,906 231,670 122,379
7 4,240 3,207 433*

958,970
29,908
220

*Significantly different from saline control rats (P < .05). n = 10-14 per group.
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Lung Injury: LDH Activity and Albumin

Zymosan treatment induced elevated LDH levels at day 0 when com-
pared to control rats (Figure 2A). However, LDH levels in rats treated with
zymosan (2.5 mg/kg bw) were significantly lower than saline rats post bac-
teria infection at days 3 and 5. Albumin levels followed the same pattern as
LDH. At day O (pre-infection), higher albumin levels were observed in the
zymosan-treated group (Figure 2B). The increase in albumin post-infection
on days 3 and 5 that was observed in the saline group did not occur in the
zymosan-treated group. There were no significant differences in albumin or
LDH at day 7 between the zymosan and saline groups.

BAL Cell Differentials

Prior to infection, zymosan treatment resulted in a significant influx of
both PMNs (Figure 3A) and AMs (Figure 3B) into the lungs, indicating in-
creased inflammation in the treated group prior to infection. On days 3 and
5 post infection, the PMN number in the zymosan-treated rats decreased
compared to the saline-treated rats (Figure 34). The number of AMs in
the lungs of zymosan-treated rats did not change after infection from the
levels observed on day 0. However, there was a continuous increase in AM
number in the saline-treated rats over the course of the infection. By day
7, there were no significant differences between the zymosan and saline
groups.

Immunophenotyping: Lung-Associated Lymphocytes
and BAL Cells

Table 2 shows the immunophenotyping of lung-associated lymphocytes.
Zymosan treatment induced a significant (P < .05) increase in CD3+CD4+
and CD3+CD8+ T cells, B cells (CD45R+), and natural killer (NK) cells
(NKR-PIA+CD3—) in the lung-associated lymph node at day 0 preinfec-
tion, and in most cases, the increase continued post L. monocytogens infec-
tion when compared to the saline-treated rats. The saline group showed a
proliferation of lymphocytes post infection; however, the increase was not
as great as that of the zymosan group. A similar trend was observed in BAL
recovered cells as shown in Table 3. The saline group showed a continuous
proliferation of CD3+-CD4+ T cells, CD34+-CD8a+ T cells, CD3+ T cells,
CD45R B cells, and NK cells, which was not observed in zymosan group.
Zymosan treatment induced a significant increase in lymphocytes at days 0
and 3 when compared to the saline group. However at days 5 and 7, lympho-
cyte levels in the BAL of saline group were no different from the zymosan
pretreated group in most cases.
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FIGURE 4 BAL cellular chemiluminescence (CL) depicted in total counts per 15 minutes for to-
tal BAL AMs after stimulation with nonopsonized zymosan in rats that were pre-exposed to zymosan
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Production of Reactive Oxygen Species

On day 0, prior to infection, CL in the zymosan-treated rats was signifi-
cantly higher than saline-treated rats, indicating increased oxidant produc-
tion by AMs in this group (Figure 4). Saline-treated rats exhibit a normal
increased of CL level post infection on day 3; however, oxidant production
in zymosan-treated rats did not vary greatly from preinfection levels, and
was significantly lower than that of control levels. There were no significant
differences between saline and zymosan groups on day 7.

BAL Fluid Cytokines

Table 4 shows the increase of proinflammatory cytokines TNF-o which
has a similar pattern as in LDH and albumin. Pre-treatment with zymosan in-
duced a high TNF-« level at day 0. However, subsequent exposure to L. mono-
cytogenes did not further induce TNF-« in the zymosan group. Another proin-
flammatory cytokine, IL-6 (Table 4), also showed similar trends as TNF-o.
IL-6 level in zymosan group was significantly lower than saline group on
days 3 post infection. These data demonstrate zymosan-treated rats have a
lower level of proinflammatory cytokines response post bacteria infection.
IL-10 is an anti-inflammatory cytokine. IL-10 level (Table 4) was lower in
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TABLE 5 Cytokines Production in First BALF

1L-2 114 IFN-y
Saline Zymosan Saline Zymosan Saline Zymosan
Day 0 Pre- 117.71 £20.75 81.77£9.79 29.27 +3.05 45.48 £ 8.59 1.08 £0.63 1.96 + 1.09
infection
Day 3 Post- 95.94 +7.73 122.55 +12.35 61.51 +8.86% 82.1 +13.37 37.45+5.18" 253 +2.1*
infection
Day 5 Post- 47.31 £5.61 107.29 +8.51* 23.45 +4.19 74.25+11.39* 2.794+1.12 0.61 £ 0.35*
infection
Day 7 Post- 89.61 +8.69  97.68 + 9.46 46.0 + 7.39% 76.01 & 11.16% 0.88 £ 0.57 1.47 +0.94
infection

Note. Values are means &+ SE (pg/mL). n = 12-16; for day 0, n = 4-6.
*Significantly greater than mean value of saline control rats of same days (P < .05). *Significantly greater
than pre—infection day saline control rats’ level (P < .05).

zymosan-treated rats on day 0, which corresponded to a significantly higher
TNF-« level in zymosan-treated rats. However, a significant lower IL-10 level
in zymosan-treated rats was observed on day 3, which also had significantly
lower TNF-o and 1L-6 levels.

Pre-treatment with zymosan also reduced immunomodulating cytokines
IL-12 p70 and IL-18 productions post bacteria infection compared to saline
group (Table 4). Cytokines IL-12 p70 were higher in zymosan group on day
0, but was significantly lower in zymosan group post infection on day 3 (Ta-
ble 4). IL-18 had a similar trend as IL-12p70 but peaked at day 5 before
returning to control levels on day 7 (Table 4). These results strongly sug-
gest pre-treatment with zymosan reduces subsequent immunomodulating
cytokine production.

The responses of cytokines IL-2, IL-4, and IFN-y were shown in Ta-
ble 5. There were no significant differences between zymosan- or saline-
induced IL-2 or IL-4 response on days 0 and 3; however, a higher IL-
2 response was measured on day 5 and higher IL-4 response was mea-
sured on days 5 and 7 for zymosan rats. IFN-y levels were not different
at day 0, but significantly decreased in the zymosan group at days 3 and
5.

SUMMARY AND DISCUSSION

1—3-B-Glucans have been reported to have antibacterial activity [25,
26], either via intraperitoneal injection [27], or via oral administration
[28]. a-Glucan has also been reported to enhance host defense against
bacteria infection through intraperitoneal injection [27]. The authors sug-
gest that the underlying mechanism for defense against pathogens was
the ability of 1—3-B-glucans to activate macrophages and PMNs. An ex-
ample of these stimulatory properties was also reported recently with
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anthrax infection via oral administration [29]. Here we demonstrated,
via intratracheal instillation, that 1— 3-B-glucan can also enhance bacterial
clearance from the lungs.

The pulmonary immune response to infection after pre-exposure to
zymosan was examined using L. monocytogenes as an infectivity model. We
found that pre-exposure to zymosan resulted in a dose-dependent increase
in pulmonary bacterial clearance. The significant increase in bacterial clear-
ance was evident 3 days after infection, and on day 10 there were also fewer
bacteria in the lungs of rats that had been pretreated with the highest dose
of zymosan. Prior to infection, lung injury and inflammatory markers, such
as LDH, neutrophil influx, and inflammatory cytokines, were elevated in
rats pretreated with zymosan. However, after infection these parameters
were all lower in zymosan-treated rats when compared to controls, which
may correspond to the lower level of bacteria in the lungs of the treated
rats. These data suggest the treatment with zymosan prior to infection may
result in the priming of the responses necessary for bacterial killing and
clearance.

Alveolar macrophages are responsible for the clearance of inhaled par-
ticles and microorganisms from the distal airways and alveolar space. Zy-
mosan has been shown to stimulate and activate AMs [30-32]. It has also
been well documented that TNF-«, an AM-derived proinflammatory cy-
tokine, is involved in innate resistance to bacterial infection and in recruit-
ment of neutrophils into the airspace [33]. In the current study, we found
that there were significantly more AMs in zymosan-exposed rats prior to
bacterial infection, and that zymosan pre-treatment induced a significantly
higher TNF-« level in the lung. Neutrophil numbers were also elevated in
the lungs of zymosan-treated rats prior to infection. In addition, IL-10, an
anti-inflammatory cytokine that inhibits macrophage activation, was lower in
zymosan-treated rats. These data support the hypothesis that early inflamma-
tion and recruitment/activation of lung phagocytes induced by the zymosan
treatment may result in priming of the responses required to resolve bacte-
rial infection.

Reactive oxygen species (ROS) generation by AMs is also an important
factor in intracellular killing and clearance of L. monocytogenes [21]. In our
previous study [34], we demonstrated that pulmonary exposure to zymosan
induced an elevation in ROS generation by AMs indicated by increased CL
levels 1 to 4 days post zymosan exposure. In the current study, we also ob-
served significantly higher CL levels in zymosan-treated rats prior to infec-
tion, further supporting the idea that macrophages may be primed to begin
killing and clearing the bacteria when compared to control. In control rats,
there was a significant oxidative burst in AMs post infection, as would be
expected. Interestingly, there was no further increase in production of ROS
post infection in the zymosan-treated rats. The reason for that is unclear,
but may be related to the 10-fold lower bacterial numbers in the lungs of
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zymosan pretreated rats and the on-going production of ROS. Therefore,
there may be less of a need for a large oxidative burst post infection.

The T cell-mediated adaptive response is critical for immune defense
against L. monocytogenes [35]. By activating type 1 CD4+ T-helper (Ty1) cells,
AMs are further stimulated to kill intracellular bacteria and clear the infec-
tion, and CD8+ cytotoxic T cells T (T¢) cells are also activated to target
infected cells. Changes in lymphocyte profiles in the lung-associated lymph
nodes and in the lung were evaluated by immunophenotyping of lympho-
cytes cells and BAL cells, as shown in Tables 2 and 3. Zymosan-treated rats in-
duced proliferation of lymphocytes, which resulted in a significantly higher
numbers of CD34+CD4+ (Ty cells), CD3+CD8+ (Tccells), B cells, and NK
cells in both the lymph nodes and the lung prior to infection. CD8+ T cells
have been shown to be an important factor in clearance of L. monocytogenes
[35]. We observed that there was an elevation in CD84 T cells in zymosan
pretreated rats on day O (Table 2). Previously, we have shown that zymosan
treatment alters adaptive immune response in rat and the greatest propor-
tional increase was in CD84 T cells [34]. A similar report in the literature
showed that 1— 3-8-glucans induced differentiation of precursor T cells to
cytotoxic effector cells in vitro within 5 days [36]. Although we did not per-
form functional tests on CD8+ cells, we speculate that the ability of zymosan
to enhance a T cell response may likely be a contributing factor in the in-
creased bacterial clearance observed in the zymosan-treated group.

The development of a cell-mediated response, as opposed to a humoral
response, is influenced by mediators such as cytokines and lymphokines. As
mentioned above, the cell-mediated adaptive immune response is character-
ized primarily by Ty1 and T cells, rather than a humoral response, which
involves type 2 T-helper (Ty2) cells and B cells. IL-12 and IL-4 play critical
roles in inducing the differentiation of Tyl and Ty2 cells, respectively [37].
IL-12, a cytokine produced by macrophages and dendritic cells, has been de-
scribed as a T cell maturation factor, and is a known promoter of the cell-
mediated immune response. Rats pre-treated with zymosan prior to infec-
tion had a significantly higher IL-12 response prior to bacteria infection. In
addition, IL-18, a T 1 promoter [38, 39], was also elevated prior to infection
in the zymosan-treated rats. Furthermore, the IL-4 level in zymosan-treated
rats was also higher, although this difference was not significant. This may
suggest that the Ty 1 response may be initiated in zymosan-treated prior to
infection, enhancing the overall response to the infection. Interestingly, IL-
4, a cytokine that favors the humoral immune response and suppresses the
response to Listeria [40, 41], was significantly elevated in zymosan-treated
rats when compared to saline-treated rats at days 5 and 7 post infection.
Despite this increase, and a cytokine profile that appears to favor a T2 re-
sponse at the later time points post infection, bacterial clearance was still
increased in the zymosan-treated rats. The reason for this is unclear; how-
ever, there is evidence that IL-4 can play a role in the early initiation of
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macrophage recruitment and activation during a Listeria infection [42], and
the increase observed here, at days 5 and 7, may not affect the clearance due
to a very early and very strong cell-mediated response in zymosan-treated
rats.

IFN-y is also an important mediator in the defense against L. monocyto-
genes [43]. IFN-y is produced by NK cells and activated CD8+ cells, and is
an activator of macrophages ROS production and bactericidal activity. The
BAL IFN-y level was significantly elevated in saline-treated rats on day 3
postinfection; however, IFN-y levels in zymosan-treated rats did not increase
significantly post infection. These data correspond well with the pattern of
ROS production observed post infection, where there is also a significant in-
crease in the saline group, but not in the zymosan group. The reason for this
response is unclear. It is possible that because zymosan treatment induced
an early activation of both macrophages and T cells prior to infection, this
group of rats was primed to begin killing and clearing the bacteria earlier,
and a significantly stronger activation of the adaptive immune response was
not as necessary as compared to the saline-treated rats.

There are other examples of exposures to environmental pollutants that
exhibit similar priming effects as zymosan. For example, both acute and
chronic exposure to silica has been shown to enhance bacteria clearance in
rats [44]. However, unlike zymosan, exposure to silica also induced a higher
lung injury and inflammation throughout the treatment before and after
infection than saline. The differences in these parameters suggest that there
may be different mechanisms involved in the priming effect.

In summary, zymosan pre-exposure accelerated the clearance of bac-
teria from the lungs compared to the control group. Although it is not
clear what is the exact underlying mechanism of this enhanced clearance,
evident suggests that zymosan may activated macrophages and induced the
T cell-mediated immune response prior to infection. The “priming” effect
may play an important role in the accelerated clearance of the bacterial
infection.
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