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Abstract

Female mice exhibit a better survival rate than males after infection, but if infection follows an
ozone-induced oxidative stress, male survival exceeds that of females. Our goal was to study
bronchoalveolar lavage factors that contribute to these sex differences in outcome. We studied
parameters at 4, 24, and 48 hours after ozone exposure and infection, including markers of
inflammation, oxidative stress, and tissue damage, and surfactant phospholipids and surfactant
protein A (SP-A). A multianalyte immunoassay at the 4 hr time point measured 59 different
cytokines, chemokines, and other proteins. We found that: 1) Although some parameters studied
revealed sex differences, no sex differences were observed in LDH, total protein, MIP-2, and SP-
A. Males showed more intragroup significant differences in SP-A between filtered air- and ozone-
exposed mice compared to females. 2) Oxidized dimeric SP-A was higher in FA-exposed female
mice. 3) Surfactant phospholipids were typically higher in males. 4) The multianalyte data
revealed differences in the exuberance of responses under different conditions - males in response
to infection and females in response to oxidative stress. These more exuberant, and presumably
less well-controlled responses associate with the poorer survival. We postulate that the collective
effects of these sex differences in response patterns of lung immune cells may contribute to the
clinical outcomes previously observed.
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1. Introduction

As the lung performs its role in respiration, it is vulnerable to infection and damage from
inhaled pathogens, allergens, and toxic gases or particles. In most air-breathing organisms an
efficient and well-regulated innate host defense system eliminates these threats and
preserves the delicate structure of the lung. However, an overly exuberant response to
microbial or environmental threats, such as an excessive respiratory burst producing reactive
oxidant species, could potentially damage tissue and interfere with respiration.

Innate host defense in the alveoli is provided primarily by alveolar macrophages. Their
function is highly regulated by the alveolar microenvironment, including other lung cells,
such as type 1 and type 2 alveolar epithelial cells. The alveolar microenvironment includes
pulmonary surfactant and other regulatory molecules and secretions from all of the above
cell types, as well as other proteins that enter the alveolus from the circulation or the lung
interstitium. The influence of surfactant on the macrophage is complex, and involves the
surfactant proteins, especially surfactant protein A (SP-A), as well as the lipid constituents
of surfactant. Numerous papers have demonstrated a regulatory role for SP-A on the
function of macrophages and their production of chemokines and cytokines [1-7]. Certain
surfactant phospholipids also have a profound influence on the function of the macrophage,
and often oppose the action of SP-A [2,8-13]. The importance of the contribution of SP-A
becomes evident with the increased susceptibility of SP-A knockout mice to a number of
different infections [14-18]. There have also been a number of studies demonstrating that
SP-A can be oxidized and its function compromised by exposure to air pollutants such as
ozone or to other materials containing reactive oxidant species [19-25]. More recently it has
become clear that SPA also plays a role in regulating the expression of a number of
macrophage gene products, and these in turn may regulate reactive oxidant species in the
alveolar space or participate in maintaining protease/antiprotease balance in the lung [3,4].

In a series of publications we have described sex differences [18,21,22,26,27] in outcome
after infecting mice with Klebsiella pneumoniae, with or without a prior oxidative stress in
the form of an acute ozone exposure. The above studies include differences in survival and
phagogcytosis of pathogens by alveolar macrophages [18,21,25] as well as differences in
histopathology and dissemination of the resulting infection [22,27]. Moreover, we have
shown that the sex differences persist and are accentuated in mice lacking SP-A or after the
oxidative modification of SP-A [18,21]. The sex differences in survival have been shown to
be dependent upon gonadal hormones [26]. A further insight into the molecular basis of the
sex differences has been gained via the study of the proteome of alveolar macrophages from
mice lacking SP-A and after a “rescue” of these mice with exogenous SP-A [3,4].

In the present study we continue to study the basis for the sex differences by studying a
number of parameters in the BAL after filtered air (FA) or ozone exposure during the initial
phases of infection. Endpoints studied included total and differential BAL cell counts,
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lactate dehydrogenase (LDH), total protein, total oxidized protein, phospholipid, SP-A,
oxidized SP-A, and MIP-2. In an effort to gain a more global insight into the BAL factors
that may contribute to the observed differences we performed immunoassays on 59 different
analytes in BAL, including a variety of inflammatory mediators, proteins involved in the
acute phase response and coagulation, and proteins involved in cell growth and
differentiation.

2. Material and Methods

2.1 Animals

Male and female C57BL/6 mice (from Jackson Laboratory (Bar Harbor, ME)) were used at

8-12 weeks of age. The Penn State University Institutional Animal Care and Use Committee
approved all procedures involving animals. Animals were exposed to FA or ozone, infected

with K. pneumonia, and sacrificed at the indicated time for further study as described.

2.2 Exposure of mice to ozone

Mice were exposed to ozone (2 ppm for 3 h) or to FA (control) at the same time in separate
chambers. Each chamber consisted of a 3.7 liter closed glass vessel into which glass
containers with wire mesh tops were placed. The temperature was maintained at 25°C,
humidity was set to 50 %, and the flow rate was 15 L/min through each (FA and ozone)
chamber. Air flow and ozone content were continually monitored. All FA and ozone
exposures were conducted in parallel. For various experiments 3-6 mice were treated with
either ozone or FA.

The ozone dose/duration (2 ppm for 3 h) has been used by other laboratories [28-30] and
was chosen in our preliminary work as being optimal [31] for further investigations. The
rational for this dose is based on a study by Hatch et al [32] in which they reported that
experimental animals required higher ozone concentrations than humans to deliver
comparable amounts of ozone to the distal lung. This determination was based on numbers
of neutrophils and macrophages, as well as the protein content of BAL.

2.3 Preparation of bacteria

Klebsiella pneumoniae bacteria (ATCC 43816) were purchased from the American Tissue
Culture Collection (Rockville, MD), then grown and prepared as described previously [21].
Bacteria were grown for 18 hr in tryptic soy broth (TSB) media at 37°C until they reached
stationary phase. The suspension of bacteria was diluted until the ODggo was equal to 0.4.
We used a 200 pl aliquot of this dilution to inoculate 50 ml of fresh TSB for sub-cultivation
for 3 h, resulting in a culture that was in the mid-log phase of growth. We then placed the
sub-culture on ice to stop growth. Using cold PBS, the culture was serially diluted to obtain
~ 9 x 103 CFU/mI, and mice were infected by injecting 50 ul of this bacterial suspension
(containing ~ 450 CFU) intratracheally. CFU per ml values were calculated from the ODggg
of the bacterial suspension, and an aliquot was also spread on tryptic soy agar (TSA) plates
to confirm CFU estimates.
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2.4 Infection of mice with
K. pneumoniae

Infection was performed as described previously [21]. Briefly, the animals were
anesthetized, the trachea was surgically exposed, and ~ 450 CFU/mouse were inoculated
intratracheally in 50 pl of PBS. If any mice died within the first 12 hr post-infection, we
considered the death to be due to the surgical procedure rather than resulting from the
infection and we excluded those mice from the study. In cases where mice were moribund
with no chance of recovery, the mice were euthanized to prevent unnecessary suffering
according to Penn State University Institutional Animal Care and Use Committee
recommendations and were included with the natural deaths. After exposure to FA or ozone
and subsequent infection (or instillation with vehicle), mice were subjected to
bronchoalveolar lavage and various parameters were analyzed, as described below.

2.5 BAL analyses

The lungs of the mice were subjected to bronchoalveolar lavage (BAL) (3 times with 0.5 ml
of 0.9% NacCl) at the 4, 24, and 48 hr post-infection time points, as described [31]. Three
independent experiments were performed for each time point; each experiment involved 5
mice exposed to ozone and 5 mice exposed to FA, or a total of 83 male mice [42 FA-
exposed and 41 ozone-exposed], and 74 female mice [39 FA-exposed and 35 ozone-
exposed]. The BAL fluids were centrifuged (150 x g, 5 min, 4°C) and the cell pellets
resuspended in 0.9% NaCl. Cell-free supernatants were frozen at — 80°C until subsequent
analyses were performed as described below.

2.5.1 Cell and biochemical analyses of BAL fluid—Taotal cell counts were performed
immediately after BAL using a hemocytometer. For the differential cell counts, slides were
prepared using a cytocentrifuge and stained with a Hema-3 Stain Kit (Fisher Scientific,
Pittsburgh, PA), and analyzed by light microscopy [21]. Total protein concentration was
determined using the Micro BCA Protein Assay (Pierce Biotechnology, Rockford, IL). For
determination of total phospholipids, 100 pl of BAL supernatant were lyophilized and then
assayed using the Phospholipids B Assay (WAKO Chemicals Inc, Richmond, VA). Lactate
dehydrogenase (LDH) was measured on 50 pL of each BAL sample using the CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI) following the manufacturer's
instructions.

2.5.2 MIP-2 cytokine concentration measurement—MIP-2 concentration in the cell
free BAL was measured using the Quantikine M mouse MIP-2 enzyme-linked
immunosorbent assay (ELISA) kit (R&D systems, McKinley Place, NE) according to the
manufacturer's protocol. For the analysis, a 500 pl aliquot of cell-free BAL was lyophilized
and reconstituted to 100 pl with the assay diluent buffer included in the kit. Plates were read
at 450 nm using the SPECTRA Fluor Plus ELISA plate reader (Tecan US, Research
Triangle Park, NC).

2.5.3 Detection of total oxidized proteins—Oxidized proteins were detected using the
OxyBlot Oxidized Protein Detection Kit (Intergen, Purchase, NY) as described [33]. This kit
detects carbonyl groups that have been introduced into proteins through oxidation. In brief,
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25 pl of BAL sample were denatured by adding an equal volume of 12% SDS. Samples
were then derivatized with 2.5 pl of 10X 2, 4-dinitriphenylhydrazine (DNPH) solution and
incubated for 10 min at room temperature. Derivatization was stopped with the addition of
25 pl of neutralization solution. Samples were then analyzed by dot blot. Aliquots containing
the DNPH-derivatized proteins were brought up to a volume of 500 ul with 0.01 M
phosphate buffered saline (pH 7.2) and 200 pl of each sample were blotted onto
nitrocellulose by vacuum using a 96-well dot-blot apparatus (Bio-Rad). Immunodetection of
oxidized proteins was performed according to the manufacturer's instructions, although the
rabbit anti-DNP and goat anti-rabbit 1gG (HRP-conjugated) antibodies supplied were used at
half the recommended concentrations. Enhanced chemiluminescence (ECL) was used to
detect antibody binding and blots were exposed to XAR film (Eastman Kodak Co.,
Rochester, NY). The film was developed and carbonylated protein levels were quantified by
laser densitometry.

2.5.4 Detection of oxidized and total SP-A—Detection of oxidized and total SP-A
was performed as described [33]. In brief, 200 ul aliquots of BAL samples were
concentrated by lyophilization. Protein samples were subjected to electrophoresis on 12.5%
SDS polyacrylamide gels. Two separate gels were run and the separated proteins transferred
either to a nitrocellulose membrane for SP-A detection or to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA) for oxidized SP-A detection.
Immunodetection of total SP-A was done, as described previously [33]. Briefly, after
blocking, the blots were incubated with polyclonal rabbit anti-SP-A 1gG (1:10,000) for 1 hr
at room temperature and washed. The blots were then incubated with secondary antibody
(goat anti-rabbit IgG HRP conjugate; 1:25,000) (Bio-Rad) for 1 hr at room temperature and
washed again. Antibody binding was detected by enhanced chemiluminescence (ECL).
Blots were incubated with ECL solutions (PerkinElmer Life Sciences, Boston, MA) and
exposed to Kodak X-Omat XAR films (Eastman Kodak Co., Rochester, NY). The films
were developed and SP-A levels were quantified by laser densitometry. Bands representing
the SP-A monomers and SP-A dimers were quantified separately. Total SP-A was the sum
of the two determinations.

Oxidized SP-A was detected as described previously [33]. Briefly, blots were dehydrated for
1 min with 100% methanol, washed for 5 min in 0.02 M Tris (pH 7.5) with 20% methanol, 5
min with 2 N hydrochloric acid (HCI), and then treated with 100 ug DNPH/ml in 2 N HCI
for 5 min. The membranes were again washed 3 times with 2 N HCI, 7 times with 100%
methanol, and one time with 0.02 M TBS (5 min each wash), and blocked overnight.
Immunodetection of oxidized proteins was done, as described above in section C for the
detection of total oxidized proteins.

2.6 Multi-analyte immunoassay (RodentMAP v.2.0) analysis

The RodentMAP version 2.0 (antigens) analysis of mouse BALs was performed by Rules-
Based Medicine (RBM) (Austin, TX, USA). For the assay, BALs from untreated, unexposed
mice were used as an additional control. Non-infected mice were intratracheally inoculated
after FA or ozone exposure with 50 pl of PBS rather than with 50 pl of bacterial suspension.
For RodentMAP analysis the 4 hr time point was used with a total of 30 mice, or 15 male
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and 15 female mice [6 FA-exposed (3 mice infected with K. pneumoniae and 3 mice non-
infected), 6 ozone-exposed (3 mice infected and 3 mice non-infected), and 3 untreated (not
exposed and non-infected) for each sex]. Fifty-nine analytes were quantified by the
RodentMAP assay.

2.7 Statistics

3. Results

All data were analyzed with a simple t-test. Results were considered statistically significant
when p < 0.05.

Two major groups of experiments were performed. In the first one a number of parameters
were measured at 4, 24, and 48 hours after exposure to either ozone or filtered air (FA) and
infection with K. pneumoniae. All mice in this group of experiments were infected via an
intratracheal instillation of bacteria. In the second group a multi-analyte immunoassay was
performed at the 4 hr time point to measure the levels of 59 analytes in BAL, in order to
assess early events. This type of analysis included mice exposed to FA or ozone that were
either infected or lacked infection plus untreated mice (not exposed, not infected).

3.1 Measurements

3.1.1 BAL cellular content

3.1.1.1 Total cells: The total number of cells in BAL was determined (Figure 1A). With the
exception of the 4 hr time point in the total number of cells in FA-exposed and infected
mice, there were no other differences between male and female mice. The effect of infection
on total cell number was seen by comparing the cell numbers in FA-exposed mice. FA-
exposed males showed no significant increases between 4 and 24 hours, but a significant
increase was observed in cell numbers at the 48 hr time point compared to the 4 hr and 24 hr
time points. FA-exposed females, on the other hand, showed a significant increase between
4 and 24 hours, followed by an additional significant increase between 24 and 48 hours.
However, ozone exposure had a pronounced effect on cell numbers. Cell counts were
significantly higher in ozone-exposed mice than their FA-exposed counterparts in all cases
except at the 4 hr time point in male mice, and the 48 hr time point in females.

These data indicate that infection (with prior FA exposure) does not have a major impact on
cell number until 48 hr after its initiation, whereas infection after ozone exposure has an
effect as early as 4 hr (in females) after termination of exposure and the initial infection.

3.1.1.2 Percentage of PMNs: Differential cell counts were performed to determine the basis
for the increased cell numbers, with particular emphasis on the percentage of PMNs
(%PMN) (Figure 1B). In the FA-exposed mice there was a progressive increase in the
%PMN as the time after infection progressed. Comparisons between the time points showed
significant increases between nearly all time points in both sexes. There were no sex
differences in the FA-exposed mice.
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There was definitely a greater ozone effect on the %PMN in ozone-exposed mice compared
to FA-exposed mice at all time points and in both sexes. The %PMN in the 0zone-exposed
mice also underwent a progressive, and in most cases a significant increase, similar to that
seen in the FA-exposed mice. The %PMN reached ~75-80% at the 48 hr time point in both
sexes. At 24 hr, the ozone-exposed male mice were already approaching that level (75-80%)
so there was no significant change between 24 and 48 hr. However, the %PMN in males was
significantly higher than in females at the 24 hr time point.

The data show that although infection after FA exposure has an impact on %PMN, this is
significantly increased when infection is preceded by an ozone exposure. Our previous work
[22] where bacterial load was assessed at 24 and 48 hr after the instillation of bacteria and
after FA or ozone exposure, indicates that the increased %PMN after 0zone exposure may
be a consequence of increased bacterial CFU (or decreased clearance).

3.1.2 BAL LDH levels—We measured LDH in the BAL fluid (Figure 2) as an index of
tissue damage. LDH levels were very similar in most of the FA-exposed samples. In males,
the 24 hr FA sample was significantly lower than the FA-exposed samples from 4 and 48 hr
males and showed a trend toward being lower than all of the other samples, including the
female samples. There were no significant differences between FA- and ozone-exposed
samples from males and females at each time point studied. There was a trend toward higher
LDH levels in both male and female mice 48 hr after 0zone exposure although it did not
reach significance.

3.1.3 Total BAL protein—The protein content of the BAL fluid of FA-exposed mice
(Figure 3A) was similar at nearly all time points, although levels in males at 4 hr were
significantly higher than at 24 hr. As with cell counts, ozone exposure had a very profound
effect and levels of total BAL protein were significantly higher than FA-exposed levels at all
time points and in both sexes. In both sexes there was a progressive increase in protein
content of the ozone-exposed mice with a significant increase between time points as time
elapsed. There were no sex differences in either FA- or 0zone-exposed mice.

These results show that infection with prior FA exposure has a very limited effect on total
BAL protein, but ozone exposure followed by infection results in significant changes, as we
have previously demonstrated in uninfected mice exposed to ozone [31].

3.1.4 Total oxidized BAL protein—We also measured levels of proteins in the BAL that
had undergone oxidation (carbonylation) as a consequence of infection and exposure to
ozone (Figure 3B). In the FA-exposed mice there was a slight reduction in total oxidized
protein from the 4 hr to the 24 hr time point that reached significance in the females, but not
in the males. There were significant increases in both sexes between the 24 and 48 hr time
points. This late increase may be due to the progression of infection.

In mice that were ozone-exposed prior to infection there was a progressive increase in
oxidized protein from 4 to 24 to 48 hr. In all cases the levels of oxidized protein exceeded
those seen in the comparable FA-exposed mice, and these changes were significant at 24 hr
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in both sexes and at 48 hr in males only. No sex differences were observed except that
ozone-exposed values at 4 hr were significantly higher in females than in males.

3.1.5 Surfactant constituents

3.1.5.1 SP-A: SP-A in the BAL samples was quantified by densitometry (Figure 4) of
immunostained gels. For each sample the monomeric and dimeric forms were quantified
separately and the total SP-A was calculated by adding the two. Although dimeric SP-A was
a small fraction of the total SP-A (~5-15%) it underwent the largest relative changes.

In male FA-exposed mice, there was a trend toward increasing monomeric and total SP-A
values as the time increased after infection, although a significant increase was observed
only between 4 and 48 hours. This trend was not seen in female mice and there were no
significant differences between FA-exposed female mice at any of the time points. A trend
similar to that seen in monomeric SP-A was not seen in dimeric SP-A from either sex.

In ozone-exposed male mice all SP-A values were higher than the corresponding FA-
exposed values. In male mice all dimeric SP-A values were significantly higher in ozone-
exposed mice than in FA-exposed mice. In females the difference in dimeric SPA between
FA- and ozone-exposed mice was only significant at 48 hours and this resulted in a
significant difference in total SP-A values between of FA- and ozone-exposed female mice.
This was the only case where a significant difference in total SPA values occurred between
FA- and ozone-exposed mice. The 48 hour dimeric SP-A value in 0zone-exposed females
was also significantly higher when compared to o0zone-exposed females at 4 and 24 hours.
Ozone-exposed males also had significantly higher SP-A dimer levels at the 48 hour time
point than ozone-exposed values at 24 hours. There were no significant differences between
males and females.

3.1.5.2 Oxidized SP-A: We next measured oxidized (carbonylated) SP-A (Figure 5A)
because in previous studies we have demonstrated that SP-A is susceptible to oxidation and
that oxidation compromises its function. Oxidation by carbonylation was found primarily in
dimeric SP-A. A representative gel in which SP-A dimer bands have been immunostained
with the OxyBlot Protein Detection Kit is depicted in Figure 5B. After FA exposure in
males there were no changes in oxidized SP-A at any time point. However, in female mice
the oxidized SP-A value was significantly higher at 4 hours after FA exposure and infection
than at 24 and 48 hours. At all three time points oxidized SP-A was significantly higher in
females than in males (Figure 5A).

After ozone exposure in both sexes oxidized SP-A was significantly higher than with FA
exposure at the 24 and 48 hour time points. In addition, at the 24 and 48 hour time points,
the oxidized SP-A values in both sexes were significantly higher than the 4 hour time point.
There were no sex differences in oxidized SP-A values after 0zone exposure.

3.1.5.3 Phospholipids: We also measured BAL surfactant phospholipid levels (Figure 6).
The 48 hr time point in FA-exposed males was the highest value measured, and it was
significantly different from both the 4 hr and 24 hr FA points. In females there were no
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significant differences between the FA-exposed time points. Both the 4 and 48 hr time
points in FA-exposed males were significantly higher than the corresponding female levels.

In all cases levels of BAL phospholipids in 0zone-exposed mice were higher than in the
corresponding FA-exposed mice, but they only reached significance in the 24 hr (both
sexes) and the 48 hr (male) time points. Levels from ozone-exposed males were
significantly greater than those from females at both 4 and 48 hr.

3.1.6 BAL MIP-2 levels—We studied MIP-2 levels in the BAL fluid (Figure 7) to
determine whether this neutrophil chemoattractant might be responsible for the changes that
we observed. There were progressive increases in MIP-2 over time in the FA-exposed mice
of both sexes. Significant increases were observed with FA in both sexes between 4 and 24
hr.

The same picture was seen when ozone-exposed samples from different time points were
compared, with significant increases being observed between 4 and 24 hr, 24 and 48 hr, and
4 and 48 hr time points in both sexes. Ozone exposure, compared to FA-exposure, increased
the levels of MIP-2 and significant differences were observed for the 24 hr (males and
females) and the 48 hour time points (males). Thus, infection increases MIP-2 over time in
both sexes, and these changes are increased further in the ozone-exposed and infected mice.

3.1.7 Multi-analyte immunoassay (RodentMAP) measurements—In order to
obtain a more comprehensive view of molecules that may be contributing to the changes
described above and help explain the mechanism(s) for the sex differences observed
previously in this animal model, we used a multi-analyte immunoassay to measure 59
different analytes (see Supplementary Table), including MIP-2, which was analyzed by
ELISA above. All samples were obtained at a single 4 hr time point after FA or ozone
exposure and instillation of either bacteria or vehicle. The assay and time point were chosen
so that we could assess early events that followed exposure and infection. In addition to
studying FA- or ozone-exposed infected mice, we also examined the impact of bacteria by
comparing mice instilled with bacteria and mice that were instilled with vehicle but no
bacteria.

To determine whether sex differences exist at baseline (i.e. without any manipulation), we
carried out the multi-analyte immunoassay with untreated male and female mice (Table,
baseline). This comparison revealed only 4 significant differences. These were in GM-CSF,
IL-18, VEGF, and von Willebrand factor. In all cases male values were higher than female
values.

3.2 Comparisons

3.2.1. Filtered Air—FA-exposed and vehicle-instilled versus FA-exposed and infected -
We instilled FA-exposed mice with vehicle after the termination of FA exposure and
compared them to FA-exposed mice that received an instillation of bacteria. With this
comparison, significant differences were assumed to be a consequence of infection. We
found 21 significant differences (Figure 8A) when FA-exposed infected male mice were
compared to FA-exposed vehicle-instilled male mice. In a similar comparison in female
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mice there were only 12 significant differences. There were 6 common responses including:
IL-11, IL-1a, MIP-3B, MMP-9, TIMP-1, TNF-a, which all increased in the infected mice.

Of the 27 proteins that were significantly increased in one or both sexes (Figure 8A,
Supplementary Table), 19 underwent larger increases in males compared to females, 5
increased more in females than in males (factor VII, FGF-9, IL-5, IL-7, tissue factor), and
three proteins underwent equal changes in both sexes (GCP-2, IL-1a, MIP-10). Of the 27
proteins, most were chemokines and cytokines that probably play a role in host defense
processes. There were also increases in a couple of acute phase proteins (C reactive protein
and serum amyloid P) and several proteins involved in coagulation (Factor VII, tissue factor,
and von Willebrand factor).

3.2.1.1 Sex differences: A direct comparison of samples from male and female mice after
FA and in the absence of pathogen (i.e vehicle-instilled) revealed 3 significant changes (M-
CSF, tissue factor, TNF-a) (Table, FA-vehicle) and all were at higher levels in males.
Moreover, when we examined the entire set, of the 59 analytes, 42 were higher (albeit not
significantly) in males. When samples from FA-exposed males that had been infected were
compared with FA-exposed and infected females (Table, FA-infected) there were 12
significant changes (ApoA, IFN-y, IgA, IL-10, MCP-3, M-CSF, MDC, MIP-33, MMP-9,
RANTES, tissue factor, TNF-a). All but IL-10 were at higher levels in males than in
females. However, it was interesting to note that among the infected vs vehicle-instilled
comparisons (Figure 8A), there were more significant differences in males than in females
(FA-vehicle-instilled vs. FA-infected), 21 in males vs. 12 in females).

3.2.2 Ozone—Ozone-exposed vehicle-instilled vs. ozone-exposed infected mice - A
similar analysis as described above for the FA-exposed mice was performed for the ozone-
exposed mice. We compared ozone-exposed mice that were instilled with vehicle without
bacteria with ozone-exposed mice that had been infected (Figure 8B). In males there were
10 significant differences (CD40, FGF-9, I1L-11, IL-12p70, IL-7, LIF, MIP-18, RANTES,
SCF, TNF-a) and in females there were 5 (CDA40, fibrinogen, LIF, lymphotactin, MMP-9).
In most cases infection caused an increase in the levels of the analyte, and the levels of the
analytes and the magnitude of the response for the most part was greater in males than in
females. These data (Figure 8) indicate that in the presence of infection males exhibit a
larger number of changes in BAL and this is independent of whether there was a prior ozone
exposure.

3.2.2.1 Sex differences: When samples from ozone-exposed males receiving vehicle were
compared directly to their female counterparts there were 3 significant differences (KC/
GRO-a, MIP-1a, SAP) (Table, ozone-vehicle). The comparison of the ozone-exposed
infected male and female mice revealed 12 significant changes (EGF, fibrinogen,
haptoglobin, IL-17, Interferon vy inducible protein (IP)-10, KC/GRO-a, MCP-5, M-CSF,
MIP-2, RANTES, SCF, TNF-a) (Table, ozone-infected).
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3.2.3. FA and ozone

3.2.3.1 FA-exposed, vehicle-instilled vs ozone-exposed, vehicle-instilled: We next
compared the responses of both sexes between FA- and ozone-exposed mice (Figure 9).
When we compared FA-exposed to ozone-exposed mice instilled with vehicle (uninfected)
there were 23 differences in males and 29 in females (Figure 9A). Of these, 18 exhibited
significant changes in both sexes. In addition, five significant changes in males (that did not
occur in females) included: endothelin-1, FGF-basic, IL-6, IP-10, MIP-1a. In all cases the
trend was the same in females. Eleven significant changes in females (that did not occur in
males) included: Apo Al, CD40, CRP, factor VII, GCP-2, IL-2, IL-7, myoglobin, SAP
(serum amyloid P), tissue factor, TPO (thrombopoietin) and nearly all of these followed the
same trend in males.

3.2.3.2 FA-exposed, infected vs. 0zone-exposed, infected: Similarly, comparing infected
FA-exposed infected to 0zone-exposed females to their male counterparts there were more
significant changes in females (Figure 9B) than males (21 changes in female and 13 in
males). In all cases the levels of the proteins increased. Eleven of these changes were
significant in both sexes. Common changes included eotaxin, KC/GRO-q, IP-10, LIF, MDC,
MIP-2, MIP-34, MPO, TIMP-1, tissue factor, TPO. The 8 underlined proteins in both Fig.
9A and 9B were significantly different from FA to ozone in both males and females with
and without bacteria and their expression differed significantly in all 4 comparisons (Male
FA vs ozone — vehicle-instilled; male FA vs ozone — infected; female FA vs ozone —vehicle-
instilled; female FA vs ozone — infected). Nine of the total changes were significant (IP-10,
MCP-1, MCP-3, MCP-5, MIP-1y, MMP-9, tissue factor, TPO, VEGF) in 3 out of 4 the
comparisons (italicized items in Figures 9A and 9B). Two significant changes in infected
males that did not occur in females included: GCP-2 and MMP-9. Ten significant changes in
infected females that did not occur in infected males included: CD40, IFN-v, IgA, I1L-18,
IL-6, MCP-1, MCP-3, MCP-5, MIP-1y, VEGF. These data (Figure 9) indicate that in
response to ozone-induced oxidative stress females exhibit a larger number of changes and
that this type of response appears to be independent of the presence or absence of infection.

4. Discussion

We have shown that male and female mice differ in their abilities to combat infection, and
that oxidative stress, in the form of acute ozone exposure, affects this response
[18,21,22,26,27]. Our goal in the current study was to study BAL factors that may contribute
to these differences. For this we used our well-characterized model of FA or ozone exposure
and bacterial infection. In addition, BAL samples obtained from an additional group of
mice, including mice that received vehicle but no bacteria, were subjected to a multi-analyte
immunoassay analysis for a variety of proteins.

As anticipated, both infection and ozone exposure resulted in increases in widely used
markers of lung inflammation and tissue damage. Total BAL cells, BAL neutrophils, and
total protein showed increases, often presenting as a progressive increase after infection,
with greater increases observed in the 0zone-exposed mice. This was also the case in terms
of levels of LDH, a widely used index of tissue damage, as well as MIP-2, a potent
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neutrophil chemoattractant. However, with the exception of sporadic sex differences, none
of the above parameters showed consistent sex differences, as males and females exhibited
similar levels and similar changes. We concluded that under the studied experimental
conditions the BAL cellular composition and markers of tissue damage and PMN
recruitment may not explain the previously observed sex differences in survival [18,21].

Because a more pronounced response was observed in infected mice that were ozone-
exposed, measurements of oxidized BAL protein were carried out. These showed a trend
toward higher values in both FA- and ozone-exposed females compared to males as time
after exposure increased. However, this reached significance only at 4 hours after ozone
exposure with females exhibiting higher levels. The oxidative changes observed indicate
that females may exhibit a more robust macrophage anti-microbial activity with regards to
oxidative burst.

Because AM activity has been shown to be regulated by surfactant constituents, most
notably SP-A (which enhances host defense function) and the surfactant lipids [2,34], the
levels of SP-A and surfactant lipids were investigated. Although there were no sex
differences in SP-A levels at any of the time points, males and females seemed to exhibit
different response patterns with males showing more significant intragroup differences.
Females, on the other hand, did not show the same trend with the exception of the 48 hour
ozone-exposed mice. Whether this indicates that males may be more sensitive to infection
remains to be determined, although a poorer survival rate in FA-exposed infected males has
been observed [21]. Moreover, survival under these conditions has been shown to be further
decreased in mice that lacked SP-A [18]. In contrast, the levels of oxidized SP-A, and
specifically the levels of the dimeric form of SP-A, were significantly higher in FA-exposed,
infected female mice compared to their male counterparts. Whether this is a consequence of
a robust macrophage antimicrobial activity (as suggested above for the oxidation of total
BAL protein) resulting in SP-A functional deficits [20,23,25,35] or whether the oxidized
dimeric form mediates important signaling pathways is not known. However, SP-A and
some other proteins (as proposed by us and others) may serve as sacrificial antioxidants
[33,36-39]. These proteins are highly susceptible to oxidation and may thereby lower the
overall oxidant burden by reacting with reactive oxidants. Thus, the higher levels of
oxidized SP-A in FA-exposed infected females may represent a protective response, and
may contribute to the higher survival seen previously under the same conditions in females
[21]. However, this was not the case when an additional oxidative stress was added (i.e.
ozone exposure). In this case no significant differences were observed between male and
female in the oxidized dimeric form of SP-A. This may explain, in part, the loss of the
female advantage in survival in response to infection and ozone exposure [21].

Modulation of the SP-A host defense activity by surfactant phospholipids has been
demonstrated in a number of studies [9,10,40-42]. In the present study at both 4 and 48 hour
time points, in both FA- and ozone-exposed mice, the males had significantly higher levels
of BAL phospholipids than females. It is possible that the higher levels in males inhibit the
ability of the macrophages to clear bacteria, resulting in a more severe infection. For
example, the higher levels of lipids may inhibit the respiratory burst [12,13] induced in
response to infection and thereby reduce the levels of reactive oxidant species in males
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necessary to Kill and clear bacteria. Together, these data indicate that surfactant components,
including SP-A and lipids, may have a role to play in innate immunity and in infection, in
particular, where sex differences in the response to infection are observed. Moreover, it
appears that infection enhances the differences between FA- and ozone, because no
differences were observed in a previous study between uninfected FA- and ozone-exposed
mice [31].

A multi-analyte immunoassay was employed in an attempt to gain a more global insight into
the early events of the previously observed sex differences in clinical outcome after
exposure to ozone and infection in mice [18,21]. The analytes included cytokines and
chemokines, proteins involved in the acute phase response and the coagulation cascade, and
a number of other proteins associated with cell growth and differentiation and lung function.
In the baseline determination (untreated male and female mice) we found that only 4 of the
59 analytes exhibited sex differences. Of these GM-CSF and IL-18 were at higher levels in
males and these may be relevant to host defense function. GM-CSF enhances macrophage
activity [43] and IL-18 plays a central role in initiating and regulating the inflammatory
cascade [44]. Although higher levels of I1L-18 have been associated with decreased survival
in male mice in a model of endotoxin-induced systemic inflammation [44], no sex
differences in IL-18 levels were seen in our experimental model of infection in the presence
or absence of ozone exposure. This indicates that when other or multiple insults such as
oxidative stress and infection are present, other pro-inflammatory factors may play a more
important role.

Similarly, comparisons of FA-exposed male and female mice instilled with vehicle revealed
only 3 significant differences (M-CSF, TNF-a, tissue factor) and all were at higher levels in
males. Moreover, when we examined the entire set, of the 59 analytes, 42 were higher
(albeit not significantly) in males. When we infected FA-exposed male mice, 21 of the
analytes undergoing changes in male FA-exposed uninfected mice underwent additional
significant increases compared to their uninfected levels. In nearly all cases the levels were
higher in males compared to females and 11 of these were significantly higher. Cytokines
and chemokines were likely increased by the infection to activate defense processes. MMP-9
was probably increased to aid in PMN migration to the site of infection [45] and its action
was balanced by an increase in TIMP-1, its inhibitor. Acute phase (C-reactive protein and
serum amyloid P) and coagulation proteins (Factor V11, tissue factor, von Willebrand factor)
are probably increased in an attempt to limit tissue damage that may result from the newly
initiated infection [46,47]. It is unclear why, if all of these important regulatory molecules
are at higher levels in the male, the male exhibits poorer survival in our infection model
[18,21]. We speculate that this more vigorous, and presumably less well-controlled
inflammatory response is less effective in fighting infection. It is also possible that the male
disadvantage may result from differential expression of some other (yet unknown) factor
related to host defense.

Although FA-exposed and infected males have been shown to have a lower survival rate
than their female counterparts, exposure to ozone has been shown to have a greater negative
effect on females than it does on males [18,21]. In the present study, in the uninfected
female mice, 29 (vs 23 in males) of the 59 analytes were significantly different when FA and
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ozone exposed mice were compared. These demonstrate that although oxidative stress has a
profound effect on the expression of immunoregulatory molecules in both sexes, females
appear to have a more exuberant response to oxidative stress (Figure 9A). When a second hit
(i.e. infection) was added, again a larger number of significant changes were observed in
females when FA- and ozone-exposed mice were compared (21 in females, 13 in males).
Because the number of changes was somewhat lower when a second hit (i.e. infection) was
added (Figure 9B), we postulate that infection may directly or indirectly alter the expression
of many of these (and other) molecules. This, in turn, may result in a reduced number of
changes in ozone-exposed infected mice compared to uninfected mice.

However, in both cases (with or without infection) females in the presence of ozone-induced
oxidative stress showed a more exuberant response compared to males as assessed by the
larger number of analytes (Figure 9) showing altered levels. In contrast, males showed a
more exuberant response to infection regardless of the presence or absence of oxidative
stress (Figure 8). Thus, the multi-analyte analysis indicates that, based on the number of
analytes with changed levels, males and females under different conditions mount responses
with various degrees of exuberance. We speculate that the more vigorous response occurs in
the sex less capable of effectively handling the insult (infection in males; oxidative stress in
females) and that the more vigorous response is less likely well-controlled and thus, in turn,
may negatively affect survival. In fact, in the present study the more exuberant response in
infected males (Figure 8A) and the more exuberant response in 0zone-exposed infected
females (Figure 9B) correlates with poorer survival [18,21,22]. Moreover, males after FA
exposure and infection, in addition to a poorer survival [21], have been shown to have more
extrapulmonary lesions in liver and spleen compared to the FA-exposed infected females
[27]. The latter may compromise the ability of the spleen to mount an appropriate immune
response in males in response to infection. Similarly, ozone-exposed infected females have
been identified with a more pronounced decrease in pulmonary bacterial clearance, a higher
increase in lung weight [22], and excessive lung inflammation as assessed by lung
histopathology [27]. Of interest, females have been shown to be susceptible to other
oxidative stresses including cigarette smoke [48]. Although the detailed mechanisms that
could explain the previously observed differences in survival are not fully understood, the
sex hormones have been shown to play a role [26].

5. Conclusion

The present data indicate that exuberant and perhaps less well-controlled responses of males
and females in response to infection (males) and/or oxidative stress (females) may have
negative consequences and may contribute to sex differences observed in survival in our
previous studies [18,21,22,27]. Furthermore, the surfactant components, SP-A and
phospholipids, may be contributing factors to the differential outcomes observed between
males and females.
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Abbreviations

SP-A surfactant protein A

BAL bronchoalveolar lavage

PMN polymorphonuclear leukocytes
LDH lactate dehydrogenase

MIP-2 macrophage inflammatory protein-2
FA filtered air

CFU colony forming units

PBS phosphate buffered saline
DNP 2, 4-dinitriphenylhydrazine
ECL enhanced chemiluminescence
SDS sodium dodecyl sulphate
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Figure 1.
BAL cell counts. Panel A. Total BAL cells from male and female mice were counted by

hemocytometer and values from male and female are shown on separate graphs. The y-axis
shows the total number of cells x 108. Brackets indicate groups that differ significantly from
one another (p<0.05). Panel B. After performing a differential cell count on cytospin
preparations, the % polymorphonuclear leukocytes (PMN) was determined and is graphed
on the y-axis. Values from FA-exposed mice are shown in white bars and ozone-exposed
mice in black bars. The differences between 24 and 48 h time points are shown with the
dotted arrow. Exposure condition, time elapsed, and number of mice per point are shown
below the x-axis.
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Figure 2.

LDH levels in BAL. LDH levels were determined in BAL samples from male and female
mice. Values (mUnits/ml) are graphed on the y-axis. X-axis, number of mice, and
significance are as described in Figure 1.
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Figure 3.

Total and oxidized BAL protein. Panel A. BAL samples from male and female mice were
subject to protein determinations and values (ug/ml) are graphed on the y-axis. Panel B.
Total oxidized protein was determined by treating an aliquot of BAL protein with the
OxyBlot Oxidized Protein Detection Kit and the densitometric values (OD x mm?) are
graphed on the y-axis. X-axis and significance for both panels are as described in Figure 1.
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Figure 4.
SP-A determinations. Aliquots of BAL samples from male and female mice were subjected

to electrophoresis and immunostained with an antiserum to SP-A, followed by a
horseradish-peroxidase-conjugated secondary antibody. Detection of immune complexes
was done by enhanced chemiluminescence. Bands were quantified by laser densitometry
and are shown for SP-A monomer (M), SP-A dimer (D), and total (T) SP-A (monomer +
dimer). X-axis, number of mice, and significance are as described in Figure 1. The data from
different blots were normalized by comparison with a positive control lane containing a
sample of human SP-A that was run on all gels. The dotted reference line at 20% is shown to
facilitate comparison between points.
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Figure 5.

Oxidized SP-A measurements in BAL samples from males and females. Panel A. Oxidized
SP-A was determined by treating a Western blot (identical to that used in Figure 4) with the
OxyBlot Protein Detection Kit and having its bands quantified by laser densitometry.
Oxidation is only seen in the dimeric form of SP-A, and the dimeric SP-A values (OD x
mm?2) are graphed on the y-axis. X-axis, number of mice, and significance are as described
in Figure 1. Panel B. A representative Western blot stained with the OxyBIlot Kit is shown.
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Figure 6.

Total phospholipids. The phospholipid content of BAL was determined in males and
females using the Phospholipids B assay. Values (ug/ml) are graphed on the y-axis. X-axis,
number of mice, and significance are as described in Figure 1.
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Figure 7.
MIP-2 levels. MIP-2 levels in BAL fluid were determined by ELISA. Values (pg/ml) for

males and females are graphed using a logarithmic scale on the y-axis. X-axis, number of
mice, and significance are as described in Figure 1.
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Figure 8.
Venn diagram of differences due to infection. Panel A. A Venn diagram shows the

significant differences between FA-exposed, vehicle-instilled samples and FA-exposed
infected mice. Differences in males are shown on the left and differences in females on the
right. The overlapping area shows the changes seen in both sexes. Panel B. A similar
diagram is shown depicting the differences between ozone-exposed, vehicle-instilled mice
and ozone-exposed infected mice. Differences in males are shown on the left and differences
in females on the right. The overlapping area shows the changes seen in both sexes.
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A. FA-exposed vehicle-instilled versus ozone-exposed vehicle instilled
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B. FA-exposed infected versus ozone-exposed infected
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Figure 9.
Venn diagram of differences due to ozone exposure. Panel A. A Venn diagram shows the

significant differences between FA- and ozone-exposed samples instilled with vehicle
(uninfected). Differences in males are shown on the left and differences in females on the
right. The overlapping area shows the changes seen in both sexes. Panel B. A similar
diagram is shown depicting the differences between FA- and ozone-exposed that have been
infected with pathogen. Differences in males are shown on the left and differences in
females on the right. The overlapping area shows the changes seen in both sexes. Analytes
that were significantly different in 3 of 4 comparisons (i.e. FA-exposed vs 0zone-exposed —
vehicle-instilled: 1) in males; 2) in females; FA-exposed vs 0zone-exposed — infected — 3) in
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males; 4) in females) are italicized. Differences that were significant in all 4 comparisons are
underlined.
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