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Abstract

Surfactant protein A (SP-A) is involved in lung innate immunity. Humans have two SP-A genes,
SFTPA1 and SFTPA2, each with several variants. We examined the in vivo effects of treatment
with specific SP-A variants on the alveolar macrophage (AM) proteome from SP-A knockout
(KO) mice. KO mice received either SP-A1, SP-A2, or both. AM were collected and their
proteomes examined with 2D-DIGE. We identified 90 proteins and categorized them as related to
actin/cytoskeleton, oxidative stress, protease balance/chaperones, regulation of inflammation, and
regulatory/developmental processes. SP-Al and SP-A2 had different effects on the AM proteome
and these effects differed between sexes. In males more changes occurred in the oxidative stress,
protease/chaperones, and inflammation groups with SP-A2 treatment than with SP-Al. In females
most SP-Al-induced changes were in the actin/cytoskeletal and oxidative stress groups. We
conclude that after acute SP-Al and SP-A2 treatment, sex-specific differences were observed in
the AM proteomes from KO mice, and that these sex differences differ in response to SP-Al and
SP-A2. Females are more responsive to SP-A1, whereas the gene-specific differences in males
were minimal. These observations not only demonstrate the therapeutic potential of exogenous
SP-A, but also illustrate sex- and gene-specific differences in the response to it.
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1. Introduction

As it fulfills its role in respiration, the lung must defend the largest mucosal surface in the
body from pathogens and harmful substances in the environment. Much of the responsibility
for defending the lung from these potential hazards falls to the alveolar macrophage (AM).
Although the AM is the principal effector cell of innate immunity in the lung, its function is
highly integrated with other cells in the distal lung. The type Il alveolar epithelial cell, in
addition to being the source of pulmonary surfactant, has also been shown to affect innate
immunity by producing immune regulatory molecules and other substances that influence
host defense function and the AM. Surfactant protein A (SP-A) is one of these molecules.

SP-A regulates multiple AM-mediated host defense functions including phagocytosis,
chemotaxis, cytokine secretion, and reactive oxidant production, and has been shown to play
arole in linking innate immunity to adaptive immunity. Numerous studies have shown that
susceptibility to pneumonia, as well as other types of lung injury, is increased when SP-A is
absent [1-9]. Animal studies have contributed to our understanding of SP-A function.
However, the presence in humans of two distinct SP-A genes, SP-Al and SP-A2, plus
several variants for each gene, indicates that SP-A regulation and function is more complex
than in animals. To aid in elucidation of the specific roles of the different human SP-A genes
and variants our laboratory has developed stably transfected cell lines expressing SP-A
variants and SP-A transgenic mice that express different SP-A variants. In a series of studies
we have shown that the different variant SP-A molecules exhibit functional differences [10—
20] and that AM from the SP-A humanized transgenic (hTG) mice have major differences in
their AM proteomes [21].

In the present study we investigated the effects of a single in vivo dose of specific human
SP-A variant or combinations of variants synthesized in vitro by stably transfected cell lines
on the AM proteome of AM from mice lacking endogenous SP-A (SP-A knockout, KO) on
the C57BL/6 genetic background. The AM from these mice were harvested by
bronchoalveolar lavage, their intracellular proteomes examined with 2-dimensional
difference gel electrophoresis, and the data analyzed by Ingenuity Pathways Analysis and by
categorizing the identified proteins into functional groups.

2. Material and Methods

Animals

All mice were on the C57BL6/J genetic background and were 8-12 weeks of age. SP-A KO
mice and humanized transgenic (hTG) SP-A2 mice that carried an SP-A2 variant were
generated on the SP-A KO C57BL/6 background as previously described [22]. SP-A KO
and hTG SP-A2 mice containing the 1A variant were propogated and raised in our breeding
colony at the Penn State College of Medicine. All mice were maintained under pathogen-
free conditions or in barrier facilities with free access to food and water. There was no
evidence of respiratory pathogens in any of the strains or in sentinel animals housed in the
same animal rooms. This study was approved by the Institutional Animal Care and Use
Committee of the Penn State College of Medicine. Equal numbers of male and female
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animals were used. In all cases n=4, except KO males receiving SP-Al + SP-A2 (5 ug of
each) where n=3.

Treatment of mice with exogenous SP-A

For these experiments mice were anesthetized by injection with Ketamine (Ketaject,
Phoenix Pharmaceuticals Inc., St. Joseph, MO) and Xylazine (XYLA-JECT, Phoenix
Pharmaceuticals Inc., St. Joseph, MO). The experimental design is shown schematically in
Figure 1. SP-A was purified from stably transfected CHO cells and isolated by mannose
affinity chromatography as described previously [11]. SP-A1 preparations were made with
the 6A2 variant and SP-A2 preparations with the 1A° variant. Both of these variants are the
ones occurring in the general population with the greatest frequency [23]. Exogenous SP-A
preparations containing either SP-A1 (10 pg), SP-A2 (10 pg), SP-Al + SP-A2 (5 pg of
each), or SP-Al + SP-A2 (10 ug of each) were prepared in 50 ul of sterile saline with 1 mM
CacCls,. Control animals received 50 pl of saline and 1mM CacCls, (vehicle) alone.
Anesthetized mice were suspended by their maxillary incisors, the bolus containing SP-A or
vehicle placed in the pharynx, and the nostrils briefly blocked, resulting in aspiration of the
bolus. After recovery from anesthesia the mice were returned to their cages. In previous
studies with a pneumonia model this route of delivery to the lungs has been very consistent
and highly reproducible.

Sample preparation

Eighteen hours after SP-A treatment the mice were euthanized and subjected to
bronchoalveolar lavage (BAL) with phosphate-buffered saline (PBS), 1 mM EDTA to
obtain alveolar macrophages. Cells were washed and counted. Cell aliquots of all BAL
samples were subjected to cytospins and differential cell counts were performed to rule out
the presence of any infectious or inflammatory lung conditions. In all cases BAL cells were
>95% alveolar macrophages which were frozen for later analysis.

Preparation of samples for 2D-DIGE

Pellets of frozen macrophages were lyophilized until complete dryness and resuspended in
25 pL of standard cell lysis buffer (30 mM Tris HCI, 2 M thiourea, 7 M urea, 4% CHAPS,
pH 8.5). The lysates underwent protein determinations using the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA) and the concentration of protein was adjusted to 1 mg/ml for
CyDye labeling.

CyDye labeling (minimal labeling) and electrophoresis for 2D-DIGE

These procedures have been described previously [24-26]. Information about the 2D-DIGE
study is provided in a form that complies with the most recent version <http://
www.psidev.info/miape/MIAPE_GE_1_4.pdf> of Minimum Information About a
Proteomics Experiment — Gel Electrophoresis (MIAPE-GE) standards currently under
development by the Human Proteome Organization Proteomics Standards Initiative (see
Supplementary File 1). Briefly, 25 ug of each sample were labeled with either Cy3 or Cy5.
An aliquot of the normalization pool was labeled with Cy2.
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Gel imaging, image analysis, and statistics

Information about the acquisition and processing of data from the 2D-DIGE studies are
provided in the form that complies with the most recent version of the guidelines established
for Minimum Information about a Proteomics Experiment — Gel Informatics (MIAPE-GI)
currently under development by the Human Proteome Organization Proteomics Standards
Initiative <http://www.psidev.info/files/miape-gi-v1.pdf= (see Supplementary File 2).
Briefly, gels were scanned using a Typhoon 9410 scanner and gel images were imported
into the Progenesis SameSpots v4.0 program (Nonlinear Dynamics) for analysis. In cases
where identified proteins had multiple isoforms, the normalized volumes of all isoforms of a
given protein were added together and statistical analysis was performed on the totals using
Microsoft Excel.

Protein identification by mass spectrometry

We have used this procedure in previous studies for other types of protein samples [25-27]
and we recently published a detailed account including many modifications and refinements
[24].

Peptides were analyzed by MALDI-ToF/ToF mass spectrometry (5800 Proteomic Analyzer
Applied Biosystems, Foster City, CA) in the Mass Spectrometry Core at the Penn State
University College of Medicine. The MS and MS/MS data were submitted to the MASCOT
search engine using the NCBI non-redundant database and mouse taxonomy for
identification. The search parameters included: trypsin digestion with a maximum of three
missed cleavages; fixed modifications, carbamidomethylation; variable modifications,
carbamylation, acetylation, deamidation, oxidation; peptide mass tolerance, 0.15 Da.
MASCOT confidence interval scores of >95% combined with a ProteinPilot score of greater
than 61 were considered as a positive protein identification. Out of all the gels comprising
the study (each gel contained 2 experimental samples and an aliquot of the normalization
pool) one was chosen as the reference gel and all other gel images were aligned with it. An
image of the reference gel is shown in Figure 2 with all identified proteins circled and
numbered. Protein names, accession numbers, and mass spectrometry information are given
in Supplementary File 3.

3. Results

Identification and categorization of identified proteins

We used MALDI-ToF/ToF to identify 90 proteins with confidence intervals >95% and
ProteinPilot scores of >61. Names of the proteins and their accession numbers and a
reference gel are included as Supplementary Files 3 and 4 and Figure 2, respectively. Some
of these identified proteins consisted of a single spot and others consisted of multiple spots
representing isoforms of a specific protein. It should be noted that many of these proteins
were also identified in our previous studies of the AM proteome [24,28], although several
proteins resolved in the earlier studies were not present on these gels, and a number of
additional proteins were identified. Normalized volumes for all identified proteins are given
in Supplementary File 5.
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We employed an approach similar to that used in previous publications and with other types
of samples (BAL proteins, plasma proteins) [24,25,27,29] to assess the function of the 90
identified proteins and their biological relevance to AM function. A general overview of
function was provided by analyzing the data with the Ingenuity Pathways Analysis (IPA)
program. These analyses identified proteins involving several top canonical pathways: 1)
remodeling of epithelial adherens junctions (p = 8.27E-10); 2) 14-3-3-mediated signaling (p
= 7.26E-08); 3) RhoGDlI signaling (p = 1.72E-06); 4) regulation of actin-based motility by
Rho (p = 2.54E-06); and 5) epithelial adherens junction signaling (p = 5.26E-06). In
addition, the Nrf2-mediated oxidative stress response (p = 1.89E-05) was also implicated by
IPA. We also employed a manual curation approach, in which we tried to focus on findings
from the literature that were particularly relevant to the lung and macrophages. We designed
several broad groups that included a number of our identified proteins. The largest of these
groups included proteins we referred to as “actin-related/cytoskeletal proteins” (ARC) which
included 38 of the 90 proteins identified in our study (Supplementary File 4). Given the role
of the AM as a mobile phagocyte, this was anticipated and the identification of a substantial
subset of identified proteins involved in these processes indicates that SP-A plays a pivotal
role in these macrophage functions.

We also assigned 26 proteins to a group involving the response to and regulation of
oxidative stress (OX). Other major cellular processes implicated by our list of identified
proteins included regulation of inflammation (ROI; 19 proteins), protease balance/chaperone
function (PBCF; 25 proteins), and regulatory/developmental processes (RDP: 15 proteins).
These functional groups represent important facets of AM biology and thereby constitute a
valuable tool in assessing macrophage function in the response to treatment with different
SP-A variants. AM reside in an oxygen-rich environment and may generate reactive oxidant
species in their various host defense roles. They produce a number of proteins that play a
role in the regulation of oxidative stress (OX). Many of the genes for these proteins possess
antioxidant response elements (ARE) and are regulated by Nrf2. It is likely that the PBCF
proteins are involved in the repair of damage to lung tissue and proteins potentially resulting
from exposure to noxious material, pathogens, or other danger signals, as well as playing a
role in autophagy. The ROI group is likely to be instrumental in regulating innate immune
processes, since dysregulation of inflammation is known to play a major role in many
pulmonary diseases. Finally, the profound differences between circulating blood monocytes
and the AM [30-32] and between macrophages in different activation states [30, 33],
indicate the presence of active regulatory mechanisms that regulate these differentiative
processes. Proteins that may be involved in these processes that have known regulatory roles
in other systems have been assigned to the regulatory/developmental processes (RDP)
protein group. The functional groups to which each protein was assigned and the references
responsible for that assignment are listed in Supplementary File 4; [34-76];[77-120]. Note
that some proteins are included in more than one group.

Sex differences in the AM proteome of SP-A KO mice in response to rescue by SP-A

variants

We first looked at the complete set of identified proteins in terms of their responses to
rescue by various variants or combinations of variants. T-tests were performed to detect
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significant differences in AM from various treatment groups compared to AM from KO
mice of the same sex (Figure 3). P-values and significant differences between groups of the
same sex are listed in Supplementary File 5. The data for the 90 proteins analyzed and
compared in this study between KO and the six different rescue groups revealed the
following. Among all comparisons there were 44 significant changes from KO (out of a
possible 540; i.e. 6 comparisons to KO/sex x 90 proteins) in males and 47 significant
changes in females. Of these, 25 comparisons were significant in both males and females.

When we examined the remainder of the significant changes which were unique to either
males or females, an interesting pattern emerged. In females there were a greater number of
unique changes in the SP-A1 rescue group (7 in females only; 2 in males only; 6 common to
both males and females), whereas in males, the greatest concentration of unique changes
was seen in the SP-A2 rescue group (9 in males only; 2 in females only; 2 common to both
males and females)(Fig. 3). When mice received both SP-Al and SP-A2 there were more
unique changes in the females suggesting that the pattern was dominated by SP-A1, despite
the inclusion of SP-A2 in the rescue treatment.

On the other hand, in the SP-A2 transgenics that were exposed to SP-A2 throughout their
lives, after receiving vehicle there was only a single significant difference from KO in both
sexes. When the SP-A2 transgenics received an SP-A1 rescue injection, they had just as
many changes that were common to both sexes (n=6) as the KO mice had who received SP-
Al rescue (alone or in combination). Both sexes had nearly the same number of unique
changes. This departure from the dimorphic pattern seen in the KO mice may reflect the
presence of both SP-A1 (acutely) and SP-A2 (chronically).

As a means of further assessing the overall response on the expression of the 90 identified
proteins we constructed waterfall plots, plotting the percent change of the normalized
volume of each protein in various rescue groups versus the levels expressed in AM from KO
mice. Because the greatest number of significant changes from KO occurred in the female
KO mice after being treated with SP-A1 we used this group as our index group and arranged
the proteins from the highest percent change to the lowest (a waterfall plot)(Fig. 4A). The
same protein order is also used in Panels B-D. Approximately half of the proteins had levels
above those seen in KO (% change > 0) and half were expressed at lower levels than in KO
(% change < 0). For reference purposes a trend line for the changes seen in the SP-Al-
treated females is shown in all panels of these plots (Fig. 4A-D). This line approximates the
value of the largest change for each bar and is used as a template to assess the degree of
similarity of the other responses. In all panels significant changes vs KO values are indicated
by the yellow bars with asterisks. The greatest similarity in protein expression pattern to the
index group (% change from KO in SP-Al-treated KO females) was the plot from female
KO mice rescued with 10 ug of SP-Al and 10 ug of SP-A2, with 8 of 13 significant changes
seen in the index group (Fig. 4B). There was a similar pattern and a similar number of
significant differences in the female KO mice rescued with 5 pug of SP-Al and 5 pg of SP-
A2 (data not shown) although the magnitude of many of the larger differences was
diminished slightly suggesting that the effects were dose-dependent. Mean normalized
volumes, standard deviations, and p values for comparisons against KO for all proteins from
all groups are listed in Supplementary File 5.
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Also fairly similar was the pattern seen in the female SP-A2 transgenic mice rescued with
SP-A1 (Fig. 4C), with 6 of the significant changes being in the same proteins as in the above
mentioned groups (Fig. 4A-B). In both groups shown in Figures 4B and 4C, many of the
same high and low expressing proteins were present as in Figure 4A, although there were a
growing number of discordant responses (compare Figs. 4B and 4C to 4A). It is interesting
to note that many of these discordant responses (i.e. increasing in Figs. 4B and 4C, but
barely altered or slightly decreases in Fig. 4A, the SP-Al-treated females) are the same in
the two groups shown in Figures 4B and 4C indicating their likely dependence on SP-A2,
whether acutely available in the rescue group or chronically present in the SP-A2 transgenic
mice.

We also examined the comparable plots of protein expression in the AM from male mice
treated with SP-A1 (Fig. 4D). This plot was very different with the exception of 6
significantly changed proteins with the highest percent decreases (right side of graph). The
persistence of this response subset (at the right end of the graph) in most male (data not
shown) and female groups that received SP-A1, alone or in combination with SP-A2,
suggests that these components of the response (right side of graph) are sex-independent.
However, the remainder of the proteins differed quite markedly from the percent changes
seen in the AM from female mice (compared to trend line). Many of the proteins showed
markedly different percent changes as compared to KO AM from females (Figs. 4A-4C),
perhaps indicating sex specificity in this part of the response pattern. Expression profiles
from some of the other male groups (data not shown) resembled the male SP-A1 rescue
group (Fig. 4D) and differed from the female responses.

Overall differences in significant changes in functional groups

We next examined the number of specific changes in the functional groups in each sex. The
differences were demonstrated in bubble plots (Figs. 5-6) to provide an overview of the
response patterns.

i. as a function of SP-A genotype—Females had 20 significant differences in the SP-
Al group (light pink bubbles in Fig. 5A) and only 5 in the SP-A2 group (dark pink bubbles
in Fig. 5A). Note that there are actually only 13 unique protein changes, but since several
proteins are in multiple functional groups, in Figure 5A a total of 20 changes in SP-Al-
treated females are observed when the changes in all functional groups are totaled. Fourteen
of the 20 significant differences were in the SP-Al-treated ARC and OX groups (8 and 6
significant differences, respectively) (Fig. 5A).

Males showed a very different pattern. In the males the AM from SP-Al-treated KO mice
had a total of 11 significant changes (8 are unique — see comment in previous paragraph)
compared to KO + VEH among the 5 functional groups (light blue bubbles in Fig. 5B). By
contrast, the SP-A2 rescue group had 20 (11 unique) significant differences from KO + VEH
(dark blue bubbles in Fig. 5B). These changes were most different from the SP-A1 response
in the functional groups related to PBCF (7 changes with SP-A2 and 4 with SP-A1) and in
the ROI group (4 vs. 1). An increased number of changes with SP-A2 versus SP-A1 was
also observed in the ARC and OX groups (Fig. 5A).
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ii. as a function of sex—The differences shown in Figure 5 are replotted in Figure 6 to
better compare sex differences. Figure 6A shows the SP-A1 responses for each sex, where
the much higher number of significant differences in females versus males in the ARC and
OX groups (light pink and blue bubbles in Fig. 6A) is readily evident. Slightly higher
numbers of significant responses in males (n=4 in males; n=3 in females) were seen only in
the PBCF group (Fig. 6A). In the chart summing up the SP-A2 responses (Fig. 6B) the
pattern was much different than that of SP-A1 (Fig. 6A). There were more significant
changes in males versus females in all functional groups except RDP in which both groups
had a single significant change (dark pink and blue bubbles in Fig. 6B).

These data indicate that females are more responsive to SP-A1l (except RDP proteins),
particularly with respect to actin metabolism and response to oxidative stress. It further
shows that males are more responsive to SP-A2, with all functional groups, except RDP
proteins, showing an increased response as compared to SP-A2-treated females, and with the
greatest differences seen in the PBCF group (7 in males and 1 in females).

Sex specificity and specific differences in protein functional groups

We next used waterfall plots to study each functional group and further explore the sex
differences.

i. Actin-related/cytoskeletal protein group—In the ARC functional group the greatest
number of significant changes (8 of 38 proteins) was observed in SP-Al-treated KO females
and the expression pattern is shown in Figure 7A. Bars where there were significant changes
are in yellow with asterisks. Five of these changes were increases and 3 were decreases.
Patterns very similar to that seen in the SP-Al-treated female, although with fewer
significant changes, were obtained in the female KO mice treated with combinations of SP-
Al and SP-A2 (5 ug each)(not shown) and of SP-A1 and SP-A2 (10 ug each)(Fig. 7B). The
magnitude of individual protein responses was slightly more pronounced in the group
receiving 10 pg of each versus the 5 pg group, perhaps indicative of SP-Al dose
responsiveness. The profile of the female SP-A2 transgenic mice treated with SP-A1 (Fig.
7C) was also similar to the other female groups (particularly at either end of the plot)
demonstrating the robust nature of the SP-A1 pattern. However, in terms of SP-A2
treatment, the KO females treated with SP-A2 had a very different pattern (Fig. 7D) from
that seen with SP-A1, indicating the SP-A1-specific nature of the response in females. Of
interest, the SP-Al-treated KO male group exhibited a pattern that bore little resemblance
(Fig. 7E) to that seen in the females (Fig. 7A) indicating that with respect to this group of
proteins, the SP-A1 response is sex-specific. Moreover, unlike the females, the response of
the SP-A2 treated KO males (Fig. 7F) was similar (high on one end of the graph and low on
the other end) to that of the SP-Al-treated males, showing that the male response in ARC
proteins is not gene-specific. This is perhaps better appreciated in the inset in Figure 7F in
which the changes in ARC proteins in SP-Al- and SP-A2-treated males have been
rearranged in waterfall plots using the SP-Al-treated males as an index group.

ii. Oxidative stress proteins—The oxidative stress (OX) group showed twice as many
significant changes in the SP-Al-treated female as compared to the male (Supplementary
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File 6, panels A and B). In terms of male and female responses, in different treatment groups
the OX protein group exhibited a similar overall trend to that seen with the ARC group. Six
of 26 proteins in this group changed significantly in the SP-Al-treated KO females. The SP-
Al-treated males (Supplementary File 6B) had a very different pattern from the SP-Al-
treated females (Supp. File 6A), although both had significant decreases (right side of plot)
in three proteins (keratin type Il, #54; cathepsin D precursor, #20; peroxiredoxin 1, #65) that
were also significantly altered in 9 or 10 out of the 12 experimental groups. Moreover, these
female and male patterns were largely maintained when KO females (Supp. File 6C) and
KO males (Supp. File 6D) were treated with the combination of SP-Al and SP-A2 (10 pg
each) as also shown for the ARC proteins (Fig. 7). In addition, when the female SP-A2
transgenic was treated with SP-A1 (Supp. File 6E), a similar pattern of protein expression as
the other female treated groups emerged (Supp. File 6A, 6C). Similarly, the pattern of OX
protein expression in KO males treated with SP-A1 + SP-A2 (10 ug) (Supp. File 6D) and the
SP-A2 male mice treated with SP-AL (Supp. File 6F) was similar to that seen in the SP-Al
treated males (Supp. File 6B). AM from KO females treated with SP-A2 exhibited a
different pattern from that observed with SP-A1 treatment, although a couple of the proteins
whose levels were decreased by treatment in nearly all other groups, were also decreased
with SP-A2 treatment (Supp. File 6G). On the other hand, in SP-A2-treated males the
pattern of protein expression in this group (OX) of proteins (Supp. File 6H) resembled that
of males treated with SP-A1 (Supp. File 6B). This is best appreciated in the inset in Panel H
where the proteins have been reordered in order of expression in SP-A1 treated KO males.

iii. Protease balance/chaperone function proteins—A very different situation was
observed with the protease balance/chaperone function (PBCF) group. In this protein
functional group there were many more significant changes in the male KO group treated
with SP-A2 (Supp. File 7A) than in the females (Supp. File 7 B)(7 in the male, 1 in the
female) so we chose to use the males as an index group and all panels in this figure have
proteins in this order. Moreover, it is interesting to note that the pattern of expression for this
protein group from male KO mice treated with SP-A1 (Supp. File 7 C) resembled that of the
SP-A2-treated male mice (Supp. File 7 A), with a general correspondence between proteins
increasing with treatment and those decreasing. This indicates a lack of specificity to SP-Al
or SP-A2 in the males in the PBCF protein group, much like that described above to the
ARC (Fig. 7) and OX (Supp. File 6) protein groups. In the female mice the SP-Al and SP-
A2 responses seem to differ in the PBCF proteins (Supp. File 7 B, D) indicating an apparent
gene specificity of the SP-A effects in females, as we saw previously for ARC (Fig. 7) and
OX (Supp. File 6). The inset in Supplementary File 7D shows the waterfall plots for the
female KO mice treated with either SP-A2 or SP-AL, reordered to facilitate their
comparison. It should also be noted that the 3 proteins undergoing the greatest decreases
after treatment (cathepsin D, #20; proteasome 28S subunit, #70; cathepsin S, #21) were
similarly affected in nearly all treatment groups, and in many cases were significantly
changed.

iv. other functional groups—The similarity in PBCF proteins between the male KO
response to either SP-A1 or SP-A2 led us to re-examine this comparison in other functional
groups. Supplementary File 8 shows the SP-A2 and SP-A1 responses of KO males for OX
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(Supp. File 8A, B), ROI (Supp. File 8C, D) and RDP (Supp. File 8E, F) proteins. The same
general trend is observed, with both SP-A treatments eliciting similar patterns in the male. A
similar comparison of females, using the protein order dictated by the female response to
SP-Al demonstrates much less similarity between SP-Al- and SP-A2-treated KO females
(Supplementary File 9).

Actin-related pathways

Because of the large number of identified proteins in the actin-related/cytoskeletal (ARC)
functional group and the prominence of an actin-related pathway in the analysis of our
proteins by Ingenuity Pathways Analysis (IPA). We used IPA to compare responses in our
study. In Figure 8 the canonical pathway for two treatment groups - “regulation of actin-
based motility by Rho” - pathway is shown. The left panel (Fig. 8A) depicts the changes in
KO males treated with SP-A1 and the right panel (Fig. 8B) shows KO females treated with
SP-A1 (red=up-regulated; green=down-regulated). The response patterns (colors of spots) in
the two groups are nearly the inverse of one another. All but two of the spots on the pathway
are differentially regulated in males (Fig. 8A) and females (Fig. 8B). However, in one case,
although the “upstream” spot is green in both sexes, the “downstream” molecules involved
in “actin polymerization” and “formation of stress fibers, etc” are oppositely affected. Figure
8C shows the actual percent change from KO for each of the proteins involved in the
pathways that are depicted. The data in the inset confirm the trends illustrated in the diagram
and show the sex differences in the SP-Al effect on AM and their likely physiological
effects. The full complement of changes in these two treatment groups is shown in Figures
7A and 7E.

Proteomic changes and sex differences in SP-A2 transgenics at baseline levels

Most of the results described above involve the acute effects of a rescue with either SP-Al
or SP-A2. In most cases the rescue involved SP-A —/- mice, but some of the data described
the SP-A1 rescue of SP-A2 transgenic mice. It is interesting to note that the chronic or
constitutive presence of SP-A2 in the transgenic mice has a very different effect on the AM
proteome than the acute/rescue exposure. With the entire set of 90 identified proteins there
was only a single significant difference in SP-A2 transgenics compared to KO in both the
males (coatomer subunit epsilon) and the females (peroxiredoxin 1), whereas there were
many more changes in the KO mice rescued with SP-A2 as discussed above. However,
marked albeit small, differences between the sexes in the relative levels of proteins in the
ARC group were seen. In the males (Supp. File 10, Panel A) the majority of the ARC
proteins (23 proteins) are higher than KO, whereas in the female (Supp. File 10, Panel B) the
majority (29 out of 38) are expressed at levels lower than KO. The possible implications of
these differences are seen in the IPA analysis of the canonical pathway “regulation of actin-
based motility by Rho” (Fig. 9) where all but one spot are green in the male (Fig. 9A), and
all but one spot are red in the female (Fig. 9B). The inset (Fig. 9C) shows histograms of all
of the proteins represented in the pathway analysis and the marked differences between male
and female are apparent.
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4. Discussion

In a series of studies we have explored sex differences in lung innate immunity and the
impact of oxidative stress on it [121-124] and have shown that some of these differences
stem from changes in alveolar macrophage function [123]. In order to understand the basis
for these sex differences we studied SP-A-dependent changes in AM gene expression,
protein expression, and function [21,24,28]. We were able to demonstrate that the two
human SP-A gene products, SP-Al and SP-A2, have distinct roles [21,22,125].

In the present study we extend previous findings by conducting a rescue study in male and
female SP-A —/- or SP-A2 hTG mice with human SP-A1, SP-A2, or mixtures of both gene
products and studying the resultant changes in the AM proteome. Our results show different
responses of each sex to SP-A1 or SP-A2 treatment as assessed by differential effects of
these gene products on various AM functional protein groups in each sex.

The first indication of a sex difference was with a simple tabulation of significant changes
with each treatment. More changes occurred in females than in males, with many more
changes occurring in response to SP-A1 treatment than with SP-A2 treatment. The robust
nature of the SP-A1 response in females became evident when we compared mice receiving
the single dose of SP-A1 with other groups getting combinations of SP-A1 and SP-A2, or
the administration of SP-A1 to SP-A2 transgenic mice and saw similar response patterns.
Males, on the other hand, had similar numbers of changes with SP-Al or SP-A2, although
they appeared to be slightly more responsive to SP-A2 treatment than SP-A1 treatment.
These observations indicate an apparent sex specificity of the responses to SP-Al and SP-
A2, with females displaying very different responses to the different gene products, and
males exhibiting similar expression patterns after treatment with either gene product, but
with a slightly higher degree of responsiveness to SP-A2.

We also found that when we studied the SP-A responses of different functional groups of
proteins, some were preferentially affected in males and some in females. The females
showed very dynamic responses and more significant changes in the ARC and OX proteins,
while the males had more changes in the PBCF and ROI groups. Although many of these
changes were modest, the fact that changes were often seen in multiple proteins affecting a
given pathway or process raises the likelihood that biologically significant changes may be
occurring in that activity. These response patterns consisted of both positive and negative
changes with respect to the KO mice. The functional implications of these changes in the
intact organism remain to be determined and could potentially be studied by combining the
rescue protocol we used in this study with our models of infection and ozone-induced
oxidant stress. However, we can speculate about what may be happening.

In our previous work we have shown that female mice have lower mortality rates than males
in a Klebsiella pneumoniae model of infection [6, 123] and both sexes had more mortality in
the absence of SP-A. Host defense by AM against bacterial infection of the lung probably
depends on multiple cellular processes involving actin and other cytoskeletal elements,
including chemotaxis, phagocytosis, internalization, and killing. We speculate that the SP-
A-induced changes in protein expression correct some of the deficiencies seen in SP-A-/-
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mice vs wild-type animals, and that the more robust response in the females in processes
involving ARC proteins may relate to their better clinical outcomes relative to the males
[121, 123]. This may be due to a more dynamic actin metabolism resulting in more efficient
host defense function in the females. If this is indeed the case we would expect SP-Al to
have a greater enhancement of survival than SP-A2 in female mice, but the benefit in males
would be similar with SP-A1 and SP-A2. In addition, we have shown females to be more
susceptible to ozone-induced oxidative injury than males [6]. We speculate that the robust
response of OX proteins to SP-A1l treatment in the females would have a protective effect,
whereas the much more limited response to SP-A2 would not. Here again, the similar
response to both SP-A variants in the male may confer a similar benefit in the presence of
oxidative stress.

There may be additional factors contributing to the negative impact of ozone exposure on
infected female mice. These may relate to the enhanced regulation of PBCF and ROI
proteins in the males compared to females, where these groups of proteins were less
responsive in females, especially to SP-A2 treatment. We speculate that the SP-A2-induced
changes in the expression of these protein groups could more effectively enhance the ability
of male AM to eliminate ozone-damaged molecules and repair other cellular damage by
processes like autophagy, and to resolve inflammation. These functions may be responsible
for the fact that the males exhibit less of a decline in infection-induced mortality after ozone-
induced oxidative stress than in the females [121, 123].

Based on the present findings, exogenous treatment with various SP-A variants may be
useful to enhance different sex-specific processes of innate immunity in order to maintain
lung structure and function. For example, SP-A1 treatment elicits a strong response in ARC
proteins and via this (in females) may enhance the host defense response whereas in males
SP-AL1 treatment is almost as effective as SP-A2 for this group of proteins. To be maximally
effective, this treatment may need to be administered prior to, or as soon as possible after the
insults, and SP-A1 could be the treatment of choice. Moreover, in males the greatest impact
of rescue therapy with SPA variants may be in dealing with the sequelae of infection and
oxidative damage, as suggested by the higher SP-A2 response in PBCF and ROI protein
groups. The data support the notion of a sex/genetic variant interaction in terms of SP-Al
and SP-A2 functional activity. We speculate that given the similar response of the male to
either SP-A gene product that the relative quantities of the two gene products in humans
may not be important, whereas in the female, where SP-A1 has a much greater effect than
SP-AZ2 the ratio of the two may play an important role physiologically.

Not surprisingly, the acute effects on the KO AM proteome generated by SP-A rescue
differed from those seen in transgenic mice that constitutively (or chronically) expressed SP-
AZ2. The chronic effects were much more subtle with less pronounced changes, but there
were clearly sex differences in the resultant phenotype. The “acute” effect may be important
as a potential therapy, but the sex differences in the response indicate that effective
therapeutics containing SP-A may differ depending on the sex of the recipient, as well as the
indications for treatment. Also, the optimal time for treatment after a given insult may differ
between males and females. In this study we have explored the effects of human SP-A1l and
SP-A2 on male and female mouse AM, but have not investigated the mechanistic basis for
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these effects. It is not known, for example, whether the sex- and gene-specific differences
we described would occur in human AM. Nor do we know whether treatment of mouse AM
with mouse SP-A would elicit the same type of sex differences in the proteomic profile of
the AM that we see after human SP-A treatment. Future studies are likely to address these
issues. However, human SP-A (in terms of effect on phagocytic index) exhibited
qualtitatively similar results with human or rat AM [16], as well as mouse AM (our
unpublished data), indicating that rodent AM may be an appropriate model for human SP-A
studies.

In this study we examined the AM from mice under baseline conditions. It would be of
interest to compare the responses to infection, oxidative stress, or both in AM from male and
female mice that either express SP-Al or SP-A2 transgenes, or after rescue of SP-A —/-
mice with exogenous SP-ALl or SP-A2. It is likely that this interaction between SP-A
genotype and sex plays a role in the differential susceptibility and sex differences in the
incidence and clinical course of some lung diseases.

Conclusion

In this study we have demonstrated: a) that alveolar macrophages from SP-A knockout mice
have distinct responses to acute in vivo treatment with human SP-Al and SP-A2; b) that
there are sex differences in the nature of these responses; and c) that there may be
differences between acute treatment and chronic exposure to SP-A1l and SP-A2. These
results provide us with important clues about the role of SP-A1 and SP-AZ2 in the function of
alveolar macrophages and perhaps in the pathogenesis of some lung diseases. Furthermore
the sex differences observed, may provide insight into the biological basis for the
differences observed between the sexes in the susceptibility to some pulmonary conditions.
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Significance

This study shows that changes occur in the alveolar macrophage proteome in response to
a single in vivo treatment with exogenous SP-A1 and/or SP-A2. We demonstrate that SP-
Al and SP-A2 have different effects on the AM proteome and that sex differences exist
in the response to each SP-Al and SP-A2 gene product. This study illustrates the
potential of exogenous SP-A1 and SP-A2 treatment for manipulation of macrophage
function and indicates that the specific SP-A variant used for treatment may vary with
sex and with the cellular functions being modified. The observed changes may contribute
to sex differences in the incidence of some lung diseases.
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Figure 1.
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Schematic representation of experimental design. Male and female SP-A-/- mice (KO)
received intrapharyngeal instillations of either: vehicle; SP-A1 (10ug); SP-A2 (10ug); SP-
Al1+SP-A2 (5ug each); or SP-A1+SP-A2 (10ug each). Male and female SP-A2 humanized
transgenic mice received instillations of either: vehicle; or SP-A1 (10ug). Alveolar
macrophages were then harvested 18 hours later by bronchoalveolar lavage and studied for

protein expression.
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Figure 2.
Reference gel of AM proteins and protein list. This figure shows an image of the reference

gel with identified proteins circled and numbered. The legend contains the names of each
identified protein. List of identified proteins in reference gel: 1) 14-3-3 protein beta/alpha; 2)
14-3-3 protein epsilon; 3) 14-3-3 protein gamma; 4) 14-3-3 protein zeta/delta; 5) 65-kDa
macrophage protein (Plastin-2); 6) 6-phosphogluconolactonase; 7) Actin-related protein 3;
8) Actr2 protein; 9) Alpha-actinin-1; 10) Alpha-fetoprotein (Serum albumin); 11) Annexin
A2; 12) Annexin A4; 13) Annexin A5; 14) ArsA arsenite transporter, ATP-binding,
homolog 1; 15) Atp5b protein; 16) Calpain small subunit 1; 17) Calreticulin; 18) Capping
protein (actin filament) muscle Z-line, alpha 2 (F-actin-capping protein subunit alpha-2); 19)
Capping protein (actin filament) muscle Z-line, beta isoform a (F-actin-capping protein
subunit beta); 20) Cathepsin D precursor; 21) Cathepsin S; 22) Chaperonin subunit 2 (beta);
23) Chia protein; 24) Chitinase 3-like 3 precursor; 25) Chloride intracellular channel 1
(Chloride intracellular channel protein 1); 26) Chloride intracellular channel 4
(mitochondrial); 27) CNDP dipeptidase 2 (Cytosolic non-specific dipeptidase); 28)
Coatomer subunit epsilon; 29) Cytochrome b-c1 complex subunit 1, mitochondrial; 30) EF
hand domain containing 2 (EF-hand domain-containing protein D2); 31) Endoplasmic
reticulum resident protein 29; 32) Enol protein (Alpha-enolase); 33) Ezrin; 34) F-actin
capping protein alpha-1 subunit (F-actin-capping protein subunit alpha-1); 35) Ferritin
heavy chain 1 (Ferritin heavy chain); 36) Ferritin light chain 1; 37) Gamma-actin (Actin,
cytoplasmic 2); 38) Gelsolin precursor; 39) Glucose-6-phosphate dehydrogenase X-linked:;
40) Glucosidase 2 subunit beta; 41) Guanine deaminase; 42) Heat shock protein 1, beta; 43)
Heat shock protein 5 precursor (78 kDa glucose-regulated protein); 44) Heat shock protein
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65 (60 kDa heat shock protein, mitochondrial); 45) Heat shock protein 8 (Heat shock
cognate 71 kDa protein); 46) Heat shock protein 90, beta (Grp94), member 1
(Endoplasmin); 47) Hematopoietic cell specific Lyn substrate 1 (Hematopoietic lineage cell-
specific protein); 48) Heme-binding protein (Heme-binding protein 1); 49) Heterogeneous
nuclear ribonucleoprotein K; 50) Heterogeneous nuclear ribonucleoproteins C1/C2; 51)
High mobility group 1 protein; 52) Hnrpf protein (Heterogeneous nuclear ribonucleoprotein
F); 53) Kappa-B motif-binding phosphoprotein; 54) Keratin type Il; 55) Keratin, type |
cytoskeletal 19; 56) Laminin receptor (40S ribosomal protein SA); 57) Major vault protein
(MVP); 58) Malate dehydrogenase, cytoplasmic; 59) Microtubule-associated protein, RP/EB
family, member 1; 60) Myosin light chain, regulatory B-like (Myosin regulatory light chain
12B); 61) N-acetyl-D-glucosamine kinase; 62) NSFL1 cofactor p47; 63) Nucleophosmin 1;
64) p50b (Lymphocyte-specific protein 1); 65) Peroxiredoxin-1; 66) Peroxiredoxin-2; 67)
Platelet-activating factor acetylhydrolase IB subunit beta; 68) Prohibitin; 69) Prolyl 4-
hydroxylase, beta polypeptide precursor; 70) Proteasome (prosome, macropain) 28 subunit,
alpha (Proteasome activator complex subunit 1); 71) Proteasome alpha 1 subunit; 72)
Protein CREG1; 73) Protein disulfide isomerase associated 6 (Protein disulfide-isomerase
Ab); 74) Protein disulfide-isomerase A3 precursor (Protein disulfide-isomerase A3); 75)
Protein disulfide-isomerase A4; 76) Protein synthesis initiation factor 4A (Eukaryotic
initiation factor 4A-1); 77) Purine nucleoside phosphorylase; 78) Put. beta-actin (aa 27-375)
(Actin, cytoplasmic 2); 79) Rab GDP dissociation inhibitor beta; 80) Rho GDP dissociation
inhibitor (GDI) alpha (Rho GDP-dissociation inhibitor 1); 81) Serine (or cysteine)
proteinase inhibitor, clade B, member 1a (Leukocyte elastase inhibitor A); 82) Stress-70
protein, mitochondrial; 83) Translationally-controlled tumor protein; 84) Tropomodulin-3;
85) Tropomyosin 3, gamma (Tropomyosin alpha-3 chain); 86) Tubulin beta-4B chain; 87)
Tubulin, beta 5; 88) Vacuolar adenosine triphosphatase subunit B; 89) Valosin-containing
protein; 90) Vimentin.
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Figure 3.
Histogram summarizing all significant changes in both sexes. The total number of proteins

with significant changes is graphed when each treatment group is compared to the KO +
Vehicle group. Purple portions of bars are proteins with significant changes that are
common to both males (solid) and females (hatched). Blue and pink portions of bars are
additional proteins with significant changes that are unique to either males or females,
respectively. As indicated in the key, male bars are blue solid and female bars are pink
hatched.
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Figure 5.
Changes in functional groups in each sex. Bubble charts depicting the number of

significantly different proteins per functional group: ARC, actin-related/cytoskeletal; OX,
oxidative stress; PBCF, protease balance/chaperone function; RDP, regulatory/
developmental processes, and ROI, regulation of inflammation. Bubble size and the number
within each bubble indicate the number of proteins in the overall group. The number of
significant differences is indicated by y-axis values. Panel A shows groups from KO
females treated with SP-A1 (10ug) (light pink bubbles) or treated with SP-A2 (10pg) (dark
pink bubbles). Panel B shows groups from KO males treated with SP-A1 (10ug) (light blue
bubbles) or treated with SP-A2 (10ug) (dark blue bubbles).
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Figure 6.
Changes in functional groups with each SP-A gene product. Bubble charts depicting the

number of significantly different proteins per group: ARC, actin-related cytoskeletal; OX,
oxidative stress; PBCF, protease balance/chaperone function; RDP, regulatory/
developmental processes, and ROI, regulation of inflammation. Bubble size and the number
within each bubble indicate the number of proteins in the overall group. The number of
significant differences is indicated by the y-axis values. Panel A shows groups from KO
mice treated with SP-A1 (10ug) for males (light blue) or females (light pink). Panel B
shows groups from KO mice treated with SP-A2 (10ug) for males (dark blue) or females
(dark pink).
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Figure 7.

Waterfall plots for ARC proteins. Waterfall plots of percent change from KO + Vehicle for
actin-related/cytoskeletal proteins (ARC). Panel A, KO female + SP-A1 treatment (10pg).
This group is used as the index group, and all plots (Panels A-F, except inset in 7F) are
presented with the proteins in this order (greatest percent increase from KO to greatest
percent decrease from KO). Panel B, KO female + SP-Al and SP-A2 treatment (10ug
each); Panel C, SP-A2 female + SP-A1 treatment (10pg); Panel D, KO female + SP-A2
treatment (10g); Panel E, KO male + SP-A1 treatment (10ug); Panel F, KO male + SP-A2
treatment (10ug). Inset: The inset in Panel F shows the expression patterns of the ARC
proteins in males after SP-A1 or SP-A2 treatment (arranged by the SP-A1 treatment order)
to facilitate comparison of these two treatments. Yellow bars with asterisks are proteins with
significant changes (p<0.05) from KO + Vehicle. Numbers of proteins from the reference
gel can be seen for each bar on the x-axis (see Fig. 2 and Supp. File 3 for protein names).
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Pathway diagram for ARC proteins after SP-A1 treatment. A diagram from Ingenuity
Pathways Analysis is shown for some of the ARC proteins identified in this study. Red spots
are increased relative to KO values and green spots are decreased. A. Changes in the
pathways after KO males were treated with SP-Al. B. Changes in the pathways after KO
females were treated with SP-A1. C. Histogram showing percent change from KO values
(on y-axis) after SP-A1 treatment in males (light bars) and females (dark bars) for proteins
depicted in the pathway diagram.
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Figure 9.

Pathway diagram for ARC proteins from SP-A2 transgenic mice. A diagram from Ingenuity
Pathways Analysis is shown for some of the ARC proteins identified in this study. Red spots
are increased relative to KO values and green spots are decreased. A. Changes in the
pathways when KO males were compared with SP-A2 transgenic males. B. Changes in the
pathways when KO females were compared with SP-A2 transgenic females. C. Histogram
showing percent change from KO values (on y-axis) in SP-A2 transgenics in males (light
bars) and females (dark bars) for proteins depicted in the pathway diagram.
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