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Abstract

Preservation of gas exchange mandates that the pulmonary alveolar surface restrain unnecessarily
harmful inflammatory responses to the many challenges to which it is exposed. These responses
reflect the crosstalk between alveolar epithelial cells (AECs) and resident alveolar macrophages
(AMs). We recently determined that AMs can secrete suppressors of cytokine signaling (SOCS)
proteins within microparticles (MPs). Uptake of these SOCS-containing vesicles by epithelial cells
inhibits cytokine-induced STAT activation. However, the ability of epithelial cells to direct AM
release of SOCS-containing vesicles in response to inflammatory insults has not been studied.
Here we report that SOCS3 protein was elevated in bronchoalveolar lavage fluid (BALF) of both
virus- and bacteria-infected mice, as well as in an /n vivo LPS model of acute inflammation. /n
vitro studies revealed that conditioned medium from LPS-stimulated AECs (AEC-CM) enhanced
AM SOCS3 secretion above basal levels. Increased amounts of PGE, were present in AEC-CM
after LPS challenge, and both pharmacologic inhibition of PGE; synthesis in AECs and
neutralization of PGE, in AEC-CM implicated this prostanoid as the major AEC-derived factor
mediating enhanced AM SOCS3 secretion. Moreover, pharmacologic blockade of PGE, synthesis
or genetic deletion of a PGE; synthase similarly attenuated the increase in BALF SOCS3 noted in
lungs of mice challenged with LPS /n vivo. These results demonstrate a novel tunable form of
crosstalk in which AECs utilize PGE; as a signal to “request” SOCS3 from AMs in order to
dampen their endogenous inflammatory responses during infection.
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INTRODUCTION

Inflammatory responses in the alveolar space must be tightly controlled in order to ensure
maintenance of gas exchange. Homeostasis in this hostile environment is facilitated by a
uniquely quiescent and suppressive phenotype manifested by alveolar macrophages (AMs),
the resident innate immune cells of the alveolus. For instance, these cells are known to
release soluble mediators which can inhibit immune responses (1). Both older morphometric
studies (2) and recent live imaging studies (3) have demonstrated approximately one AM per
alveolus in the mammalian lung. Moreover, AMs have recently been reported to be primarily
sessile (3), challenging classical notions. Both of these considerations support the
importance of paracrine communication with other cell types in order for AMs to exert their
regulatory effects.

Alveolar epithelial cells (AECs) serve as both a functional and physical barrier to invading
pathogens and other insults in the lung. In conjunction with immune cells, AECs have been
shown to play a role in the recognition and clearance of microbial agents (4, 5). The alveolar
epithelium consists of two cell types, type | AECs and type Il AECs. Type | AECs comprise
approximately 95% of the alveolar surface area and function mainly in gas exchange,
although they are also important participants in inflammatory responses to pathogens (6, 7).
Type Il AECs make up approximately 5% of the alveolar surface area and are necessary for
surfactant synthesis, serve as stem cells for repair of the epithelium after injury, and can also
contribute to lung defense by secreting factors such as surfactant proteins (8, 9).

Recent studies have focused on the association and crosstalk between AMs and AECs in
both lung homeostasis and inflammation (4, 5 10). In homeostasis, AMs reside in close
proximity to AECs and the interaction of cell surface receptors between them aid in the
suppression of resident lymphocytes (1, 10). During an inflammatory response, these
interactions are inhibited, prompting the release of soluble mediators and initiation of
inflammatory signaling cascades such as the JAK/STAT pathway (11, 12). Our laboratory
has recently reported that AMs can secrete suppressors of cytokine signaling (SOCS)
proteins within two types of extracellular vesicles, namely microparticles (MPs) (containing
SOCS3) and exosomes (containing SOCS1), which can be subsequently taken up by
epithelial cells to dampen their endogenous STAT activation (13).

However, the modulation of this phenomenon during innate inflammatory challenges has not
been explored. Furthermore, it is not known whether AECs can direct SOCS3 release by
AMs. Given the importance of JAK/STAT signaling in the AEC response to inflammatory
insults (11) and the fact that AECs themselves possess low endogenous levels of SOCS3
(13, 14), we hypothesized that AECs can “request” SOCS3 from AMs when challenged with
an inflammatory stimulus in order to facilitate their ability to restrain inflammation and
prevent injury. Here we report that LPS challenge of AECs increases the secretion of SOCS3
by AMs, and that AEC-derived prostaglandin E, (PGE,) was largely responsible for
enhancing AM SOCS3 secretion /n vitro. In an in vivo model of LPS challenge, PGE, was
also required for enhanced SOCS3 secretion in bronchoalveolar lavage fluid (BALF).
Finally, AM-derived conditioned medium (AM-CM) containing SOCS3 attenuated LPS-
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induced STAT3 activation in AECs. These data demonstrate that AECs require AM-derived
SOCS3 to inhibit their endogenous inflammatory signaling and utilize secretion of PGE, as
a signal for AMs to “send SOCS.” This bidirectional circuit of information flow enables the
AEC-AM unit to calibrate its supply of anti-inflammatory signals when innate immune
challenges demand it.

MATERIALS AND METHODS

Animals

Cell lines

Reagents

Pathogen-free 125-150 g female Wistar rats were purchased from Charles River
Laboratories and 6 week old male C57BL/6 wild-type mice purchased from The Jackson
Laboratory. Microsomal prostaglandin E synthase-1 (mPGEs-1) knockout mice on a
DBAZ1lac/J background (15) were originally obtained from Pfizer Inc. (Groton, CT) and
backcrossed on a C57BL/6 background. Homozygous knockout mice were then bred at the
University of Michigan. Animals were treated according to NIH guidelines for the use of
experimental animals with the approval of the University of Michigan Committee for the
Use and Care of Animals.

The spontaneously immortalized rat AEC cell line L2 (CCL-149) with predominant type |
cell-like characteristics (16, 17) was purchased from the ATCC and cultured in F-12K
medium with 10% FCS and penicillin-streptomycin.

PGE; from Cayman Chemical (Ann Arbor, MI) was dissolved in DMSO and stored under
N, at —80°C. Murine and rat cytokines (IL-6, MCP-1, TGF$ and GM-CSF) were purchased
from Peprotech (Rocky Hill, NJ). Mouse monoclonal Ab against SOCS3 was purchased
from Abcam (San Francisco, CA) and rabbit polyclonal Ab against phospho-STAT3 was
purchased from Cell Signaling Technology (Danvers, MA). Mouse monoclonal Ab against
f3-actin and the reagents aspirin, indomethacin, LPS from Escherichia coli (clone 0111:B4)
and zymosan from Saccharomyeces cerevisiae were purchased from Sigma (St. Louis, MO).
Neutralizing antibodies for MCP-1 and PGE, were purchased from R&D Systems
(Minneapolis, MN) and Cayman Chemical, respectively.

AM isolation and culture

Primary AMs were lavaged from rat lungs and plated in serum-free RPMI at a concentration
of 1 x 10° cells/mL, as described (18). The cells were adhered for at least 1 h and then
washed to remove non-adherent cells as well as all MPs and secreted substances that were
activated by their adherence to plastic. The cells were then treated with appropriate
compounds for indicated times.

In vitro LPS stimulation of AECs

L2 cells (0.5 x 10° cells/well in a 6-well plate) were equilibrated in F-12K medium for 24 h.
They were then washed and incubated with 2 mL serum-free RPMI and cultured for 1, 8 and
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24 h with or without the addition of LPS (10 ng/mL). Secreted PGE; and cytokines were
analyzed by ELISA.

Western blotting

AMs (1 x 106 cells/mL) were plated in serum-free RPMI 1640 in 6-well tissue culture
dishes and incubated in the presence or absence of compounds of interest for the indicated
amounts of time. The resulting supernatants were harvested and centrifuged at 500 x g (10
min) and 2,500 x g (12 min) to yield cell and apoptotic body-free CM (19). The resulting
“neat” CM and secreted proteins were concentrated using 3 kDa Amicon size exclusion
filters from Millipore (Billerica, MA). Protein concentrations were determined by modified
Lowry protein assay from Bio-Rad (Hercules, CA). Samples containing 20-30 pg protein
were separated by SDS-PAGE using 12.5% gels and then transferred overnight to
nitrocellulose membranes. Membranes were blocked with 4% BSA and probed overnight
with antibodies directed against SOCS3 (titer of 1:750), phospho-STAT3 (titer of 1:1000)
and B-actin (titer of 1:10,000). A secondary antibody incubation with peroxidase-conjugated
goat anti-rabbit (or anti-mouse) from Cell Signaling Technology was performed, and film
was developed using ECL detection from Amersham Biosciences (Piscataway, NJ). Relative
band densities were determined by densitometric analysis using NIH Image J software, and
were expressed as described in figure legends.

In vitro co-culture experiments

To assess the ability of secretory products of rat AECs to affect SOCS3 secretion by AMs,
L2 cells were equilibrated in F-12K medium for 24 h. They were washed and incubated with
2 mL serum-free RPMI and cultured for an additional 24 h with or without the addition of
LPS (10 ng/mL). The resulting AEC-CM was collected and depleted of dead cells, debris
and apoptotic bodies by centrifugation as previously described. Primary rat AMs were
harvested as described and were cultured in serum-free RPMI for 1 h and then washed.
AEC-CM (2 ml/well) was added to the AMs for 2 h, then the AMs were washed and
cultured in 4 mL fresh serum-free RPMI for an additional hour. The resulting AM-CM was
collected and processed as previously described, and the presence of SOCS3 was analyzed
by western blot. Contributions of AEC-derived factors were investigated by the addition of
neutralizing antibodies to MCP-1 (R&D Systems) and PGE, (Cayman Chemical) or by
treating AECs with pharmacologic inhibitors (aspirin).

In vivo LPS treatment

To investigate the /n vivo effects of LPS treatment on SOCS3 secretion in the lung, mice
were oropharyngeally administered 2.5 pug LPS in 50 pl sterile PBS or PBS alone. BALF
was harvested at indicated times and analyzed for SOCS3 (Cloud-Clone Corp, Houston, TX)
and PGE, (Enzo Life Sciences, Ann Arbor, MI) by ELISA. Prior to SOCS3 ELISA analysis,
BALF was concentrated using 3 kDa exclusion filters (Millipore) and briefly sonicated (30%
intensity, 10 seconds 3x, on ice) to disrupt MP membranes and release SOCS3. To determine
the contribution of PGE, in LPS-induced SOCS3 secretion, mice were administered
indomethacin (1.2 mg/kg, s.c.)(20) 30 min prior to and 2 h after treatment with LPS.
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In vivo viral infections

Mice were infected with either mouse adenovirus type 1 (MAV-1) or murine
gammabherpesvirus-68 (YHV68) as previously described (21, 22). Briefly, mice were
anesthetized with ketamine and xylazine and were infected intranasally with either 1x10°
pfu of MAV-1 or 5x10% pfu yHV68. Control mice were given the same volume of sterile
PBS. Mice were sacrificed 7 d post-infection and BALF was collected and analyzed for
SOCS3 by ELISA as described above.

In vivo bacterial infection

To determine the effects of bacterial infection on SOCS3 secretion in the lung, mice were
anesthetized with ketamine and xylazine and were oropharyngeally administered 1x10* cfu
of Klebsiella pneumoniae in sterile PBS or PBS alone. BALF was harvested at 24 h post
infection and analyzed for SOCS3 and PGE; by ELISA.

Zymosan-induced peritonitis model

Mice were injected intraperitoneally with 10 ug zymosan from Saccharomyces cerevisiae
and sacrificed after 4 h. AMs were collected via bronchoalveolar lavage and PMNs were
collected via peritoneal lavage. AMs were plated at a concentration of 1 x 108 cells/mL in
serum-free RPMI and the resulting AM-CM was collected after 1 h of adherence. PMNs
were plated at a concentration of 1 x 108 cells/mL in serum-free RPMI on low-binding
tissue culture dishes and CM was collected after 1 h of culture. The remaining AMs and
PMNs were lysed in radioimmunoprecipitation (RIPA) buffer and the resulting lysates and
CM was analyzed for SOCS3 by ELISA.

RNA isolation and quantitative real-time PCR (qRT-PCR) analysis of MCP-1 mRNA in AECs

RNA was extracted from AECs using QIAGEN columns according to manufacturer’s
instructions and converted to cDNA via reverse transcription. MCP-1 mRNA levels were
assessed by using SYBR Green (Applied Biosystems, Foster City, CA) on an ABI Prism
7300 thermocycler (Applied Biosystems). Relative gene expression was determined by the
ACT method, with B-actin as a reference gene. Primer sequences for MCP-1 and p-actin
were 5-AGCATCCACGTGTTGGCTC-3 (f), 5-CCAGCCTACTCATTGGGATCAT-3' (r)
and 5’-ACCCTAAGGCCAACCGTGA-3 (f), 5-CAGAGGCATACAGGGACAGCA-3 (r),
respectively.

Statistical Analysis

Data are expressed as mean + SEM from at least 3 independent experiments unless noted in
the figure legend. SEM for controls was obtained by calculating the fold change between the
mean control value from replicate experiments (or animals) and individual control values.
Data were analyzed using the Prism 5.0 statistical program from GraphPad software, using
either ANOVA with Bonferroni’s post-hoc analysis or student’s #test, as appropriate.
Statistical significance was set at p-value <0.05.
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SOCS3 secretion is upregulated in both viral and bacterial infections in mice

Although we previously determined that /n vivo AM secretion of vesicular SOCS3 was
downregulated by cigarette smoke in both mice and humans (13), it is not known if this
process is altered in other inflammatory contexts. As recent studies have implicated
intracellular SOCS3 in the regulation of inflammation and infection (23, 24), we sought to
investigate the effects of both viral and bacterial infection on extracellular SOCS3 secretion
in the lung. In these experiments, SOCS3 levels were quantified by ELISA in BALF that had
been sonicated to rupture MPs. C57BL/6 mice subjected to intrapulmonary infection with
MAV-1 for 7 d (Fig. 1A), yHV68 for 7 d (Fig. 1B), or the Gram-negative bacterium
Klebsiella pneumoniae for 24 h (Fig. 1C) all exhibited significantly higher SOCS3 levels in
BALF as compared to control mice. Interestingly, SOCS1, another SOCS family protein we
previously found to be secreted by AMs (via exosomes), was not increased in any of these
models of infection (data not shown).

SOCS3 secretion in an in vivo LPS model of acute inflammation is mainly from resident
AMs, not recruited PMNs

LPS is a prototypic Gram-negative pathogen-associated molecular pattern acting via TLR4
which is known to activate the JAK/STAT pathway (25). Moreover, intracellular SOCS3 is
reported to protect myeloid cells during LPS-induced lung injury (26, 27). For these reasons,
we employed LPS as a model innate inflammatory stimulus with which to elucidate the
mechanisms whereby SOCS3 secretion is enhanced during infection. As was the case with
microbial challenge, intrapulmonary administration of LPS (2.5 pg/mouse) resulted in a
significant increase of SOCS3 in BALF after 24 h (Fig. 2A). Since LPS-induced
inflammation results in recruitment of neutrophils (PMNS) to the alveolar space (28) and
PMNs have the capacity to shed extracellular vesicles (29), we explored the ability of
recruited PMNSs to secrete SOCS3. To acquire sufficient numbers of PMNSs for /n vitro
culture, we employed a well-characterized zymosan peritonitis model which results in
recruitment of large numbers of PMNs into the peritoneal cavity within 4 h of treatment
(30). PMNs (purified by their failure to adhere to low-adherence tissue culture plates) as
well as lavaged AMs obtained from these same mice were cultured for 1 h and their lysates
and CM analyzed by ELISA for SOCS3. Despite similar levels of SOCS3 protein in cell
lysates of the two cell types, PMNs completely lacked the ability to secrete SOCS3 in
comparison to AMs (Fig. 2B). These data suggest that resident AMs, but not recruited
PMNSs, represent the main source of the increased SOCS3 secreted in response to /n vivo
LPS stimulation.

LPS elicits elaboration of AEC-derived factors that can enhance SOCS3 secretion by AMs

in vitro

The ability of LPS to enhance SOCS3 secretion /n vivo could reflect sensing of this
pathogen-associated molecular pattern by either AECs or AMs. We therefore wished to
evaluate the indirect effects via LPS potentiation of AEC-derived secretagogues as well as
the direct effects of LPS on SOCS3 secretion by AMs. Cultures of rat AEC-derived L2 cells
were therefore treated with varying doses of LPS for 24 h, the resulting AEC-CM was added
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to primary rat AMs for 2 h, and the amount of SOCS3 secreted in the subsequent 1-h was
measured by western blot (Fig. 3A). LPS treatment of AECs yielded CM that dose-
dependently increased the ability of AMs to secrete SOCS3, with a dose of 10 ng/mL LPS
having the greatest effect with an approximately 15-fold induction (Fig. 3A). Direct addition
of LPS (10 ng/mL) to primary AMs for 24 h also potentiated SOCS3 secretion, but this
increase did not reach statistical significance and was approximately 5-fold less than that
elicited by AM exposure to LPS-stimulated AEC-CM (Fig. 3B). /n vitro exposure of
macrophages to LPS has been reported to upregulate expression of SOCS3 protein within a
similar time frame (31); thus, the modest increase in SOCS3 secretion by AMs directly
treated with LPS may reflect potentiation of both expression as well as secretion of SOCS3.
Because AM secretion of SOCS3 was much more robust in response to short-term exposure
to CM from AECs treated with LPS for 24 h, we chose in subsequent experiments to focus
on the identity of the AEC-derived secretagogue(s) responsible for this effect.

Identification of candidate mediator(s) elaborated by LPS-treated AECs that enhance
SOCS3 secretion by AMs

AECs possess the ability to release a multitude of different mediators that can modulate AM
activity, such as PGE; (32, 33), McP-1 (3%, TGFB (39), 1L-6 (36) and GM-CSF (37).
Generation of some of these mediators, including PGEy, has been shown to be upregulated
by LPS treatment (38). To determine the effect of LPS treatment on production of these
mediators in our /n vitro system, AECs were stimulated with 10 ng/mL LPS for 24 h (the
condition resulting in optimal stimulatory effects on AM SOCS3 secretion; Fig. 3A) and the
resulting AEC-CM was analyzed by ELISA. Both PGE, and MCP-1 were highly
upregulated in response to LPS, while TGFp was modestly increased and IL-6 and GM-CSF
were not increased significantly (Fig. 4A). To determine the ability of these mediators to
rapidly enhance AM SOCS3 secretion, primary AMs were directly exposed to each mediator
for 1 h jn vitro and the resulting AM-CM was analyzed for SOCS3 by western blot.
Exposure concentrations, specified in the legend to Fig. 4B, were chosen based on the
maximal levels of each mediator in AEC-CM as determined from the data presented in Fig.
4A. We previously reported that PGE, can increase secretion of SOCS3 by AMs (13). Our
current results confirmed that finding and found that TGFp was the only other mediator
tested to have a significant stimulatory effect, which was comparable to that of PGE, (Fig.
4B). Thus, potentiation of AM SOCS3 secretion is a specific effect of only certain AEC-
derived mediators. Based on both their elaboration by LPS-stimulated AECs and their
effects on AM SOCS3 secretion, our results suggest that PGE,, and to a lesser extent TGFf
are leading candidates as AEC-derived secretagogues for SOCS3 secretion by AMs in the
setting of LPS challenge.

PGE, is necessary for enhanced AM SOCS3 secretion in response to LPS-stimulated AEC-

CM

Since PGE; levels in AEC-CM were approximately 15-fold higher than TGFp levels after
LPS treatment, we utilized antibody neutralization (Fig. 5A) to evaluate the role of this lipid
mediator as an AEC-derived secretagogue acting on AMs. We chose MCP-1 as a negative
control because it was elaborated by AECs at similar levels to PGE; but failed to promote
AM SOCS3 secretion. Addition to AEC-CM of a neutralizing antibody against PGE,
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significantly abrogated its ability to enhance SOCS3 secretion by AMs; by contrast, a
neutralizing antibody against MCP-1 failed to do so. Neutralization of MCP-1 yielded no
additive blockade beyond that achieved by anti-PGE, alone (Fig. 5B). As a confirmatory
approach, we pulse-treated AECs with the irreversible cyclooxygenase (COX) and PGE;
synthesis inhibitor, aspirin, prior to LPS incubation to inhibit induction of AEC-derived
PGE,, and this completely abrogated the ability of AEC-CM to promote SOCS3 secretion
by AMs (Fig. 5C). Taken together, these data implicate PGE, as a major mediator of the AM
SOCS3 secretagogue activity elaborated by LPS-stimulated AECs.

PGE, is required for enhanced SOCS3 secretion in an acute LPS model in vivo

Not surprisingly, intrapulmonary challenge with LPS resulted in an increase in BALF levels
of PGE; at 24 h (Fig. 6A) that paralleled its ability to increase SOCS3 levels (Fig. 2A).
Additionally, COX-2 levels in lung homogenates were increased at 8 h (data not shown),
consistent with previously reported studies indicating that LPS induction of PGE, synthesis
is dependent on COX-2 upregulation (39). To evaluate the contribution of PGE; to the LPS-
stimulated increase in SOCS3 secretion /n vivo, we treated mice with the COX and PGE,
synthesis inhibitor indomethacin prior to LPS stimulation. Indomethacin administration
completely blocked the ability of LPS to increase AM SOCS3 secretion in the lung (Fig.
6B), paralleled with inhibition of PGE, synthesis (control = 38.38+10.86 pg/mL; Indo =
38.30+5.4 pg/mL; LPS = 432.52+124.16 pg/mL; Indo + LPS = 56.96+16.1 pg/mL). As a
final experimental approach, we determined that, unlike what was observed in wild type
mice (Fig. 2A), LPS treatment was unable to augment SOCS3 levels in BALF of mice
lacking microsomal PGE synthase-1 (mPGEs-1) (Fig. 6C), the enzyme downstream of COX
which catalyzes the terminal step in PGE, synthesis. Taken together, these data show that
PGE; is the major mediator responsible for increased SOCS3 secretion by AMs in vivo
following intrapulmonary LPS challenge.

AM-derived CM inhibits LPS-induced STAT3 activation and MCP-1 expression in AECs

Having thus far focused on the ability of LPS-treated AECs to signal to AMs the need for
increased SOCS3 secretion via release of PGEy, we sought to confirm the functional effect
of delivery of AM-derived SOCS3 on inflammatory signaling in AECs. To do so, we
assessed the ability of CM derived from PGE,-stimulated AMs to inhibit STAT3 activation
(indicated by its phosphorylation at Tyr 705) as well as the expression of the STAT3-
dependent cytokine MCP-1 in LPS-challenged AECs. Primary AMs were pre-treated with 1
UM PGE; for 1 h and the resulting AM-CM was collected. AECs were then pretreated for 1
h with this CM or medium alone and then stimulated with LPS for 1 h prior to western blot
analysis of phospho-STAT3 levels or real-time PCR analysis of MCP-1 mRNA expression
(Fig. 7A). As compared to medium alone, pretreatment with PGE,-stimulated AM-CM
significantly inhibited LPS-induced STAT3 activation (Fig. 7B), consistent with the
inhibitory effect we observed for IL-6 or IFNy-induced STAT activation in our previous
study (13). Additionally, expression of MCP-1, a STAT3-responsive gene that we showed
was enhanced by LPS treatment (Fig. 3A), was significantly inhibited by pre-treatment with
PGE,-stimulated AM CM (Fig. 7C). These data support the idea that SOCS3, the secretion
of which by AMs is potentiated in response to AEC-derived PGE,, serves as a functional
brake on inflammatory responses by AECs during infection.
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DISCUSSION

In this report, we present a new paradigm by which AECs and AMs collaborate to dampen
the host response to innate inflammatory challenge, fostering the maintenance of
homeostasis in the alveolar space (Fig. 8). In the face of inflammatory challenge, AECs
elaborate PGE, which serves as a signal to “request” SOCS3 secretion by neighboring AMs.
Via uptake of the AM-derived MPs containing SOCS3, AECs are able to augment their own
very low endogenous levels of SOCS3, which in turn allows them to restrain the activity of
the pivotal inflammatory JAK-STAT signaling pathway (Fig. 8).

Both MPs and exosomes have long been recognized to exert pro-inflammatory actions in the
context of vascular injury (40—42). More recently, the anti-inflammatory or
immunosuppressive potential of extracellular vesicles has also been appreciated (43, 44).
However, the immunosuppressive effects of vesicles have generally been limited to
descriptive phenomena unattributed to the actions of specific suppressive cargo molecules
within the vesicles. Tang et al. were the first to characterize a suppressive cargo molecule
when they reported that platelet-derived MPs augment the production of immunosuppressive
lipoxin A4 by transferring the enzyme 12-lipoxygenase to mast cells (45).

We recently for the first time reported extracellular vesicle-mediated suppression involving
crosstalk between the two key cell types residing on the alveolar surface, namely, AMs and
AECs (13). Additionally, the suppressive molecules transferred from AMs to AECs within
vesicles were SOCS family proteins, and this represented the first time that such proteins
were found to be elaborated in the extracellular space. Moreover, the levels of SOCS3 in
BALF of naive mice (~10-20 ng/mL) are remarkably high relative to those of other
mediators, which tend to be in the pg/ml range. In the current report, we have extended our
previous work by determining that AECs can secrete soluble mediators after infection or
LPS exposure that potentiate the ability of AMs to secrete SOCS3. The conclusion that
PGE; represented the predominant AEC-derived secretagogue for AMs was based on three
lines of evidence. First, LPS-challenged AECs generated large amounts of this prostanoid,
consistent with our original observations that PGE; is the predominant prostanoid
synthesized by cultured AECs (46, 47). Second, the ability of AEC pretreatment with the
COX inhibitor aspirin to abrogate generation of the LPS-stimulated SOCS3 secretagogue,
and of indomethacin to abrogate LPS-stimulated SOCS3 secretion in the lung /n vivo,
indicated that the mediator was a prostanoid. Finally, the /n vitro use of neutralizing
antibody specific for PGE, and the /n vivo use of mice lacking PGE-specific synthase
confirmed that PGE, was the specific prostanoid responsible for enhancing AM SOCS3
secretion. This conclusion is consistent with prior observations from our laboratory that
PGE, exerts a variety of immunosuppressive effects on AMs (18, 48, 49), including the
potentiation of AM secretion of SOCS3 /n vitro (13). One notable feature of this modulatory
effect of PGE, was that it reflected not an increase in the number of SOCS3-containing MPs
secreted, but rather an increase in the amount of SOCS3 packaged per MP (13). PGE; can
exert its effects via 4 distinct E prostanoid (EP) receptors. While a majority of its inhibitory
effects on AM function have been shown to be mediated via EP2/cAMP-associated
pathways (18, 50—53), the precise EP receptor and downstream pathways responsible for
PGE, modulation of SOCS3 secretion remain to be delineated.
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The extracellular milieu of the alveolar space includes a diverse collection of cytokines,
growth factors and other soluble mediators that are tightly regulated in order to maintain
homeostasis. Of the subset of those mediators which we evaluated, only PGE, and TGFj
were capable of enhancing SOCS3 secretion. Notably, these two substances are widely
viewed as suppressive molecules, while two that did not affect SOCS3 secretion, MCP-1 and
IL-6, are typically considered proinflammatory. We were surprised that GM-CSF had no
effect on AM SOCS3 secretion, even though it is thought to play a prominent role in the
maintenance and maturation of AMs in the lung (54—56). Although indomethacin treatment
blocked the increase in SOCS3 secretion after /n vivo LPS treatment, it failed to reduce
SOCS3 below control levels, implying that some mediator other than PGE; is responsible
for maintaining basal SOCS3 levels. Although TGFp did not appear to participate in the
potentiation of SOCS3 secretion in response to LPS, it is a promising candidate contributor
to the maintenance of basal SOCS3 secretion by AMs in the alveolar milieu. Future studies
will focus on such a potential role for TGFp.

Our current finding (Fig. 2A) that SOCS3 levels in BALF were increased above baseline 24
h after intrapulmonary administration of LPS may appear to be in conflict with our previous
observation that BALF levels of SOCS3 were reduced below baseline 3 h after
intrapulmonary LPS. Although we found that LPS exerts an immediate (within 1 h) direct
inhibitory effect on the ability of AMs to secrete SOCS3 by an as-yet unknown mechanism
(13), its subsequent ability to upregulate PGE; synthesis as shown herein, via induction of
COX-2 and mPGEs-1, is sufficient to overcome such inhibition. This upregulation of PGE,
synthesis likely occurs not only in AECs but also in AMs, as demonstrated by our data
suggesting a trend towards increased SOCS3 secretion after AM exposure to LPS alone for
24 h. However, this ability of LPS to directly stimulate SOCS3 secretion by AMs pales in
comparison to the stimulatory effects of AEC-CM on SOCS3 secretion, which may reflect
an inherent ability of AECs to produce greater amounts PGE, than AMs.

In addition to bacterial infection and LPS stimulation, we showed that viral infection also
enhanced SOCS3 secretion in the lung. It is highly likely that this reflects the shared
consequences of signaling through TLR4 in the case of LPS on the surface of Gram-negative
bacteria (57) and TLR9 (and perhaps other pattern-recognition receptors) in the case of CpG
DNA in adenovirus (58) and gammaherpesvirus (59). Signaling through these TLRs results
in MyD88-dependent activation of NF-xB, a known inducer of COX-2 transcription and
PGE; synthesis (60—62). Indeed, both MAV-1 (21) and yHV68 (data not shown) have been
shown to increase PGE; levels in the lung, suggesting that PGE is responsible for increases
in SOCS3 secretion in the context of viral infection as was the case with LPS treatment.
TLR activation also activates the JAK/STAT pathway, and this is an integral component of
the immune response to both viral and bacterial infection and has been shown to be
necessary for pathogen clearance (11). In the context of microbial challenge of the lung, an
initial rapid suppression of SOCS3 secretion by AMs (as demonstrated previously with LPS
at3h (13)) may therefore facilitate STAT3-dependent microbial clearance by permitting
STAT activation and downstream signaling. The subsequent induction of PGE, synthesis at
later time points, with resulting enhanced SOCS3 secretion (seen here at 24 h), may thereby
suppress the JAK/STAT pathway, permitting a switch favoring the resolution of
inflammation. Indeed, we demonstrated here that PGE, stimulation of AM SOCS3
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significantly inhibited LPS-induced AEC STAT3 activation as well as expression of the
STAT3-dependent chemokine MCP-1.

One striking finding in this study was that, despite their similar intracellular levels of SOCS3
as AMs, PMNs recruited to an inflammatory site lacked the ability to secrete SOCS3. In our
previous study, we noted a similar inability of lung fibroblasts to secrete SOCS3 despite high
levels of expression (13). This inability to secrete SOCS3 is despite the fact that PMNs
possess the ability to shed extracellular vesicles (63, 64), which can nevertheless exert anti-
inflammatory effects (65). Such divergent patterns of expression and secretion support the
conclusion that packaging of SOCS3 into MPs is an independently regulated phenomenon
which is highly cell-specific. The ability of AMs to secrete such a high proportion of their
intracellular SOCS3 represents yet another means by which they carry out their suppressive
functions in the lung.

In contrast to secretion of SOCS3, it was surprising that secretion of SOCS1 was not
potentiated in infected mice. This differential secretion of SOCS3 and SOCSL in the setting
of infection is consistent with their differential packaging within microparticles and
exosomes, respectively. However, the mechanism(s) responsible for differential secretion of
SOCS1 and SOCS3 in this context will require further investigation.

In conclusion, our data demonstrate that during innate inflammatory challenges to the lung,
AEC-derived PGE; potentiates AM secretion of SOCS3 within MPs. This AM-derived
SOCS3 can then attenuate inflammatory JAK-STAT signaling within the AECs. This
bidirectional form of cell-cell communication represents a novel means for fine tuning
inflammatory responses in the alveolar space.
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Figure 1. SOCS3 secretion into the murine alveolar spaceisupregulated in both viral and
bacterial infections

SOCS3 protein levels in C57BL/6 mice that were infected with either 1x10° pfu MAV-1 (A),
5x104 pfu yHV68 (B), or 1x10* cfu Klebsiella pneumoniae (C). BALF was collected at 7 d
post-viral infection and 24 h post- K/ebsiella infection. After removal of cellular debris and
apoptotic bodies, BALF was concentrated using a 3 kDa exclusion filter and was briefly
sonicated to disrupt SOCS3-containing MPs for analysis by ELISA. Data are expressed as
mean + SEM, *= p<0.05, n=3-7 mice per group.
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Figure 2. Increased SOCS3 secretion during the host responseto in vivo inflammation is mainly

from resident AMs, not recruited PMNs

(A) C57BL/6 mice were treated with 2.5 pg LPS via oropharyngeal inhalation and were
sacrificed after 24 h. BALF was collected and processed as previously described and
analyzed for SOCS3 by ELISA. (B) Mice were injected intraperitoneally with 10 ug
zymosan and sacrificed after 4 h. The lungs and peritoneal cavity were lavaged and cells
were resuspended in serum-free RPMI and cultured in low-binding tissue culture treated
dishes for 1 h at a concentration of 1x10° cells/mL. The resulting cells and CM were
collected, cells were lysed, and lysates and medium analyzed separately for SOCS3 by
ELISA. Each value is the mean £ SEM of triplicate samples of the pooled material from 10

mice; *= p<0.05.
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Figure 3. LPSinduces elaboration of AEC-derived factorsthat can enhance SOCS3 secretion by
AMsin vitro

(A) AECs were plated at a concentration of 5 x 10° cells/well of a 6-well plate and
equilibrated for 16 h. The cells were washed and cultured with the indicated doses of LPS in
serum-free RPMI for 24 h and the resulting AEC-CM was collected and cleared of cellular
debris and apoptotic bodies. Primary AMs were collected and adhered for 1 h. The AMs
were washed and incubated with AEC-CM for 2 h. After a second wash the AMs were
cultured in serum-free RPMI for an additional 1-h and the resulting AM-CM was collected
and analyzed for SOCS3 protein by WB. (Top) Schematic of experiments in which CM from
AECs treated with LPS is incubated with AMs for subsequent evaluation of SOCS3
secretion. (Bottom) AM SOCS3 secretion by western blot analysis; above, representative
blot; below, fold increase in SOCS3 compared to control based on densitometric analysis.
(B) Direct versus indirect effect of LPS on AM SOCS3 secretion. 1x106 AMs were adhered
and incubated for 24 h in serum-free RPMI with either 10 ng/mL LPS or with CM from
AECs that had been incubated for 24 h with 10 ng/mL LPS. The CM was collected as
previously described and analyzed for SOCS3 by WB; above, representative blot; vertical
dashed line indicates that the two lanes depicted were from the same blot but were not
contiguous; below, fold increase in SOCS3 compared to control based on densitometric
analysis. Data are expressed as mean + SEM from three separate experiments, *= p<0.05.
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Figure4. LPStreatment of AECsin vitro resultsin elaboration of high levels of PGE5 and

MCP-1

(A) AECs (5x10° cells/well of a 6-well plate) were cultured in the presence of 10 ng/mL
LPS for 1, 8 and 24 h in serum-free RPMI. The resulting AEC-CM was collected and
analyzed for a panel of mediators by ELISA. (B) AMs were allowed to adhere for 1 h and
were washed, after which they were incubated in serum-free RPMI for 1 h with the indicated
mediators at the following concentrations: PGE,, 1 uM; MCP-1, 20 pug/mL; TGFp, 2.5
ug/mL; IL-6, 100 pg/mL; and GM-CSF, 100 pg/mL. SOCS3 secretion was measured in AM-
CM by WB. Data are expressed relative to the level of SOCS3 found in CM from untreated
AMs, and represent the mean = SEM from three separate experiments, *= p<0.05.
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Figure 5. PGE, isnecessary for enhanced AM SOCS3 secretion in response to L PS-stimulated
AEC-CM

AECs were treated for 24 h with 10 ng/mL LPS as previously described in the presence or
absence of aspirin and the resulting AEC-CM was incubated with or without anti-PGE,
and/or anti-MCP-1 antibodies for 30 min at 4°C and then added to primary AMs (post-
adherence) for 2 h. AM-CM was collected over a subsequent 1-h interval and SOCS3 levels
analyzed by WB. (A) Schematic of experimental design. (B) Levels of SOCS3 by WB in
AM-CM,; top, representative blot; bottom, mean densitometric analysis of blots from
multiple experiments. (C) AECs were equilibrated and treated with 100 uM aspirin for 30
min at 37°C. They were washed and stimulated with 10 ng/mL LPS in serum-free RPMI for
24 h. The resulting AEC-CM was added to AMs (post-adherence) for 2 h. AM-CM was
collected as previously described and SOCS3 levels analyzed by WB; top, representative
blot; bottom, mean densitometric analysis. Data are expressed as mean + SEM from three
separate experiments, *= p<0.05.
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Figure 6. PGEsisrequired for enhanced SOCS3 secretion during L PS treatment in vivo
(A) PGE; levels in BALF 24 h after oropharyngeal administration of LPS (2.5 pg/mouse) to

wild type mice, as determined by ELISA. (B) SOCS3 levels in BALF 24 h after
oropharyngeal administration of LPS in wild type mice pretreated or not with 1.5 mg/kg
indomethacin. (C) SOCS3 levels in BALF 24 h after oropharyngeal administration of LPS to
mMPGEs-1 KO mice. Data are expressed as mean + SEM, n= 5 mice per group, *= p<0.05.
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Figure 7. CM from PGE,-treated AMsinhibits L PS-induced STAT 3 activation and MCP-1

expression in AECs

AMs were treated with 1 uM PGE, for 1 h. The resulting AM-CM was collected and
cultured with AECs for 2 h. The AECs were washed and stimulated with 10 ng/mL LPS in
serum-free RPMI for 1-2 h, then lysed and analyzed for phospho-STAT3 by WB or MCP-1
mRNA by real-time PCR. (A) Schematic of experimental design testing the effects of AM-
CM on LPS-induced STATS3 activation in AECs. (B) Representative blot (top) and fold
increase (bottom) of normalized AEC phospho-STAT3 compared to non-LPS treated
control. (C) Fold increase of MCP-1 mRNA determined by gRT-PCR. Data are expressed as
fold change relative to untreated control and represent mean + SEM from three separate

experiments, *= p<0.05.
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Figure 8. Schemeillustrating crosstalk between AMsand AECsin an LPS inflammation model
1) LPS binds to TLR4 on AEC cell surface and 2) upregulates COX-2 and mPGES-1

expression, resulting in increased PGE, synthesis by AECs. 3) PGE; binds to E prostanoid
receptors on neighboring AMs and 4) enhances SOCS3 packaging within secreted MPs. 5)
Secreted SOCS3-containing MPs are taken up by neighboring AECs, resulting in 6)
inhibition of STAT3 activation.
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