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challenged with lipopolysaccharide.

immunity.
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(Background: PC1/3 is known for its role in neuroendocrine cells but not for its potential role in innate immunity.
Results: PC1/3 knock-out mice express a dysfunctional phenotype characterized by uncontrolled cytokine secretion when

Conclusion: PC1/3 regulates cytokine secretion in macrophages.
Significance: Identifying the role of PC1/3 in macrophages will lead to a better understanding of cytokine regulation and innate
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The proprotein convertase 1/3 is expressed in the regulated
secretory pathway of neural and endocrine cells. Its major func-
tion is in the post-translational processing and activation of pre-
cursor proteins. The PC1/3 knock-out (KO) mouse model has
allowed us to elucidate its physiological functions in studies
focused primarily on neuroendocrine tissues. However, PC1/3 is
also expressed in cells of the immune system, mainly in macro-
phages. The present study explores the effects of innate immune
challenge in the PC1/3 KO mouse. PC1/3 KO mice have an
enlarged spleen with marked disorganization of the marginal
zone and red pulp. Immunohistochemical studies using various
markers demonstrate a depletion of dendritic cells in PC1/3 KO
spleens. When challenged with lipopolysaccharide, PC1/3 KO
mice are more susceptible to septic shock than wild-type con-
trols or other PC KO mice, such as PC2 and PC7 null mice.
Plasma levels of proinflammatory cytokines (IL-6, IL-1f3, and
TNEF-a) were very significantly elevated in PC1/3 KO mice, con-
sistent with a hypercytokinemia, i.e. indicative of a major sys-
temic uncontrolled inflammatory response or cytokine storm.
Peritoneal macrophages isolated from PC1/3 KO mice also
demonstrate elevated cytokine secretion when treated with LPS.
Electron micrographs show morphological features indicating a
prolonged activation of these cells following LPS stimulation.
We also present evidence that the proinflammatory T} 1 path-
way is dominant in the PC1/3 KO mouse model. We conclude
that aside from its important role in neuroendocrine functions
PC1/3 also has an important role in the regulation of the innate
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immune system, most likely through the regulation of cytokine
secretion in macrophages.

Proprotein convertases (PCs)* are a family of enzymes whose
main function is the first step of an enzymatic cascade that
includes the endoproteolytic cleavage of inactive precursor
proteins and the subsequent processing into bioactive proteins
and peptides by carboxypeptidases and amidating enzymes (1,
2). The PCs form a family of subtilisin-like serine proteinases
encoded by nine genes, PCSKI to PCSK9 (PC subtilisin/kexin),
coding for PC1/3, PC2, furin, PC4, PC5/6, PACE4, PC7, SKI-1/
S1P, and PCSKO9, respectively (3—7). Seven PCs cleave secretory
precursors at single or paired basic amino acids within a recog-
nized cleavage site, RX(R/K)R | (3), whereas SKI-1/S1P does
not require a basic amino acid at the cleavage site. As for
PCSKY, it functions only as a binding protein targeting for deg-
radation in lysosomes among others the low density lipoprotein
receptor. PC cleavages result in a diversity of bioactive prod-
ucts, zymogen activation, and sometimes inactivation of key
proteins (4).

Some PCs are expressed ubiquitously in the organism, such
as furin (8, 9), or are widespread like PC5/6 and PC7, whereas
others are more organ- or system-specific (10). For example,
PC1/3 has been associated with the neuroendocrine system
where its expression was first reported (11-13). However, a few
studies have identified an atypical expression of PC1/3 in cells
of the immune system; namely PC1/3 has been detected in a
human monocyte-derived macrophage cell line (14), differen-
tiated macrophages (15), and immune organs, such as the
spleen, thymus, and lymphatic ganglia (16).

3 The abbreviations used are: PC, proprotein convertase; PCSK, PC subtilisin/
kexin; TLR, Toll-like receptor; T,, T helper; TEM, transmission electron
microscopy; APC, antigen-presenting cell; DC, dendritic cell; LD, ,, lethal
dose; MAP, mean arterial blood pressure; EDV, electron-dense vesicle.
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In a previous study, we showed that both neuroendocrine-
“specific” convertases, namely PC2 and PC1/3, are also
expressed in macrophages and lymphocytes in vivo (16) and are
highly responsive to pathogen-associated molecular pattern
challenge. We also showed a coordinated induction of proen-
kephalin (a PC1/3 and PC2 substrate), PC1/3, and PC2 mRNAs
as well as proenkephalin-derived peptides (i.e. enkelytin) in
macrophage subpopulations (17, 18). Although these data sup-
port the notion of a neuroendocrine phenotypic plasticity in
immune cells (19), they show that the expression of PC2 and
PC1/3 is regulated by challenges (e.g. pathogen-associated
molecular patterns) that activate the innate immune system,
suggesting a role in innate immunity. Macrophages are crucial
in the innate immune system, and their activation is mediated
via recognition of various pathogen-associated molecular pat-
terns by specific toll-like receptors (TLRs) (20). TLR4, for
example, binds and recognizes lipopolysaccharides (LPSs) to
initiate an immune reaction, including cytokine secretion (21,
22). Communication with the acquired immune system is also
essential to control the immune response. This is commonly
accomplished by activating and recruiting T helper (T,) cells
that can differentiate into T} 1 or T2 cells to further activate or
attenuate, respectively, the immune response (23, 24). Specific
cytokine profiles are observed for the T,1 cytotoxic pathway,
such as IL-12 and IEN-vy (25, 26), and the T|,2 humoral pathway
in which IL-10, IL-4, and IL-5 are secreted (27).

We also noted previously that PC1/3 expression in the spleen
(16) was mostly confined to the red pulp regions known to be
rich in macrophages (28) and was increased after LPS stimula-
tion. Co-localization of PC1/3 with CD14, a macrophage
marker (29), sparked our interest in investigating the role of
PC1/3 in macrophages to elucidate the function of PC1/3 in the
innate immune system. Disruption of the gene encoding PC1/3
has revealed a phenotype associated with postnatal growth
impairment and multiple defects in the processing of neuroen-
docrine peptide precursors, including hypothalamic growth
hormone-releasing hormone, pituitary proopiomelanocortin
to adrenocorticotropic hormone, islet proinsulin to insulin, and
intestinal proglucagon to glucagon-like peptide-1 and -2 (30—
34). However, in the present study, we hypothesized that an
immune phenotype might become more evident in PC1/3 KO
mice if they were submitted to a challenge, such as with LPS,
which triggers a cascade of events subsequent to the stimula-
tion of TLR4 receptors. Indeed, we uncovered a massive cyto-
kine response, which is highly lethal due to a lack of regulation
of cytokine secretion in vivo. We also demonstrate that the T, 1
pathway, indicative of a proinflammatory response, is
enhanced in PC1/3 KO mice. Our data thus suggest that PC1/3
plays a vital role in the secretory response of macrophages to
pathogen challenge.

EXPERIMENTAL PROCEDURES

Mouse Experimental Models—Transgenic PC1/3, PC2, and
PC7 KO mice as well as wild-type (WT) mice used in this study
were between 3 and 6 months of age. The mice were held in a
pathogen-free environment and were given food and water ad
libitum. PC1/3 KO and PC2 KO mice have been described (30).
PC1/3 KO mice were generated by the deletion of exon 1 and
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several upstream transcriptional control elements of the
PCSK1 gene by inserting a neomycin cassette in the C57Bl/6
mouse background as described previously (30). PC2 KO mice
have a mutation in the third exon of the PCSK2 gene that leads
to the synthesis of a defective enzyme that is subsequently
degraded (35). PC7 KO mice were generated by deleting exons
3-7 of the PCSK7 gene, which yields a protein containing an
inactive catalytic site (36). PC1/3, PC2, and PC7 KO mouse
backgrounds were changed from C57Bl/6 to CD1 with over 20
backcrosses each. All experimental procedures were in accord-
ance with the Canadian Council on Animal Care.

Spleen Characterization and Immunohistochemical Staining—
WT and PC1/3 KO mice were euthanized by cervical disloca-
tion. Spleens were extracted and weighed. Standard prepara-
tion procedures of paraffin-embedded tissues and H&E stain
were used. Immunostaining was done with the Dako Auto-
stainer Plus (Dako, Burlington, Ontario, Canada) using primary
antibodies directed against CD3, CD4, CD7, CD15, CD20,
CD21, CD22,CD56,CD57,CD68, and IgM (Dako) according to
the manufacturer’s instructions. A secondary antibody coupled
to HRP (Dako) was then applied followed by a Harris hematox-
ylin counterstain according to the manufacturer’s specifica-
tions. Immunostained spleens were examined using the Axios-
kop 2 phase-contrast microscope (Carl Zeiss, Inc., Thornwood,
NY). Photomicrographs of 1392 X 1040 pixels were captured
using a 10X or 40X objective and a Retiga SRV cooled color
digital camera (QImaging, Burnaby, British Columbia, Can-
ada). The images were processed using Image Pro software
(Media Cybernetics, Silver Springs, MD).

Endotoxin Shock and Determination of Plasma Cytokine
Content following LPS in Vivo Challenge—Mice were injected
with Escherichia coli 0127:B8 lipopolysaccharide (LPS) (Sigma-
Aldrich) ata lethal dose (LD, ) of 25 mg/kg (intraperitoneally).
Mice were monitored for a 3-day period to observe survival
rates. Time course experiments were also performed by inject-
ing 100 ug of LPS intraperitoneally into mice for 0, 4, 8, and
24 h. For plasma cytokine content, blood was collected by car-
diac puncture, and plasma was isolated by centrifugation. Cyto-
kines were measured using an ELISA kit (R&D Systems, Min-
neapolis, MN) specific for mouse IL-6, TNF-e, IL-13, IL-12p70,
IL-10, and IFN-v. Statistical analysis was performed by apply-
ing the ¢ test parameters (Prism 5, GraphPad Software, La Jolla,
CA).

Determination of Cytokine Secretion and Cellular Content of
Primary Peritoneal Macrophages—Mice were injected intra-
peritoneally with 2 ml of sterile 3% thioglycolate (BD Biosci-
ences) to increase the yield of peritoneal macrophages. Three
days later, mice were anesthetized with ketamine/xylazine
(87/13 mg/kg intramuscularly) and then sacrificed by cervical
dislocation. Peritoneal cells were collected by peritoneal wash
with a phosphate-buffered saline (PBS) solution. Red blood
cells were lysed by incubating the cells with hemolysis buffer.
Cells were plated in a 6- or 24-well plate at 8 X 10° or 2.4 X 10°
cells, respectively, for 24 h at 37 °C in a humidified atmosphere
of 5% CO, in air to allow macrophage adherence, which purifies
the peritoneal exudates. The cell medium consisted of RPMI
1640 medium and penicillin/streptomycin. The following day,
the medium was changed, and cells were stimulated with 1X
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PBS or 100 ng/ml LPS without serum for 4 h. Medium was
collected, and cell lysate was obtained by adding 200 ul of 0.5 N
HCI followed by three freeze-thaw cycles. Protein contents
were collected by centrifugation, and cytokines were measured
using ELISA Kkits specific for mouse IL-6, TNF-«, and IL-1f3
according to the manufacturer’s instructions (R&D Systems).
Statistical analysis was done using a Student’s ¢ test algorithm in
Prism 5 (GraphPad Software), which calculated the S.E.

Measurement of Arterial Blood Pressure in Mice—Mice were
anesthetized with ketamine/xylazine (87/13 mg/kg intramus-
cularly). A polyethylene catheter (PE-10) containing a heparin/
saline solution was inserted into the common right carotid
artery to monitor the arterial blood pressure via a transducer
linked to a polygraph (Grass Instrument Co., Baintree, MA).
Another catheter (PE-10) was inserted into the left jugular vein
to inject LPS at a dose of 2.2 mg/kg.

RNA Extraction, Reverse Transcription, Quantitative PCR,
and PC1/3 Sequencing—The RNA of peritoneal macrophages
and tissues was extracted with TRIzol (Invitrogen) reagent and
chloroform. The reverse transcription and quantitative PCR
procedure was described previously (37). ProSAAS primers
were described previously (38). For PC1/3 ¢cDNA sequencing,
the same procedure was used except that the PCR was done
with 1 unit of Tag DNA polymerase (Roche Diagnostics). The
resulting cDNA was next cloned in pGEM-T-Easy vector (Pro-
mega, Madison, WI) according to the manufacturer’s instruc-
tions for sequencing. The sequences of the primers used for the
PCR were as follows: mIL-6: forward, 5'-ACA AGT CGG AGG
CTT AAT TAC ACA T-3'; reverse, 5'-AAT CAG AAT TGC
CAT TGC ACA A-3'; mIL-1: forward, 5'-GAG AAT GAC
CTGTTCTTT GAA GTT GA-3'; reverse, 5'-TGA AGC TGG
ATG CTC TCA TCT G-3'; mTNF-a: forward, 5'-CGT GGA
ACT GGC AGA AGA G-3';reverse, 5'-ACA AGC AGG AAT
GAG AAG AGG-3'; mPC1/3: 91 bp forward, 5'-ATT TTG
GTGCTGCTGCTCTT-3";91 bpreverse, 5'-GGA GTG CTC
GTCTCA ACCA-3';252bp forward, 5'-AGC AAA GAG GTT
GGA CTC TGC-3'; 252 bp reverse, 5'-TAT GAA GAG CGC
TTC TTC GGG-3'; and mActin: forward, 5'-GGG AAA TCG
TGC GTG ACA TCA AAG-3'; reverse, 5'-CAT ACC CAA
GAA GGA AGG CTG GAA-3'.

Transmission Electron Microscopy (TEM) of Peritoneal
Macrophages—Peritoneal macrophages were collected as
described above and directly subjected to a TEM procedure
described previously (39). All images were taken at 60 kV and
3000X direct magnification. Images were analyzed with Image]
software. Four different observers, among which three counted
the images blindly, analyzed all structural features. An equal
variance bilateral Student’s ¢ test was performed for statistical
analysis.

Western Blotting of PC1/3—Pituitary glands from WT and
KO mice were collected and disrupted in radioimmune precip-
itation assay lysis buffer containing Complete Mini protease
inhibitor (Roche Diagnostics). Mouse peritoneal macrophages
were collected and cultured at 4 X 107 cells as described above.
The cells were lysed with 500 ul of radioimmune precipitation
assay lysis buffer containing Complete Mini protease inhibitor.
Equal amounts of protein were subjected to 8.5% SDS-PAGE
and transferred to nitrocellulose (Amersham Biosciences
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Hybond ECL, GE Healthcare). The antibody directed against
the C terminus of PC1/3 (9212) was described previously (40).
PC1/3 was revealed by a goat anti-rabbit IgG coupled to IRDye
800 (LI-COR Biosciences, Lincoln, NE) with an infrared LI-
COR Odyssey Imager (LI-COR Biosciences).

Gel LC-MS/MS Identification of PC1/3—Membrane protein
fraction of macrophages was prepared as described previously
(41). Briefly, cells were lysed and centrifuged at 16,000 X g to
pellet membrane proteins. Proteins were solubilized and recov-
ered by standard acetone/methanol precipitation. 20 ug of
reconstituted protein were next separated on a precast 4—12%
gradient acrylamide gel using freshly made MES buffer accord-
ing to the manufacturer’s protocol. The gel was stained with an
MS-compatible silver stain (Invitrogen). The entire gel lane was
excised into 18 bands, and each band was cut in 1-mm? pieces.
The in-gel digestion protocol is based on the results obtained by
Havlis et al. (42). Briefly, gel pieces were destained, proteins
were reduced (10 mm DTT, 100 mm ammonium bicarbonate)
and alkylated (55 mwm iodoacetamide, 100 mM ammonium
bicarbonate), and finally digested with 6 ng/ml sequencing
grade trypsin (Promega). The resulting tryptic peptides were
purified and identified by reverse phase LC coupled to an LTQ-
Orbitrap (ThermoElectron). Protein identification was done
with Scaffold V3.1.2 (Proteome Software Inc., Portland, OR) to
validate MS/MS-based peptide and protein identifications
from Mascot V2.1 (Matrix Science, London, UK) and X! Tan-
dem version 2007.01.01.1 (The Global Proteome Machine).

RESULTS

Splenic Abnormalities in PC1/3 KO Mice—Splenomegaly
was observed in the PC1/3 KO mice as shown in Fig. 1 (A and B)
that was evident by comparing the weight of the spleens (~1.8-
fold increase). An H&E stain was performed on cross-sections
of the spleen to visualize its organizational structure. The stain-
ing allows the distinction of red and white pulp of the spleen. In
PC1/3 KO spleens, the white pulp was more concentrated in the
middle of the spleen with apparent fusion of white pulp nodes;
this was not observed in W'T mice. Some white pulp nodes were
observed forming in the periphery of the PC1/3 KO spleen. The
marginal zone, an important area of communication between
macrophages and T cells (43, 44), shows an abnormal structure
and blends with the red pulp in PC1/3 KO mice (Fig. 1, D-G).
This spleen disorganization is also characterized by an
increased presence of lymphocytes, represented as small blue
cells, in the red pulp of PC1/3 KO spleen. Because the spleen is
an important immune organ that monitors the circulating
blood for infections, especially polysaccharide-encapsulated
bacteria (45), and it requires the proper function of antigen-
presenting cells (APCs), such as macrophages, dendritic cells
(DCs), and B cells. We also conducted an RT-PCR experiment
to confirm PC1/3 expression in spleen as well as expression of
its known binding protein, proSAAS (Fig. 1C). The observation
of a structural disorganization in the PC1/3 KO spleen led us to
further investigate the role of PC1/3 in the innate immunity
using LPS challenge.

PC1/3 KO Mice Are More Susceptible to Septic Shock Pro-
voked by LPS—Septic shock is induced by an exaggerated
immune response to an infection characterized by an uncon-
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PC1/3KO

FIGURE 1. WT and PC1/3 KO mouse spleen characterization and comparison. A, relative size of PC1/3 KO (right) mouse spleen compared with WT (left). B,
average weights of spleens from WT and PC1/3 KO mice. Data represent mean = S.D. (p value <0.05; n = 7). C, RT-PCR product was obtained using RNA extract
from WT mouse spleen and cortex (positive control) and then electrophoresed on a 10% acrylamide gel stained with ethidium bromide. 119- and 91-bp
fragments were observed, correlating with the expected lengths for proSAAS and PC1/3, respectively. D-G, hematoxylin and eosin staining of cross-sections
of WT (D and F) and PC1/3 KO (E and G) mouse spleens. A magnification at 40X (E and F) represents the framed region shown in the 10X magnification (Cand
D) of the respective spleen. Spleen regions are indicated, including the red pulp (RP), white pulp (WP), and marginal zone (MZ2).

trolled secretion of proinflammatory cytokines. During Gram-
negative bacterial infection, in most cases the initiator of this
response is LPS, which is first recognized by innate immune
mediators (i.e. macrophages) via the TLR4 (46). To study the
role of PC1/3 in the innate immune system, a sepsis model was
used to examine the survival rates of PC1/3 KO mice under
endotoxemic conditions. The model consisted of injecting an
LD, oo of LPS and monitoring the survival rates for 3 days. In the
case of WT mice, 50% of the mice were deceased between 24
and 30 h following LPS treatment, and most WT mice did not
survive after 72 h (Fig. 24). In contrast, all the PC1/3 KO mice
were deceased 24 h post-LPS treatment (Fig. 2A4).

To verify whether this phenotype was shared among other
PCs, we carried out a similar analysis using available PC2 and
PC7 null mice. We observed similar patterns of survival rates in
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PC2 and PC7 KO mice compared with their associated WT
mice in this sepsis model (Fig. 2, Band C). These results indicate
that PC1/3 KO mice are more susceptible to septic shock when
administered a lethal dose of LPS as compared with WT or even
other PC null mouse models. Therefore, PC1/3 seems to pro-
vide an important protective role during LPS-induced sepsis.
Effect of LPS Stimulation on Plasma Cytokine Concentrations
over Time—Septic shock is primarily characterized by an
unbalanced secretion of proinflammatory cytokines causing
different symptoms associated with the pathology, such as sys-
temic fever and inducible nitric-oxide synthase-dependent
vasodilatation (47), resulting in a marked hypotensive response
invivo (48). To verify the effects of LPS on blood pressure in our
mouse models, we measured and compared the mean arterial
blood pressure (MAP) following LPS stimulation for a period of
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FIGURE 2. Kaplan-Meier survival rates of mice challenged with LPS
stimulation. Survival curves of PC1/3 KO (A), PC2 KO (B), and PC7 KO (C)
mice compared with the respective WT mice injected intraperitoneally
with a lethal dose of LPS (25 mg/kg). Data represent mean * S.E. (n =
10-14;*, p < 0.05).

60 min (Fig. 3). We observed a significant decrease of the MAP
in PC1/3 KO mice compared with WT mice after 60 min of LPS
stimulation. Under identical conditions, no such blood pres-
sure drop was observed in PC2 or PC7 KO mice. These results
provide further evidence of PC1/3 null mice susceptibility to
LPS-induced septic shock.

The most likely explanation for the drop in blood pressure as
well as the susceptibility of PC1/3 KO mice to LPS is increased
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FIGURE 3. MAP measured in mice following LPS stimulation. MAP was
observed in WT and PC1/3 KO mice followed by intravenous injection of 2.2
mg/kg LPS. MAP was measured for a period of 60 min after LPS stimulation.
Data represent mean * S.E. (n = 3-5; % p < 0.05).

levels of cytokines. We therefore conducted time course exper-
iments to determine the cytokine secretion profiles in the
plasma, focusing at first on proinflammatory cytokines IL-6,
TNF-a, and IL-1. As expected in WT mice, IL-6 secretion in
the plasma reached its peak after 4 h of LPS stimulation (Fig.
4A) followed by a return toward base-line concentrations 8 and
24 h following LPS stimulation. Similar secretion profiles were
observed in the case of TNF-«a and IL-18 in WT mouse plasma
(Fig. 4, B and C).

However, the time course experiments from PC1/3 KO mice
revealed a different profile of cytokine secretion. Four hours
following LPS administration, we observed that in the PC1/3
KO mice the IL-6 plasma concentrations were 30 times greater
than those measured in WT mice (Fig. 4A4). Concentrations still
increased about 2-fold at 8 h post-LPS stimulation in PC1/3 KO
plasma instead of decreasing as seen in WT mice. In the case of
TNE-q, recorded concentrations were 8 times higher in PC1/3
KO plasma compared with WT mice following 4 h of stimula-
tion and continued to rise at 8 h, similar to IL-6 (Fig. 4B). IL-1f3
secretion in PC1/3 KO mice was also measured to be 5-fold
higher than the concentration observed in WT mice 4 h post-
LPS (Fig. 4C). Although concentrations decreased at 8 h of LPS
stimulation in WT plasma, IL-18 secretion was 2 times greater
in PC1/3 KO mice. No data could be obtained at the 24-h time
point following LPS treatment as PC1/3 null mice did not
survive.

As a comparative measure, we tested available PC2 and PC7
KO mice to determine whether those observed effects were
PC1/3-specific. No significant differences were observed in the
plasma cytokine profiles between KO and WT murine models
for both PC2 and PC7 (Table 1). The time course analysis indi-
cated an exaggerated proinflammatory cytokine response only
in PC1/3 KO mice treated with LPS. This would suggest a role
for PC1/3 in the regulation of proinflammatory cytokine secre-
tion in vivo.

Expression of PC1/3 Gene in Peritoneal Macrophages—
Macrophages are essential APCs in innate immunity because
they are part of the first line of defense during an infection, and
they are a major source of cytokine production. Although we
have shown that the expression of PC1/3 co-localizes with the
spleen macrophage marker CD14 (16), we wanted to establish
clear evidence of PC1/3 expression in peritoneal macrophages.
An RT-PCR was performed on peritoneal macrophage RNA,
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FIGURE 4. Time course experiment of proinflammatory cytokines in vivo. Concentrations of IL-6 (A), TNF-« (B), and IL-1 (C) were measured in the plasma
collected from PC1/3 KO and WT mice injected intraperitoneally with 100 wg of LPS. PC1/3 KO mice were deceased following 24 h of LPS stimulation. Cytokine
concentrations were measured using an ELISA kit. Data represent mean = S.E. (n = 4-7;*, p < 0.05; **, p < 0.01).

TABLE 1

Effect of LPS administration on plasma cytokine concentrationsin WT,
PC2 KO, and PC7 KO mice

A comparison of proinflammatory cytokine concentrations secreted in PC2 KO and
PC7 KO mice is shown. IL-6, IL-13, and TNF-a were measured in the plasma of
mice following intraperitoneal injection of 100 ug of LPS. Cytokines were measured
in a time course experiment using an ELISA kit. Data represent mean * S.E. (n =
3—4). ND, non-detected.

PC2 PC7

Cytokine WT KO WwWT KO
IL-6 (ng/ml)

Oh ND ND ND ND

4h 40 = 20 20+ 4 20 =10 30 £10

8h 7*4 5+1 3x2 5+1

24 h ND ND ND ND
TNF-a (pg/ml)

0Oh ND ND ND ND

4h 430 £ 110 290 = 40 260 = 50 780 = 300

8h 160 = 60 90 = 50 80 = 30 110 = 30

24 h ND ND ND ND
IL-1p (pg/ml)

0Oh ND ND ND ND

4h 390 * 180 150 £ 50 140 = 40 150 = 40

8h 170 £ 160 50 =30 70 =20 100 = 20

24 h 50 =40 ND ND 9+9

and the product was analyzed by gel electrophoresis. The
observed band yielded the expected 252-bp cDNA fragment
(Fig. 5A). Sequencing of the isolated cDNA confirmed its
sequence, corresponding to nucleotides 80-331 of the PC1/3
mRNA (GenBank™ accession number NM_013628.2). We
next conducted a Western blot of proteins extracted from the
pituitary gland from WT and KO mice to demonstrate the anti-
body specificity for PC1/3 (Fig. 5B, panel a). As expected, the
specific PC1/3 band at ~84 kDa was observed in the WT but
not in the KO mouse pituitary. A strong nonspecific band was
always observed at ~90 kDa. We then analyzed (Fig. 5B, panel
b) peritoneal macrophages in comparison with AtT-20 cells,
which are known for their very high expression of PC1/3. The
strong nonspecific band (~90 kDa) was again present (labeled
with an asterisk), whereas the specific 84-kDa PC1/3 band was
also observed with an identical migration pattern as that found
in AtT-20 and WT pituitary positive controls. We conducted a
mass spectrometry experiment to confirm the detection of
PC1/3 in peritoneal macrophages. We used a gel LC-MS/MS
approach. Membrane proteins extracted from LPS-stimulated
or unstimulated WT and KO macrophages were resolved by
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SDS-PAGE, and bands corresponding to the approximate
migration of PC1/3 were cut, trypsin-digested, and analyzed by
LC-MS/MS on an LTQ-Orbitrap. We detected PC1/3 only in
the WT LPS-stimulated sample. This may indicate that in the
unstimulated sample the level of PC1/3 was below the detection
limit of the technique. Fig. 5C shows the sequence of PC1/3
with yellow highlighted section representing the peptides
detected by LC-MS/MS. Three unique peptides (Fig. 5C) of 95%
PeptideProphet (49) probability were sequenced from three
unique spectra (supplemental Fig. 1). A total of 10 spectra were
assigned to PC1/3; all were from the same gel band. The Pro-
teinProphet algorithm (50) assigned a probability for PC1/3
detection higher than 99.9% with a protein false discover rate
lower than 0.01% and a peptide false discover rate of 1.1%.
Those results validate the expression of PC1/3 at the protein
level in peritoneal macrophages.

Effect of LPS Stimulation on Cytokine Production and Secre-
tion in Primary PC1/3 KO Peritoneal Macrophages—W'T
macrophages secreted negligible basal amounts of proinflam-
matory cytokines, whereas LPS stimulation caused a significant
increase in cytokine secretion (Fig. 6, A—C). PC1/3 KO macro-
phages also secreted low levels of cytokines when incubated
with PBS; the exception was IL-18, which was more signifi-
cantly secreted by PC1/3 KO macrophages by about 2.5-fold
compared with WT macrophages. LPS stimulation resulted in
significantly amplified IL-6 and TNF-« secretion from primary
PC1/3 KO macrophages compared with the WT cells. How-
ever, no significant difference was observed in IL-1 secretion
after 4 h of LPS stimulation between PC1/3 KO and W'T macro-
phages (Fig. 6C).

Intracellular proinflammatory cytokines were also analyzed
in primary peritoneal macrophages following a 4-h LPS treat-
ment (Fig. 6, D-F). In the presence of LPS, intracellular cyto-
kine concentrations significantly increased compared with that
of basal amounts both in WT and PC1/3 KO macrophages. No
significant difference in cytokine concentrations was observed
between WT and PC1/3 KO primary macrophages after LPS
stimulation. Secretion and intracellular cytokine concentra-
tions were also analyzed in PC2 KO and PC7 KO primary
macrophages. No difference was observed in these models in
comparison with WT macrophages stimulated with LPS.
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FIGURE 5. Expression of PC1/3 gene in isolated peritoneal macrophages. A, RT-PCR product was obtained using RNA extract from peritoneal macrophages
and B-TC3 (positive control) that was then electrophoresed on a 1.5% agarose gel stained with ethidium bromide. A 252-bp fragment was observed in the
macrophage sample, correlating with the expected length for PC1/3 gene. B, panel a, Western blot of 15 ug of protein extract from WT and PC1/3 KO mouse
pituitary glands showing the specificity of the antibody. Panel b, Western blot of PC1/3 from 15 ug of isolated WT peritoneal macrophages. 15 g of protein
from mouse pituitary cells (AtT-20) was used as a positive control. The asterisk indicates a nonspecific band. Neg Ctl, negative control. C, evidence of expression
of PC1/3 protein in peritoneal macrophages by mass spectrometry. Peritoneal macrophages were isolated from mice following 8-h treatment with intraperi-
toneal injection of 100 g of LPS or saline. The membrane fraction was subjected to gel LC-MS/MS. PC1/3 was detected only in stimulated macrophage (99.9%
probability) with three unique peptides (95% probability) from three unique spectra. A total of 10 spectra were assigned to PC1/3 with 4% protein coverage.
Yellow highlighting represents assigned spectra, whereas green highlighting represents modified amino acids (oxidized methionine and alkylated cysteine).

Based on the sum of these data, we conclude that the lack of
PC1/3 results in a deregulated cytokine secretion process with
no observable effect on intracellular cytokines upon short term
LPS stimulation. These ex vivo studies allowed us to identify an
important role of PC1/3 in the control of the secretion of some
proinflammatory cytokines (e.g. IL-6 and TNF-«) from LPS-
treated macrophages.

We also tested the effects of LPS treatment of WT and PC1/3
KO mice on the expression profiles of the proinflammatory
cytokine (IL-6, TNF-q, and IL-18) mRNAs by RT-quantitative
PCR. The relative gene expression was calculated by the ratio
between RNA expression of stimulated macrophages (LPS) and
that of the control macrophages (PBS). Only IL-6 mRNA was
expressed at a higher level in both WT and PC1/3 KO LPS-
stimulated primary macrophages. Still, no significant changes
in relative gene expression were observed in all three cytokines
between WT and PC1/3 KO macrophages stimulated with LPS
(Fig. 7). These results indicate that PC1/3 does not seem to
influence macrophage mRNA levels of IL-6, TNF-«, and IL-1f3
after 4-h LPS treatment.

Effect of PC1/3 KO on Cellular Structure of Isolated Perito-
neal Macrophages—Because PC1/3 seems to play arole in cyto-
kine secretion, we conducted a transmission electron micros-
copy experiment to determine whether structures involved in
cytokine secretion and immune response could be affected by
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the absence of PC1/3. Peritoneal macrophages were isolated
from WT and PC1/3 null mice following 8 h of stimulation with
LPS or PBS (control) and then observed by TEM.

At first glance, the general structural aspects appeared to be
similar when comparing macrophages from WT mice with
those of PC1/3 KO mice (supplemental Fig. 2A). The shape and
area of the nucleus were also comparable, indicative of the
similarity of the cell population observed between each
experimental condition (supplemental Fig. 2B). It has been
reported that phagolysosome formation and secretory lyso-
some trafficking are important features for antigen presen-
tation and cytokine response from APCs (45-47). This led us
to conduct a detailed structural analysis of the macrophages
by counting electron-dense vesicles (EDVs) (i.e. lysosomes,
heterolysosomes, and storage vesicles) (Fig. 84), vacuoles
(i.e. events of pinocytosis, phagosomes, and phagolyso-
somes) (Fig. 8, B and C), and membrane projections, also
known as pseudopods (Fig. 8D).

An expected LPS response was observed in WT macro-
phages (51) that resulted in a 3-fold increase in the ratio of
phagolysosomal structures compared with the total amount of
vacuoles as well as an enlargement of these compartments (Fig.
8B). The peripheral vacuole relative ratio compared with total
vacuoles decreased 2-fold in LPS-stimulated W'T macrophages

(Fig. 8C).
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FIGURE 6. Peritoneal macrophage content and secretion of proinflamma-
tory cytokines. Extracellular (A-C) and intracellular (D-F) proinflammatory
cytokine concentrations were measured in isolated WT and PC1/3 KO perito-
neal macrophages stimulated for 4 h with 100 ng/ml LPS or PBS. Cytokines
were measured using an ELISA. Data represent mean = S.E. (n = 4;*,p < 0.05).
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FIGURE 7. Proinflammatory cytokine gene expression in peritoneal
macrophages. Proinflammatory cytokine mRNA expression in WT and PC1/3
KO macrophages stimulated for 4 h with 100 ng/ml LPS relative to the expres-
sion of these cytokines in control samples stimulated with saline is shown.
mRNA was isolated from peritoneal macrophages and quantified by
RT-quantitative PCR. All values were normalized to actin mRNA (n = 3). Data
represent mean = S.E.

At basal conditions, no change was observed in the total
amount of vacuoles in all conditions observed (supplemental
Fig. 1B). Also, no significant difference was observed in the ratio
of peripheral (Fig. 8C), internal (data not shown), and phago-
lysosomal (Fig. 8B) vacuoles between WT and PC1/3 KO
macrophages at basal conditions.

Stimulation with LPS caused an alternate structural organi-
zation in PC1/3 KO macrophages compared with the WT cells.
As described previously, we observed a decrease in the number
of peripheral vacuoles accompanied by an increase in the
amount of phagolysosomes in W'T macrophages following LPS
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stimulation. In fact, the ratio of peripheral vacuoles remained
high in PC1/3 null macrophages (0.45 per cell), whereas the
relative amounts of phagolysosomes were unaffected by the
LPS stimulation.

We also examined the EDV characteristics following LPS
stimulation. In WT macrophages, we observed a decrease in
EDV optic densities after 8 h of LPS stimulation compared with
control macrophages. Also, EDVs from LPS-stimulated WT
macrophages were often located in or around vacuoles, which
suggests that these vesicles released or were in the process of
releasing their contents (Fig. 84, panel d). An elevated amount
of EDVs was observed in control PC1/3 KO macrophages com-
pared with control WT cells (28 and 21 EDVs per cell, respec-
tively) (Fig. 84, panel c). Furthermore, the mean radius of EDVs
measured at basal conditions in PC1/3 KO macrophages (0.24
nm) was larger than that observed in the WT macrophages
(0.18 nm). Interestingly, LPS stimulation of macrophages
caused a decrease in the amount of EDVs compared with the
control cells, leveling the number of EDVs in LPS KO macro-
phages to the same level of LPS WT macrophages (14 EDVs per
cell) (Fig. 84, panel e). Also, differences in the morphology of
EDVs were detected between PC1/3 KO and WT macrophages
atbasal conditions. In the former, EDVs appeared as round gray
vesicles (Fig. 84, panel c), whereas EDVs in WT macrophages
had a heterogeneous content (Fig. 84, panels a and b).

Further analysis was conducted to examine differences in
membrane projections in macrophages because these struc-
tures are important indicators of cell activation and mediate
vacuole formation via events of pinocytosis and phagocytosis.
Under control and stimulated conditions, PC1/3 KO macro-
phages showed an increased number of membrane projections
compared with WT macrophages with a respective increase of
1.3- and 1.7-fold per cell (Fig. 8D), suggesting an increased acti-
vation state in those cells. Taken together, these results dem-
onstrate an abnormal structural phenotype of macrophages in
the absence of PC1/3 that may affect cytokine secretion and
trafficking as well as possible antigen presentation.

Implication of PC1/3 in T,1/T,2 Differentiation—An
immune response in vivo involves the activity of both the innate
and adaptive immune systems mediated by cells, such as
macrophages. These cells can influence the differentiation of
T,, cells to T\,1 or T}, 2 cells to propagate a pro- or anti-inflam-
matory environment, respectively, which is determined mainly
by the cytokine profile as well as antigen presentation. To study
the effect of PC1/3 on T,1/T,2 differentiation, we used our
murine model to perform an LPS stimulation time course and
examined the plasma profile of IL-10, IL-12p70, and IFN-vy (Fig.
9). The IL-10 cytokine secretion profile shows a peak at 4 h
post-LPS administration and levels returning to basal amounts
at 24 h in WT mice. PC1/3 KO mice also show a peak of secre-
tion at 4 h post-LPS that slightly decreased but failed to return
to basal levels. At 8 h following LPS stimulation, the IL-10
plasma content in PC1/3 KO mice was significantly higher than
in WT (Fig. 94). These results suggest a failure in IL-10 feed-
back inhibition on PC1/3 KO innate immunity.

The IL-12p70 cytokine plasma content follows a profile similar
to that of IL-10 in WT mice following LPS treatment over time. A
peak at 4 h is also noted in PC1/3 KO mice with a significantly
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FIGURE 8. Peritoneal macrophage structure observed by TEM. Peritoneal macrophages isolated from WT and PC1/3 KO mice stimulated for 8 h with LPS or
PBS (control (Ctl)) were analyzed by TEM. A, electron-dense vesicles were counted in control WT (panels a and b) and PC1/3 KO (panel c) as well as in
LPS-stimulated WT (panel d) and PC1/3 KO (panel e) macrophages. The mean count per cell is reported on the graph. B, the ratio of phagolysosomal vacuoles
was determined relative to the total amount of vacuoles. C, the ratio of peripheral vacuoles was calculated relative to the total vacuoles. D, the mean number
of membrane projections per cell was calculated. Data represent mean = S.E. (n = 7-9; ¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

higher plasma concentration compared with WT mice. IL-12p70
levels decrease 8 h following LPS treatment in PC1/3 KO plasma
but are still at a significantly higher level compared with WT mice
(Fig. 9B). An increase in IL-12p70 secretion in PC1/3 KO mice
favors proinflammatory T, 1 cell differentiation.
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The IFN-vy profile concentration in the plasma following a
time course of LPS treatment reveals a peak of secretion at 8 h in
WT mice (Fig. 9C). PC1/3 KO and WT mice secrete similar
levels of IFN-y4 h post-LPS stimulation. However, plasma con-
tents soar at 8 h following LPS treatment to 30 times higher
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FIGURE 9. Time course experiment of IL-10, IL-12, and IFN-vy cytokines in
vivo. The concentrations of IL-10 (A) and IL-12 (B), indicative of T2 and T,1
differentiation, respectively, in WT and PC1/3 KO mice were measured in
mouse plasma following 100-ug LPS stimulation administered intraperitone-
ally. C, IFN-v, a proinflammatory cytokine secreted as aresult of a T,1 immune
response, was also measured in a similar time course experiment. PC1/3 KO
mice were deceased following 24 h of LPS stimulation. Cytokines were mea-
sured using ELISA kits specific for mouse IL-10, IL-12, and IFN-v. Data repre-
sent mean * S.E. (n = 4-7;% p <0.05; **, p < 0.01; ***, p < 0.001).

than that observed in WT plasma contents (Fig. 9C). This
30-fold increase in IFN-+y secretion observed in PC1/3 KO mice
provides further information of the proinflammatory cytokine
profile secretion in these mice. This balance among IL-10,
IL-12, and IFN-7 secretion profiles indicates that disruption of
PC1/3 promotes T 1 differentiation.

However, macrophages are not the only immune cells impli-
cated in the induction of the T, 1 response. Dendritic cells also
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FIGURE 10.Immunohistochemical staining of untreated WT and PC1/3 KO
mouse spleens. Labeling of dendritic cell CD21 (A and B), macrophage CD68
(Cand D), and monocyte CD15 (E and F) is shown at a 10X magnification of
the spleen.

secrete IL-12 to favor T},1 feedback during an immune reaction
(52). Moreover, proper communication between APCs, T cells,
and B cells is essential for the development of a T, 2 response
and to provide negative feedback on the T, 1 response. We thus
performed an immunohistochemical analysis with antibodies
directed against immune “cluster differentiation” (CD) markers
to determine the presence and distribution of these immune
cells. As shown, PC1/3 KO has little or no effect on B, T, and
natural killer cells (supplemental Figs. 3-5).

The marginal zone contains CD20, CD22, and IgM immuno-
histochemistry-positive B cell markers, whereas the nodes con-
tain only CD22- and IgM-positive labeling (supplemental Fig.
2). This indicates that the absence of PC1/3 does not alter the
trafficking of B cells in the spleen, which travel from the mar-
ginal zone to the white pulp node and then to the T cell zone
(53). Both the T cells (CD3, CD4, and CD7) and natural killer T
cells (CD56 and CD?7) are present in the white pulp, specifically
in the periarterial lymphatic sheath region, of PC1/3 null spleen
but in a slightly lower amount compared with control spleens
for some markers (WT) (supplemental Figs. 4 and 5). The high-
est impact observed is in regard to the localization of the follic-
ular dendritic cells (CD21 and CD23 not shown), which have
mostly disappeared from nodes and the marginal zone (Fig. 10,
A and B), whereas macrophage (CD68) and monocyte (CD15)
labeling remained unchanged (Fig. 10, C—F).

Therefore, a decrease of dendritic cells evokes the major con-
tribution of macrophages in PC1/3 KO mice in swaying the T},
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immune reaction toward a proinflammatory response after LPS
stimulation. The early and high secretion level of IL-12 further
promotes INF-vy secretion by T cells and may outbalance the
IL-10 negative feedback. These results contribute additional
evidence that PC1/3 plays an essential role in the control of the
proinflammatory immune response.

DISCUSSION

The use of KO mice has greatly contributed to elucidating the
in vivo functions of a number of PCs (35, 36, 54—59). For PC1/3,
the discovery of human deficiency cases (17, 60— 63) has pro-
vided important data, which further instigated the develop-
ment of KO animal models to study the physiological function
of this enzyme (30). However, PC1/3 KO mouse studies have
primarily focused on the study of the neuroendocrine functions
of this convertase (17, 33, 34, 64). Because PC1/3 and PC2 are
functionally closely related, studies on PC2 KO mice have also
focused on its role in the neuroendocrine system (65, 66). How-
ever, few studies have provided evidence for PC1/3 expression
in non-neuroendocrine cells, including macrophages (14, 15).
Previous work from our laboratory has demonstrated that
PC1/3 expression is regulated by pathogen-associated molecu-
lar patterns, specifically LPS, which activates the TLR4 pathway
(16). The regulation of the observed expression pattern has
encouraged us to explore the PC1/3 KO mouse model from a
perspective relating to innate immune mechanisms.

In the present study, we report additional phenotypes in
PC1/3 KO mice, such as an increase in the spleen size in these
animals. We confirmed the expression of PC1/3 and for the first
time observed the expression of proSAAS in the spleen. We also
observed a spleen disorganization in PC1/3 null mice that was
evident by the overlapping of specific compartments, such as
the red pulp and the marginal zone. This chaotic phenotype
may indicate a lack of proper communication between specific
cell types, such as macrophages, B cells, and T cells, that may
lead to an improper immune response (67, 68). Moreover, mice
challenged with LPS showed an increase in proinflammatory
cytokine secretion in the plasma and were much more suscep-
tible to LPS-induced septic shock compared with WT mice. A
decrease in MAP and a cytokine stormlike phenotype were
detected in the plasma of these mice; both are clear evidence of
septic shock (69). These observations suggest that in the spleen
PC1/3 plays arole in innate immunity through, for example, the
protection against an induced septic shock. We thus attempted
to obtain further information about the function of PC1/3 at a
cellular level within the PC1/3 KO mouse model.

APCs play an important role in initiating an immune
response because they are responsible for the detection of
pathogens, such as the recognition of LPS by TLR4, as well as
communicating with the adaptive immune system by antigen
presentation and cytokine secretion. Dendritic cells and macro-
phages are known to collaborate in this task by different cyto-
kine profiles and modulation of adaptive and innate immunity
(70). In the present study, spleen immunohistology showed a
decrease in dendritic cell markers in PC1/3 KO mice compared
with the WT, whereas the macrophage and monocyte markers
were unchanged. Two different DC markers showed this reduc-
tion (i.e. CD21 and CD23), suggesting that the most likely
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explanation is a reduced DC population in the PC1/3 KO
spleen. Because three types of DCs are present in the mouse
spleen (71), it is difficult to ascertain whether this change is due
to hematopoietic differentiation or a relocation of DCs to
another lymphoid organ. Based on these and other findings, we
hypothesize that the increased LPS sensitivity observed in the
PC1/3 KO mice is ostensibly linked to macrophages. Indeed, in
previous work, we demonstrated PC1/3 expression in splenic
macrophages co-localized with CD14, a macrophage marker
(16).

Because peritoneal macrophages are easily obtained, we used
these as a cellular model to examine the role of PC1/3 in the
macrophage. We established strong evidence that mouse peri-
toneal macrophages express PC1/3 by using RT-PCR, Western
blotting, and mass spectrometry. This validated our cellular
model to study the function of this enzyme in the macrophage.

Furthermore, we examined peritoneal macrophage morpho-
logical features. TEM experiments revealed that PC1/3 null
macrophages showed a greater number of pseudopods under
basal and 8-h LPS-stimulated conditions compared with the
macrophages obtained from WT mice. Pseudopods are mem-
brane extensions essential for sensing the environment, initiat-
ing phagocytosis, and mediating motility, hallmarks of macro-
phage activation (72, 73). Therefore, PC1/3 KO macrophages
are primed in the absence of stimulation and remain active
longer than the WT cells. We also demonstrated that PC1/3 KO
macrophages secreted higher concentrations of proinflamma-
tory cytokines; this correlates with the high levels observed in
the plasma of these mice.

Because RNA expression levels were unchanged in the null
macrophages following LPS treatment, we suggest that PC1/3
may be implicated in a downstream control of cytokine secre-
tion. We also report that PC1/3 KO macrophages show a clear
difference in EDV morphology and number as demonstrated in
the TEM experiments, supporting our hypothesis. Indeed, het-
erogeneous contents were observed in WT cells, whereas
homogenous EDVs were predominant in KO macrophages,
implying that the contents of these vesicles differ. These EDVs
are most likely secretory lysosomes or late endosomes known to
be involved in the canonical (e.g. IL-6 and TNF-«) and non-
canonical (e.g. IL-1B) secretion pathways of cytokines (74 -76).
In addition, our data show that IL-1 secretion is increased in
non-stimulated PC1/3 KO macrophages as compared with
WT; this fits with the well established data that IL-1 secretion
bypasses the trans-Golgi network (76). In contrast, PC1/3 does
not appear to affect the trans-Golgi network retention of cyto-
kines like TNF-a but rather changes the cytokine turnover in
post-Golgi transport vesicles upon stimulation. The sum of
these data supports a role for PC1/3 in the regulation of vesicle
trafficking in macrophages, which contributes to the observed
phenotype when PC1/3 is disrupted in the KO mouse model.

The question that remains to be answered is the mechanism
by which PC1/3 regulates cytokine secretion. It is known that
PC1/3 sorting to the regulated secretory pathway depends on
its C terminus, which contains an amphipathic and hydropho-
bic a-helix that anchors the enzyme at the site of formation of
dense core secretory granules in the trans-Golgi network (77).
Some studies have implicated PC1/3 as a possible chaperone for
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proteins to the dense core secretory granules by binding the
recognition cleavage site composed of paired basic amino acids
(78). Adaptor molecules, such as EpsinR, are crucial for the
sorting of proteins in the recycling endosomes (79) and contain
the recognition sequence required to bind PC1/3. Therefore,
we speculate that PC1/3 could regulate cytokine secretion by
directing trafficking chaperones while affecting the cytokine
secretion and turnover.

An alternative hypothesis would be that PC1/3 affects secre-
tion through cleavage of one or more substrates. Because we
only showed the full-length form of PC1/3, and the activity of
this full-length form has been demonstrated previously, it
remains likely that processing activity could impact secretion. It
is noted that full-length PC1/3 does not require an acidic envi-
ronment to be active (80). We cannot exclude that the shorter
forms of PC1/3 are also present in peritoneal macrophages;
however, others have shown a shorter form (i.e. 66 kDa) in
alveolar macrophages and spleen monocytes (15). It is well
established that the immune and neuroendocrine systems com-
municate with each other in a paracrine way (17, 81, 82). The
role of neuropeptides as secretion modulators is well known.
For example, neuropeptide Y was shown to modulate IL-6
secretion from macrophages (83), and opioids are known to
induce signaling in immune cells We have demonstrated pre-
viously that neuropeptides, such as enkephalin, are co-ex-
pressed with PC1/3 in the spleen (16). Others have also
observed enkephalin peptides in immune cells and showed that
PC1/3 expression leads to the formation of longer peptides (15).
Neuropeptides expressed in immune cells could have autocrine
activity that regulates secretion. The identification of cognate
PC1/3 substrates in macrophages remains an important chal-
lenge to better define the mechanisms involved.

Another interesting phenotype observed in the PC1/3 null
mice is the global CD4* T, 1-like response to LPS as evident by
the massive secretion of IFN-v, which is indicative of a proin-
flammatory pathway (84). M1 and M2 macrophages are known
for their capacity to activate T} 1 and T} 2 cells, respectively (70).
The M1 macrophages secrete IL-12 to activate the T, 1 cell to
promote a proinflammatory response (85). However, LPS alone
generally stimulates a T, 2 response, leading to protection
against LPS toxicity with an inflammatory cytokine profile (e.g.
IL-1B,IL-6, and TNF-a) controlled by IL-10 (86). The secretion
of IL-10 inhibits both the macrophage proinflammatory activ-
ities and T, 1 differentiation (27, 84). However, co-stimulation
of macrophages with LPS and IFN-vy gives rise to an M1
response (87, 88). We show that IL-10 is highly secreted in the
PC1/3 KO mouse plasma following LPS stimulation; however,
INF-v and IL-12 still surge in PC1/3 null mice, indicating a
failure of IL-10 to properly inhibit macrophage proinflamma-
tory activities. The high INF-vy and rapid IL-12 oversecretion
observed in PC1/3 null mice may initiate a positive feedback to
further activate the M1 macrophage proinflammatory activities
and inhibit T, 2 differentiation (89). This would correlate with
the observed time course of IL-10 where at 8 h post-LPS the
IL-10 concentration decreases slightly as the amount of IFN-y
increases dramatically. Interestingly, INF-v is produced by T} 1
(90) cells, and it is known that IL-10 regulation of macrophages
involves regulatory T cells (84, 91). We can thus speculate that

14714 JOURNAL OF BIOLOGICAL CHEMISTRY

PC1/3 would directly or indirectly regulate cytokine secretion
in other immune cells, which would contribute to the observed
KO mice phenotype.

Apart from the cytokine profile, antigen presentation is also
imperative in regulating the T,1 and T, 2 pathways. By exam-
ining once more the macrophages by TEM, PC1/3 KO macro-
phages were shown to have a reduced capacity to form phago-
lysosomes following 8-h LPS stimulation. Although
phagocytosis appears to be performed efficiently in W'T macro-
phages because we observed an increase in phagolysosomal
vacuoles accompanied by a decrease in peripheral vacuoles, this
pattern of vacuoles is present to a lesser degree in the PC1/3 KO
macrophages. This suggests a change in phagocytosis process-
ing in these cells that may affect many features of the LPS
immune response, such as antigen presentation (92). This
change in the phagocytosis pathway may indicate an increase
TLR4 signaling because it was shown that TLR4 slows the rate
of phagolysosome fusion (93). Also, this simple default in lyso-
some trafficking can contribute to a “cytokine stormlike” phe-
notype as reported in the RAB7 KO mouse model (94).

In conclusion, our study has provided evidence for a novel
role of PC1/3 in macrophages by regulating proinflammatory
immune responses. Because many diseases are related to the
APC response and their related T cell balance in cancer (95, 96),
autoimmune diseases (97), and chronic allergy (98), exploring
the role of PC1/3 in immunity may lead to novel insights in
these diseases. The development of better tools to study the role
of PC1/3 in immune cells and tissues is now justified. The use of
conditional KO would be necessary to rule out any paracrine
effects from other PC1/3-expressing cells and tissues on
immune cells. Also the use of human macrophage-derived cell
lines, such as THP-1, which expresses PC1/3 (14), would be an
interesting model to establish the link between the function of
PC1/3 in human and mouse immune cells. These would greatly
contribute to the advancement in the identification of molecu-
lar mechanisms and pathways by which PC1/3 regulates cyto-
kine secretion.
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