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Background: Nitric oxide production by macrophages is conventionally attributed to inducible nitric-oxide synthase
activity.
Results: Low levels of nitric oxide are generated by neuronal nitric-oxide synthase during engagement of Fc�-receptors on
unprimed macrophages.
Conclusion: Immune complexes trigger low output nitric oxide that promotes autocrine/paracrine phagocytosis.
Significance: A new role is identified for neuronal nitric-oxide synthase in macrophages.

Immune complexes composed of IgG-opsonized pathogens,
particles, or proteins are phagocytosed bymacrophages through
Fc� receptors (Fc�Rs).Macrophages primedwith IFN� or other
pro-inflammatory mediators respond to Fc�R engagement by
secreting high levels of cytokines and nitric oxide (NO). We
found that unprimedmacrophagesproduced lower levels ofNO,
which required efficient calcium (Ca2�) flux as demonstrated by
using macrophages lacking selenoprotein K, which is required
for Fc�R-induced Ca2� flux. Thus, we further investigated the
signaling pathways involved in lowoutputNOand its functional
significance. Evaluation of inducible, endothelial, and neuronal
nitric-oxide synthases (iNOS, eNOS, and nNOS) revealed that
Fc�R stimulation in unprimed macrophages caused a marked
Ca2�-dependent increase in both total and phosphorylated
nNOSand slightly elevated levels of phosphorylated eNOS.Also
activated were threeMAP kinases, ERK, JNK, and p38, of which
ERKactivationwas highly dependent onCa2� flux. Inhibition of
ERK reduced both nNOS activation and NO secretion. Finally,
Transwell experiments showed that Fc�R-induced NO func-
tioned to increase the phagocytic capacity of othermacrophages
and required bothNOS andERK activity. The production ofNO
by macrophages is conventionally attributed to iNOS, but we
have revealed an iNOS-independent receptor/enzyme system in
unprimed macrophages that produces low output NO. Under
these conditions, Fc�R engagement relies on Ca2�-dependent
ERK phosphorylation, which in turn increases nNOS and, to a
lesser extent, eNOS, both ofwhichproduce low levels ofNO that
function to promote phagocytosis.

Macrophages are professional phagocytes that play a crucial
role in innate immune responses against pathogens. IgG-op-
sonized proteins andmicrobes are engulfed through the recep-
tors for the Fc portion of IgG (Fc�Rs)2 on the surface of macro-
phages and other phagocytes (1, 2). Fc�RI is the high affinity
receptor that binds monomeric IgG2a in mice and IgG1 and
IgG3 in humans (3). Fc�RII and Fc�RIII are low affinity recep-
tors that require a higher avidity present on multivalent
immune complexes (ICs) to effectively promote phagocytosis.
Fc�RIV is found in mice (the human ortholog is CD16A) and
binds to IgG2a and IgG2b with intermediate affinity (4). Fc�RI,
-III, and -IV signal through an ITAM-containing � chain that is
associated with the small cytoplasmic domain of the receptors
(5). Tyrosine phosphorylation of the ITAM results in the
recruitment of Src homology 2-contianingmolecules and adap-
tor proteins that propagate signals through downstream effec-
tors. An important early effector enzyme in this signaling cas-
cade is phospholipase C�, which cleaves phosphatidylinositol
4,5-bisphosphate to produce messenger molecules inositol
1,4,5-trisphosphate and diacylglycerol, the former of which
triggers a rise in cellular Ca2� levels. Although the effect of
Fc�R stimulation in generating a rapid, efficient Ca2� flux has
been established, the downstream effects of this increased
intracellular Ca2� on signaling pathways and the generation of
soluble mediators are unclear.
Fc�R engagement on macrophage during phagocytosis of

IgG-opsonized microbes results in the secretion of pro-inflam-
matorymediators, includingnitric oxide (NO). Secretion ofNO
during Fc�R engagement has conventionally been measured
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only when the macrophages are first primed with lipopolysac-
charide (LPS) or cytokines such as IFN� and/or TNF� (6–8).
This results in high-output NO that can exert cytotoxic effects
on a variety of pathogens, including bacteria, viruses, fungi, and
parasites (9, 10). However, the generation of low output NO by
macrophages is emerging as an important event in the initiation
or modulation of inflammatory responses. At lower levels,
secreted NO plays an important role as a secondary messenger
and can influence a wide variety of physiological and patho-
physiological processes (11). Some processes affected by mac-
rophage-derivedNO include vasodilation, neural transmission,
osteoclast homeostasis, and stimulation of other immune cells
for enhanced inflammatory responses (12–15).
The enzyme isoforms that generate NO include inducible,

endothelial, and neuronal nitric-oxide synthase (iNOS, eNOS,
and nNOS). NO production by macrophages has mainly been
attributed to expression of iNOS, which is induced by a variety
of inflammatory cytokines or bacterial products like LPS (10).
The nomenclature for nNOS and eNOS is derived from their
detection mainly in brain tissue and blood vessels, respectively
(16–18). Information regarding roles for eNOS and nNOS dur-
ing macrophage activation has been limited. Low expression of
nNOS has been detected in activated macrophages within ath-
erosclerotic plaques of apoE KO mice (19). RAW264.7 mouse
macrophages were shown to constitutively express eNOS, and
LPS stimulation increased its activity via increased intracellular
Ca2� levels (20). However, the signaling pathways linking
receptor-induced Ca2� flux in macrophages to NO production
and biological roles for NO remain unclear.
Our laboratory recently identified selenoprotein K (SelK) as

an endoplasmic reticulum membrane protein important for
efficient Ca2� flux during the activation of immune cells (21,
22). Macrophages from SelK KO mice were impaired in Fc�R-
mediated Ca2� flux, which enables the use of these macro-
phages to delineate signaling and effector functions that
depend on Ca2� flux. Using this approach, we found that Fc�R
stimulation onmacrophages led to production of Ca2�-depen-
dent cytokines and, surprisingly, low levels of NO. This NO
productionwas independent of iNOS and, instead, involved the
Ca2�-dependent activation of nNOS and, to a lesser extent,
eNOS. Furthermore, activation of these enzymes required the
Ca2�-dependent phosphorylation of ERK, and the NO gener-
ated through this pathway enhanced the phagocytic capacity of
other macrophages in Transwell assays. Overall, these findings
reveal a novel Ca2�-dependent signaling pathway and enzyme
system in macrophages that produces low levels of NO during
phagocytosis through Fc�Rs.

EXPERIMENTAL PROCEDURES

Mice—Generation of SelKKOmicewas previously described
(21). Littermate C57BL/6J wild-type controls were generated
from mice originally purchased from the Jackson Laboratory.
All animal experimental protocols were approved by the Uni-
versity of Hawaii Institutional Animal Care and Use
Committee.
Antibodies and Reagents—Antibodies purchased from Cell

Signaling, Inc. included anti-phospho-ERK (197G2), anti-total
ERK (137F5), anti-phospho-JNK (81E11), anti-total JNK (2C6),

anti-phospho-p38 (rabbit polyclonal), anti-total p38 (rabbit
polyclonal), anti-iNOS (rabbit polyclonal), anti-nNOS (rabbit
polyclonal), anti-eNOS (rabbit polyclonal), and anti-phospho-
eNOS (Ser-1177 clone, C9C3). Others included anti-phospho-
nNOS (Ser-1417 polyclonal, Millipore) and anti-�-actin (AC-
74, Sigma). Secondary antibodies were purchased from Li-Cor
Technologies. Antibodies for flow cytometry included APC-
anti-CD16/32 (Ebioscience) and phycoerythrin-anti-CD64
(Biolegend). Bis(2-aminophenoxy)ethane tetraacetic acid
(BAPTA, final concentration of 20 �M) was purchased from
Invitrogen. Inhibitors purchased from EMD Biosciences
included those specific for iNOS (2-methyl-2-thiopseudourea,
sulfate, final concentration of 20�M), nNOS ((4S)-N-(4-amino-
5-(aminoethyl)aminopentyl)-N�-nitroguanidine, final concen-
tration of 1.0 �M), eNOS (L-N5-(1-iminoethyl)ornithine, dihy-
drochloride, L-NIO, 2HCl; final concentration of 2.0 �M), total
NOS (N�,N�-dimethyl-L-arginine or dihydrochloride, ADMA;
final concentration of 100 �M), and ERK1/2 (InSolutionTM PD
98059; final concentration of 5.0 �M), JNK (EMD 420119, final
concentration of 10 �M), and p38 (EMD 506148, final concen-
tration of 2.0 �M). The NO scavenger, carboxy-PTIO (potas-
sium salt, CAS 148819-94-7, final concentration of 100�M)was
purchased from Cayman Chemical. NOS1 (nNOS), NOS2
(iNOS), and NOS3 (eNOS) siRNA (sc-36091, sc-36092, and
sc-36094, respectively) were purchased from Santa Cruz Bio-
technology. BMDMswere transfectedwith these siRNAusing a
Neon electroporator (Invitrogen). Cyclohexamide was pur-
chased from Tocris Bioscience.
Preparation of BMDMs—Bone marrow was flushed from

femurs and tibiae with Hanks’ balanced salt solution using a
syringe with a 25-gauge needle. Cells were release from clumps
by drawing the suspension through a syringe with an 18-gauge
needle, and cell suspensions were then passed through a 40-�m
pore cell strainer (BD Falcon) to remove tissue debris. The cells
were plated inDMEMcontaining 10%FCS, 1%penicillin/strep-
tomycin/L-glutamine (Invitrogen), and 10% L929 conditioned
media and used on day 6 of culture. Levels of Fc�R on BMDM
from WT and SelK KO mice were evaluated prior to experi-
ments as previously described (21).
Construction of Immune Complexes—Two types of IC were

constructed: low and high avidity IC. Low avidity IC (IgG-op-
sonized (ops.) BSA) were constructed by incubating 20 �g of
BSA (Invitrogen) with 200 �g of anti-BSA (Upstate/Millipore)
in 500�l of PBS (4:1molar ratio anti-BSA toBSA), as previously
described (21). After 1-h incubation at room temperature, the
low avidity ICs were stored at 4 °C until use. The high avidity
ICs (IgG-ops BSA coated beads, IgG-ops. beads) were con-
structed using 1.0�mof yellow-green fluorescent, carboxylate-
modified microspheres (Molecular Probes/Invitrogen). Bovine
serum albumin (BSA, Invitrogen) was dissolved in 50 mM MES
buffer, pH 6.0. Twomilliliters of this BSA solutionwas added to
0.5 ml of a 2% aqueous suspension of the carboxylate-modified
microspheres, and the mixture was incubated for 15 min at
room temperature. To cross-link the BSA onto the beads, 40
mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide was
added andmixed by vortexing. The pHwas adjusted to 6.5 with
dilute NaOH and incubated at room temperature for 2 h. Gly-
cinewas added at a final concentration of 100mM to quench the
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reaction, and the mixture was incubated for another 30 min.
The microspheres were centrifuged at 18,000 � g for 20 min to
separate the BSA-coatedmicrospheres fromunreacted protein.
The coated beads were washed three times using PBS and cen-
trifugation, then resuspended in 5 ml of PBS. An aliquot of
these beads was saved for use as control beads, while another
aliquot was opsonized with IgG. For opsonization, 10 �g of
anti-BSA was added to 2 � 109 BSA-coated beads in 100 �l of
PBS and incubated for 2 h. These IgG-ops. beads were washed
with PBS and centrifugation as above and counted by hemocy-
tometer prior to use.
Stimulation with IC and Western Blots—BMDMs were

plated in 6-well plates (2� 106 cells/well) with 1ml of complete
media. For low avidity IC stimulation, 30 �l of ops. BSA were
added to each well for varied time periods as described in each
figure legend. High avidity ICs or control beads were added at a
ratio of 100:1 (beads:cells). For MAPK experiments, BAPTA
was added (20 �M) for 1 h prior to adding ICs. For other exper-
iments, NOS or MAPK inhibitors were added 1 h prior to add-
ing ICs at final concentrations listed for each above. Cell lysates
were prepared as previously described (21), and 30 �g of total
protein was loaded per well on a 10–20% Criterion polyacryl-
amide gel (Bio-Rad), transferred to low fluorescence PVDF, and
incubated with blocking buffer (both from Li-Cor, Inc.). Pri-
mary antibodies were added at 1:1,000 final dilution. Secondary
antibodies (Li-Cor) were added at 1:10,000 final dilution, fluo-
rescent signals were detected, and densitometry was measured
using a Li-Cor Odyssey infrared imaging system.
Real-time PCR and Flow Cytometry—Upon stimulation of

BMDMs with IgG-ops. beads for increasing time, cell pellets
were harvested and total RNA was extracted using an RNeasy
kit (Qiagen). Synthesis of cDNA was carried out using a High
Capacity cDNASynthesis kit (ABI), and real-time PCRwas per-
formed with iQ SYBR-Green Supermix (Bio-Rad) on a Light-
Cycler 480 II real-time PCR amplification and detection instru-
ment (Roche Applied Biosystems). Primers used included
nNOS fwd: cat cag gca ccc caa gtt, nNOS rev: cag cag cat gtt gga
cac a; eNOS fwd: cca gtg ccc tgc ttc atc, eNOS rev: gca ggg caa
gtt agg atc ag; hprt fwd: tcc tcc tca gac cgc ttt t; and hprt rev: cct
ggt tca tca tcg cta atc. Cycling conditions included 45 cycles
with a hybridization temperature of 55 °C. For detection of
Fc�Rs (CD16, CD32, and CD64) 5 � 105 BMDMs were sus-
pended in 100 �l of PBS with 2% FBS and Fc-Block (Ebiosci-
ence) added before staining with 0.5 �g of phycoerythrin-anti-
CD64. Similar conditions were used for staining with 0.5 �g of
phycoerythrin-anti-CD16/32, except no Fc-Block was added.
Fluorescence was measured on a FACScaliber (BD Biosci-
ences), and data were analyzed with FlowJo 8.7 software.
Measurement of Cytokines, Eicosinoids, and NO—BMDMs

were plated and stimulated as described above for MAPK
detection. For cytokines and eicosinoids, BMDMs were stimu-
lated for 20 h, media were harvested and centrifuged, and
supernatants were stored at �80 °C until analysis was per-
formed. Cytokines in supernatants were measured using a
Cytometric BeadArray kit (BDBiosciences) permanufacturer’s
instructions. Leukotriene B4 and PGE2 were analyzed using
ELISA kits fromR&DSystems. ForNOmeasurement, BMDMs
were plated and stimulated similar to the above method, and

supernatants were harvested and NO measured using a nitric
oxide assay kit based on the Greiss reaction (Pierce/Thermo
Scientific). In some experiments, BMDMswere pretreatedwith
inhibitors at concentrations listed above prior to stimulation
with ICs. NOwas thenmeasured in the supernatant at 20 h post
stimulation. We also used a more sensitive fluorometric tech-
nique (Abcam ab65327) to detect the lowNOoutput and found
similar differences betweenWTand SelKKOBMDMs (supple-
mental Fig. S1). Therefore, the Greiss reaction was used
throughout the study for nitrite concentration as a measure of
NO.
Phagocytosis Assays—BMDMs were plated on 10–15 mm2

glass coverslips in 24-well plateswith 0.5� 106 cells/well in 10%
L929 conditioned medium. Carboxy-PTIO was added at a final
concentration of 100 �M for 2 h prior to addition of IgG-ops.
beads (100:1, beads:cells) for 1 h. BMDMs were washed with
PBS, fixed with 4% Pefabloc A, and mounted in DAPI-contain-
ing media. For Transwell experiments, BMDMs were added to
glass coverslips in bottom chambers, the same as above, and to
upper chambers (0.5 � 106 cells) and covered in 1.0 and 0.3 ml
of 10% L929 conditioned medium, respectively. BMDMs in
upper chamberswere treatedwith inhibitors (at concentrations
listed above) for 1 h followed by IgG-ops. beads (100:1, beads:
cells) for 20 h.To control for the effects of inhibitors diffusing to
lower chambers, inhibitors were addedwithout IgG-ops. beads.
After 20 h, the upper chambers were removed, and IgG-ops.
beads were added to BMDMs in the lower chambers (100:1,
beads:cells). After 1 h, BMDMs on coverslips were washed,
fixed with 4% Pefabloc A, and mounted on slides with DAPI-
containing mounting media. Images were captured on a Zeiss
Axiovert 200M attached to a Zeiss LSM 5 Pascal imaging sys-
tem with a minimum of 400 cells included per condition.
ImageJ software was used to calculate the corrected total cell
fluorescence with corrections for background fluorescence.
Statistical Analyses—Comparison of means was carried out

using an unpaired Student’s t test using GraphPad Prism ver-
sion 4.0. All comparisons were considered significant at p �
0.05.

RESULTS

Secretion of Specific Mediators Requires SelK and High Avid-
ity ICs—SelK is required for Ca2� flux during Fc�R-mediated
activation ofmacrophages (21), but the importance of this Ca2�

flux for macrophage effector functions is not clear. We used
BMDMs fromWTandSelKKOmice to evaluate Fc�R-induced
cytokine and eicosinoid secretion. To stimulate Fc�Rs, high
avidity ICs were constructed consisting of 1.0 �m BSA-coated
beads opsonized with anti-BSA IgG, and anti-BSA-ops. BSA
(low avidity IC) and BSA-coated beads served as controls. IC-
stimulated BMDMs were analyzed for secretion of PGE2, leuk-
otriene B4, IL-6, IL-10, IL-12, MCP-1, MIP-3�, TNF�, and
IFN�, only five of which were found at detectable levels: PGE2,
IL-6, TNF�, MCP-1, andMIP-3� (Fig. 1). Optimal secretion of
PGE2, IL-6, and TNF� required both SelK expression and high
avidity ICs, with TNF� the most affected by SelK deficiency
(50% decrease compared with WT). In contrast, MCP-1 and
MIP-3� secretion required high avidity ICs, but not SelK
expression, for optimal levels. Despite the fact that the BMDMs
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were not primed with inflammatory stimuli, Fc�R stimulation
produced NO. Similar to TNF�, levels of NO produced from
SelK KO BMDM stimulated with high avidity ICs were
decreased to 50% of WT controls. Interestingly, high output
NO from IFN�-primed BMDMs did not require SelK (Fig. 1B).
Given that NO secretion from Fc�R-stimulated macrophages
has conventionally been attributed to iNOS in primed macro-
phages (6, 7, 13, 23), we further examined the signaling and
functionality of low output NO production in unprimed
BMDMs.
Low Output NO Is Generated by nNOS and Requires SelK—

The levels of IC-stimulated NO produced by unprimed
BMDMs were low relative to primed BMDMs, suggesting that
Fc�R stimulation did not result in high output NO through

iNOS typical of primed BMDMs (24). Consistent with this
notion, we found that iNOS expression was not induced
through Fc�R stimulation in unprimed BMDMs (Fig. 2A).
However, both total and phosphorylated nNOS levels were
increasedwith high avidity IC, and this effectwas diminished by
SelK deficiency (Fig. 2, A and B). To our knowledge, this is the
first report of a receptor system that up-regulates nNOS
expression in macrophages. Low levels of total eNOS were also
detected andwere unaffected by addition of high avidity IC, but
phosphorylated eNOS was slightly increased with high avidity
IC and required SelK. It also is worth noting that SelK expres-
sion was increased, particularly with high avidity IC. Stimula-
tion of BMDMs with IgG-ops. beads increased nNOS mRNA
(Fig. 2C), and the NO production induced by IgG-ops. beads

FIGURE 1. Secretion of soluble mediators induced by Fc�R stimulation. A, BMDMs were stimulated for 20 h with low avidity IC (ops. BSA), control beads (BSA
beads), and high avidity IC (IgG-ops. beads). Results are expressed as means � S.E. (n � 3). *, p � 0.05 comparing SelK KO to WT within each treatment group.
Results indicate that optimal secretion of PGE2, IL-6, TNF�, and NO (as determined by nitrite concentration) required both SelK expression and high avidity ICs,
whereas MCP-1 and MIP-3� only required high avidity ICs. B, WT or SelK KO BMDMs were or were not primed with IFN� (200 pg/ml) for 36 h, then IgG-ops. beads
were added for 0, 2, 6, or 24 h, and media were collected to measure nitrite levels as a measure of NO.
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required new protein synthesis (Fig. 2D). These results suggest
that Fc�R stimulation increases nNOS gene transcription that
leads to increased nNOS protein and activity.
To functionally characterize the role of the different NOS

during Fc�R stimulation ofmacrophages, we utilized inhibitors
against each individual NOS as well as a total NOS inhibitor.
Results demonstrated that inhibiting nNOS decreasedNOpro-
duction, whereas inhibiting eNOS and iNOS had slight and no
effects, respectively (Fig. 3A). The decrease inNOcaused by the
nNOS inhibitor was not as strong as the effects of the total NOS
inhibitor. This result, together with the small NO decrease
caused by the eNOS inhibitor, suggests that eNOS contributes
a small amount to the production of Fc�R-induced NO, but
nNOS is the major contributor. As an alternative method, we
used siRNA to inhibit the expression of the different NOS iso-
forms and confirmed that nNOS siRNA had the most signifi-
cant effect on NO production (Fig. 3, B and C). Overall, these
data suggest that nNOS, and to a lesser extent eNOS, are impor-
tant enzymes involved in secretion of low output NO during
Fc�R stimulation of macrophages.
FC�R Stimulation Activates ERK in a Ca2�-dependent

Manner—Fc�R engagement has been shown to activate mito-
gen-activated protein kinase (MAPK) signaling inmacrophages
within 5–20 min, which leads to pro-inflammatory cytokine

production (25, 26).However, little is known regarding the rela-
tionship betweenMAPKs andCa2� flux duringNOproduction
bymacrophages.We first examined the effect of impairedCa2�

flux on Fc�R-mediatedMAPK activation using both SelK-defi-
cient BMDMs and WT BMDMs pretreated with the Ca2�-
chelating reagent, BAPTA. High avidity IC induced phosphor-
ylation of all three MAPKs: ERK, JNK, and p38 (Fig. 4).
Phosphorylation of both ERK and p38 peaked within 5 min of
Fc�R stimulation, and phosphorylation of JNK occurred at 15
min. Both SelK deficiency and BAPTA pretreatment decreased
ERK phosphorylation to �50% of WT controls, whereas phos-
phorylation of p38 and JNKwere slightly affected or unaffected,
respectively. Overall, these data suggest that p-ERK is more
dependent on Ca2� compared with p-JNK or p-p38 during
Fc�R engagement.
Activation of ERK Is Required for Activation of nNOS and

NO Secretion—The data above suggested that optimal acti-
vation of ERK and nNOS was dependent on Ca2� flux during
Fc�R stimulation, so we next used inhibitors to determine
the relative importance of these molecules for NO secretion.
BMDMs were pretreated with inhibitors for each MAPK
(ERK, p38, and JNK) followed by addition of high avidity IC
and measurement of NO. The ERK inhibitor significantly
reduced Fc�R-induced NO secretion, whereas p38 and JNK

FIGURE 2. Increased expression of nNOS is induced in macrophages by high avidity IC. A, Western blot analysis of lysates from WT and SelK KO BMDMs
were collected 20 h after addition of high avidity ICs composed of IgG-ops. beads, or osp. BSA, or BSA beads as controls. Results show IgG-ops. beads increased
total and phosphorylated nNOS and, to a lesser extent, phosphorylated eNOS, and this was higher in WT compared with KO BMDMs. Expression of iNOS was
not detected, and �-actin was used as a loading control. B, densitometry was performed on total and phosphorylated nNOS and eNOS comparing KO to WT.
Results are representative of two independent experiments. C, real-time PCR was used to determine mRNA levels for nNOS and eNOS relative to the house-
keeping mRNA, hypoxanthine-guanine phosphoribosyltransferase (hprt). D, IgG-ops. beads were added to BMDMs in the presence or absence of cyclohex-
amide (final concentration of 10 �M), and at different time points supernatants were collected for determining nitrate concentration as a measure of NO.
Results for C and D are expressed as means � S.E. (n � 3).
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inhibitors showed only a slight reduction and no effect,
respectively (Fig. 5A).
Because ERK activation occurs rapidly after Fc�R stimula-

tion and full activation was Ca2�-dependent in a manner sim-
ilar to nNOS activation, we hypothesized that ERK activation
was required for increased nNOS expression and/or phosphor-
ylation. Using inhibitors specific for each MAPK, we evaluated
relative levels of each NOS isoform by Western blot. Results
indicated that F�cR-induced increases in total nNOS were
reduced with inhibitors for each MAPK, but inhibition of ERK
reduced phosphorylation of nNOS (Fig. 5B). Phosphorylation
of eNOS was also slightly reduced with ERK inhibition. Similar
to results above, iNOS expression remained very low regardless
of MAPK inhibition. These data suggest that ERK, the MAPK
most dependent on Ca2� flux, is themajorMAPK that contrib-
utes to both increased expression and phosphorylation of
nNOS after F�cR stimulation in macrophages.

Phagocytosis of High Avidity ICs Is Impaired in Macrophages
from SelK KO Mice—The low output of NO induced by Fc�R
stimulation on macrophages may reflect a role for this reactive
species as a mediator as opposed to a cytotoxic compound for
killing pathogens. Low levels of NO have been suggested to
promote phagocytosis (27), so we performed phagocytosis
assays in the absence and presence of the NO scavenger, car-
boxy-PTIO to show the autocrine/parocrine effects of Fc�R-
induced NO. Addition of the scavenging compound effectively
reduced NO in the media and reduced the uptake of IgG-ops.
beads (Fig. 6, A and B). To further investigate the role of NO
synthases and ERK, we used a Transwell system to evaluate the
paracrine effects of Fc�R-inducedNOon the phagocytic capac-
ity of neighbor macrophages. BMDMs in the upper chambers
were stimulated with high avidity ICs, allowing soluble media-
tors to diffuse into BMDMs in the lower chambers. These
BMDMs in the lower chambers were then evaluated for their

FIGURE 3. Fc�R-induced NO is predominantly produced by nNOS. A, WT BMDMs pretreated with inhibitors against total NOS or individual NOS were or were
not stimulated with IgG-ops. Beads, and secreted nitrate was measured as an indicator of NO levels. B, BMDMs were transfected with siRNA, and after 30 h the
effects on expression of nNOS, iNOS, and eNOS were evaluated using Western blotting with �-actin as a loading control. C, the effects of nNOS, iNOS, and eNOS
siRNA on nitrite as a measure of NO production 20 h after stimulation with IgG-ops. beads show reducing nNOS expression reduced NO production. Results are
expressed as means � S.E. (n � 3). *, p � 0.05.
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phagocytic capacity, and results demonstrated that soluble
mediators generated in the upper chambers significantly
increased phagocytosis of IgG-ops. beads by BMDMs in the
lower chambers (Fig. 6, C and D). To determine whether NO
production was a major contributor to this increased phago-
cytic capacity, we pretreated the BMDMs in the upper chamber
with the total NOS inhibitor prior to high avidity IC addition.
This resulted in lower phagocytic capacity for BMDMs in the
lower chamber compared with Transwells in which no inhibi-
tor was included with IgG-ops. beads, confirming that Fc�R-
induced NO from BMDMs in the upper chamber contributed
to increasing phagocytic capacity of BMDMs in the lower
chamber. Using a similar approach with an ERK inhibitor, we
found that ERK activation in BMDMs in the upper chamber
was required for full phagocytic capacity of BMDMs in the
lower chamber BMDMs. However, these inhibitors did not
completely eliminate the pro-phagocytic effects of high avidity
ICs, suggestingNOSor ERKonly partially contributed to Fc�R-
induced mediator secretion, and this is consistent with our sig-
naling data above. Overall, these results suggest Fc�R stimula-
tion onmacrophages produces lowoutputNO that functions to
promote phagocytosis by neighbor macrophages.

DISCUSSION

The role ofNOproduction bymacrophages during the phag-
ocytosis of IC has mainly been associated with the cytotoxic

activity of these cells for killing ingested or attached microbes
(9, 10). In fact, Fc�R-mediated engulfment bymacrophages has
been consistently studied by first priming the macrophages
with pro-inflammatory cytokines, which results in strong acti-
vation and secretion of high levels of NO. A central step in this
high output NO process is the expression of iNOS, and indeed
iNOS has become a reliable biomarker for fully activated
macrophages (28). In the present study, we reveal a novel sig-
naling pathway activated through Fc�R stimulation of
unprimed macrophages that leads to low output NO (Fig. 7).
This NO production does not involve iNOS, but instead relies
on nNOS and, to a lesser extent, eNOS. The NO levels pro-
duced during Fc�R stimulation were low compared with those
typically exhibited by iNOS in primed macrophages. However,
this low output NOwas functionally active as demonstrated by
its ability to promote phagocytosis of ICs by neighboring
macrophages. Thus, the NO generated by nNOS and eNOS
during Fc�R stimulation in unprimed macrophages is more
likely to serve as a secondary messenger than as a cytotoxic
molecule.
Both nNOS and eNOS are conventionally regarded as con-

stitutively expressed enzymes found in several cell types, and
both are thought to be involved in the basal regulation of cellu-
lar physiology and metabolism (29). The Fc�R-mediated acti-
vation of nNOS and, to a lesser extent, eNOS in macrophages

FIGURE 4. MAPK activation induced in macrophages by high avidity IC. A, IgG-ops. beads were added to BMDMs, and cells were lysed after each time point
as indicated. Western blot analyses of lysates included antibodies against phosphorylated and total ERK, JNK, and p38, as well as anti-SelK. WT cells were
pretreated with BAPTA as a Ca2�-chelator to determine the dependence of each MAPK on Ca2� flux for activation. B, densitometry was performed on blots
from three experiments for levels of p-ERK/total ERK, p-JNK/total JNK, and p-p38/total p38, and percentages for SelK KO compared with WT were graphed for
each. Results are expressed as means � S.E. *, p � 0.05.
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demonstrated in the present study represents a new role for
these NOS isoforms in inflammation and immune responses.
The lack of detection of nNOS and eNOS expression in other
studies involving stimulated macrophages likely is due to the
fact that high output NO may actually inhibit expression and
activity of these NOS isoforms (30, 31). In fact, an iNOS-defi-
cient clone derived from RAW 264.7 murine macrophages,
calledCRL-2278, exhibited nNOS activity in response to LPS or
IFN� (32). This study, together with our data, suggests that
nNOS activity that may occur in vivo under conditions in acti-
vated macrophages can be detected only under conditions in
which iNOS is not expressed.
The nomenclature of nNOS and eNOS is derived from their

detection in brain tissue and blood vessels, respectively (16–
18). However, our data demonstrate that nNOS expression is
actually increased in Fc�R-stimulatedmacrophages, suggesting
its expressionmay be more inducible than constitutive in these
cells. Consistent with this notion, low expression of nNOS has
been detected in activated macrophages within atherosclerotic
plaques of apoE KO mice (19). Similarly, eNOS expression has
not been widely described in macrophages, but eNOS in
BMDMswas shown to constitutively generate low levels of NO

that acted to positively enhance iNOS expression upon LPS
stimulation (12). Our findings demonstrated that total eNOS
levels were not affected by Fc�R stimulation in macrophages,
but activated eNOSwas slightly increased. Thus, our data open
a new line of investigation regarding the expression and/or acti-
vation of these twoNOS isoforms in generating low output NO
for the initiation or modulation of immune responses.
Our finding, that nNOS and eNOS activation are dependent

on Ca2� flux, is consistent with earlier findings showing the
presence of Ca2�-dependent, NO production at low levels. For
example, Ca2�-dependent NOS activity was detected in mem-
brane extracts from unstimulated J774.1 murine macrophages
(33). Also, the human monocytic U937 cell line expresses
eNOS, and its activity is Ca2�-dependent (34). In contrast, pro-
duction of NO by iNOS has been shown to be independent of
Ca2� flux (13, 23), and our data support the notion that Ca2�-
dependent signaling during Fc�R stimulation in macrophages
does not involve this NOS isoform. The findings in this current
study demonstrate that optimal Fc�R-induced effector func-
tions in macrophages depend on SelK expression, although the
knockout of SelK in the macrophages did not totally eliminate
Fc�R-induced signaling or effector function. As shown in Figs.
1 and 2, and SelK deficiency resulted in �50% reduction in
TNF� and NO secretion compared with WT controls. Consis-
tent with these effects, SelK deficiency also decreased ERK acti-
vation by 50%. The facts that BAPTA pretreatment had the
same effects on ERK activation and that we previously demon-
strated a requirement for SelK for Fc�R-induced Ca2� flux in
macrophages support the use of SelK-deficient macrophages
for identifying Ca2�-dependent signaling pathways. However,
it is important to note that the Fc�R-induced effects are only
partially dependent on SelK and Ca2� flux. In this sense, Ca2�

flux likely functions to activate signaling molecules (mainly
ERK and slightly p38), but Ca2�-independent signals (like JNK
and others) generated during Fc�R-induced phagocytosis are
also important for effector functions.
The Transwell experiments presented in this study demon-

strate that the NO generated by BMDMs during Fc�R stimula-
tion functions in a paracrine manner to promote phagocytosis
of high avidity ICs by neighbor BMDMs. We did not observe
increased Fc�R expression on the BMDMs in the lower cham-
ber (data not shown), and we are currently investigating the
mechanisms by which low output NO increases phagocytic
capacity. NO has been estimated to diffuse quickly from its
source and is therefore believed to only act in close proximity to
the cells producing it (35, 36). However, our data showed diffu-
sion of functional NO to the BMDMs in the lower chamber,
which represents a relatively long distance to reach the target
cell population. This suggests that the diffusible range for NO
may actually be quite larger than previously believed. Inhibitors
of both NOS and ERK decreased the paracrine effects of Fc�R-
inducedNO on phagocytosis of BMDMs in the lower chamber,
indicating that NO production by the BMDMs in the upper
chamberwas important and required ERKactivation.However,
we cannot rule out autocrine effects occurring in the lower
chamber that may have enhanced secretion of mediators as
well. NO has been shown to promote phagocytosis in other
studies, although the NO measured in these experiments were

FIGURE 5. Roles for different MAPKs in NO production. A, as measured by
nitrite, NO was released by WT BMDMs after stimulation with high IgG-ops.
beads for 20 h, and pretreatment with inhibitors against individual MAPKs
show a significant decrease with ERK inhibition. Results are expressed as
means � S.E. (n � 3). *, p � 0.05. B, Western blot analysis of lysates from WT
BMDMs demonstrating the effects of individual MAPK inhibitors on levels of
iNOS or total/phosphorylated nNOS and eNOS. �-Actin was used as a loading
control.
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FIGURE 6. NO produced during Fc�R-mediated engulfment increases phagocytosis of neighbor macrophages. A, representative images of experiments
in which IgG-ops. beads were added to WT BMDMs in the absence or presence of the NO scavenger, carboxy-PTIO. B, NO levels as determined by nitrite
measurement in the media after 20-h incubation with the IgG-ops. beads showed decreased NO with carboxy-PTIO included in the media. Also, phagocytosis
was quantified by measuring corrected total cell fluorescence per 106 cells and was decreased when carboxy-PTIO was included in the media. C and D,
Transwell assays were performed with BMDMs in the upper chambers pretreated with no inhibitor or with NOS or ERK inhibitors for 1 h prior to no stimulation
(left panels) or stimulation with IgG-ops. beads (right panels). After 20 h, the top chambers were removed and IgG-ops. beads were added to BMDMs in the lower
chambers, and phagocytic capacity was determined by fluorescence microscopy. Representative images of BMDMs in the lower chambers are shown in C,
where BMDMs in the upper chambers were pretreated with no reagent or total NOS inhibitor or ERK inhibitor, followed by stimulation with high avidity ICs, or
after pretreatment with either total NOS inhibitor or ERK inhibitor. Phagocytosis was quantified by measuring corrected total cell fluorescence per 106 cells. To
control for potential diffusion of inhibitors into bottom well, inhibitors were added in the absence of IgG-ops. beads, and no effects were found when NOS or
ERK inhibitors were added into the top chambers compared with unstimulated BMDMs in the upper chamber, indicating no detectable diffusion of inhibitors
into bottom chambers. For A and C, nuclei were stained with DAPI, whereas internalized fluorescent beads appear green. Scale bar represents 25 �m. For B and
D, results are expressed as means � S.E. (n � 3). *, p � 0.05.
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iNOS-derived (27, 37). Our study is the first to show that nNOS
is a major contributor to pro-phagocytic NO. In support of the
importance of nNOS is the fact that Bacillus anthracis has
evolved to generate a lethal factor (LeTx) that specifically
cleaves nNOS inmacrophages and does not cleave either iNOS
or eNOS (38).
The requirement of effective Ca2� flux in macrophages dur-

ing phagocytosis and effector functions has been established
(39–41), although the role of Ca2� for the specific steps of
these processes is not entirely clear. The role on Ca2� largely
depends on the type of receptors involved in the phagocytosis
process. The importance of Ca2� flux from endoplasmic retic-
ulum stores during Fc�R-induced phagocytosis was clearly
shownusing STIM1KOmacrophages (42), and our findings are
consistent with these data. Some have suggested that Ca2� is
not as important for phagocytosis of particles, but more impor-
tant for the subsequent steps of phagosomal maturation (43).
However, the data involving STIM1 KO macrophages and our
data with SelK KO macrophages do not support this notion.
Ingestion, signaling, and secretion of cytokines induced
through Fc�Rs are all impaired in SelK KO macrophages. A
common finding between our study with SelK KO macro-
phages and that involving STIM1 KO macrophages is that
secretion of MCP-1 is unaffected in either case. We also found
that Fc�R-induced MIP-3� was not decreased in SelK KO
macrophages. Thus, regulation of chemokines by Ca2� may
differ frompro-inflammatory cytokines, but the reasons for this

are not clear. Importantly, it is possible that deletion of either
SelK or STIM1 affect other cellular functions in addition to
Ca2� from the ER.

Overall, the data presented in this study provide important
insight into the molecular mechanisms involved in producing
signals and cytokines during macrophage phagocytosis of IgG-
ops. particles. Particular signaling pathways (Ca2� flux to ERK
to nNOS) as well as subsequent effector functions rely in part
on efficient Ca2� flux during Fc�R-induced engulfment. Some
effector functions are not as dependent on SelK. For example,
chemokine secretionmay be less dependent on the Ca2� flux in
which SelK takes part than pro-inflammatory cytokines, eicosi-
noids, and lowoutputNOsecretion. The exact roles of SelK and
Ca2� during activation ofmacrophages and other immune cells
warrant further investigation.
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