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In acute inflammation, infiltrating polymorphonuclear leukocytes (also known as PMNs) release preformed
granule proteins having multitudinous effects on the surrounding environment. Here we present what we
believe to be a novel role for PMN-derived proteins in bacterial phagocytosis by both human and murine
macrophages. Exposure of macrophages to PMN secretion markedly enhanced phagocytosis of IgG-opsonized
Staphylococcus aureus both in vitro and in murine models in vivo. PMN secretion activated macrophages, result-
ing in upregulation of the Fcy receptors CD32 and CD64, which then mediated the enhanced phagocytosis of
IgG-opsonized bacteria. The phagocytosis-stimulating activity within the PMN secretion was found to be due
to proteins released from PMN primary granules; thorough investigation revealed heparin-binding protein
(HBP) and human neutrophil peptides 1-3 (HNP1-3) as the mediators of the macrophage response to PMN
secretion. The use of blocking antibodies and knockout mice revealed that HBP acts via [3, integrins, but the
receptor for HNP1-3 remained unclear. Mechanistically, HBP and HNP1-3 triggered macrophage release of
TNF-a and IFN-y, which acted in an autocrine loop to enhance expression of CD32 and CD64 and thereby
enhance phagocytosis. Thus, we attribute what may be a novel role for PMN granule proteins in regulating the

immune response to bacterial infections.

Introduction

Acute inflammatory processes are characterized by an early
appearance of polymorphonuclear cells (PMNs) followed by a
second wave of monocytes (1), which differentiate into macro-
phages. During the journey from blood to tissue, PMNs release
their granules via which they communicate with their close envi-
ronment (2, 3). Recent research provides evidence for the impor-
tance of PMN granule proteins in the interaction with other
immune cells, in particular monocytes and macrophages. For
instance, neutrophil-specific granule deficiency exhibits obvi-
ous changes in macrophages maturation, migratory capacity,
cytokine gene expression, and phagocytosis in humans (4) and
mice (5). Moreover, different models of neutropenia have pro-
vided evidence that monocyte extravasation depends on PMNs
(6). Direct proof illustrating the importance of PMN secretion
(PMN-sec) products for monocyte and macrophage function is
also accumulating. We could recently demonstrate that the PMN-
derived heparin-binding protein (HBP), a multifunctional modu-
lator of inflammation (7), promotes monocyte adhesion (8) and
extravasation (9). In addition, certain proteins in PMN granules
are known to induce monocyte/macrophages chemotaxis (10),
cytokine and chemoattractant production and release (11), and
antigen presentation (12).

Nonstandard abbreviations used: ACN, acetonitrile; Ambic, ammonium bicarbon-
ate; FeyRI, Fey receptor I; HBP, heparin-binding protein; HNP1-3, human neutrophil
peptides 1-3; MALDI-MS, MALDI-mass spectrometry; MPO, myeloperoxidase; PMN,
polymorphonuclear cell; PMN-sec, PMN secretion; TFA, trifluoroacetic acid.
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Phagocytosis of bacteria by macrophages is an essential mecha-
nism of host defence (13). To make phagocytosis more efficient,
pathogens are opsonized by complement-derived factors (14) or
immunoglobulins (15). Recognition after opsonization occurs
by either complement receptors or Fc receptors. Among the FcRs
are those recognizing IgG: Fcy receptor I (FcyRI) (CD64), FcyRII
(CD32), and FeyRIII (CD16). Complement receptors CR1 (CD35),
CR3 (CD11b/CD18), and CR4 (CD11¢/CD18) on macrophages
are involved in the binding and ingestion of opsonized particles.

In this report, we demonstrate what we believe to be a novel role
for PMN-sec products in phagocytosis of bacteria by macrophages.
We hypothesized that the well-established PMN-monocyte/macro-
phage axis in inflammation may be of importance in the regulation
of bacterial phagocytosis by macrophages. Our results show that
secretion products derived from PMNs trigger an active response
in macrophages, resulting in enhanced bacterial phagocytosis.
This mechanism contributes to the capability of activated PMN’s
to modulate macrophage function as well as the effectiveness of
the immune response in host defense.

Results

PMN-sec enbances phagocytosis of bacteria in macrophages. PMN acti-
vation via f3, integrin cross-linking caused release of secretory
vesicles and tertiary, secondary, and primary granules as shown by
Western blot analysis for marker proteins in the PMN-sec (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI35740DS1). Human macrophages derived
from monocytes were treated with PMN-sec for 24 hours followed
by a 1-hour incubation period with Staphylococcus aureus or Esch-
erichia coli that were IgG opsonized, complement opsonized, or
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nonopsonized. Treatment with PMN-sec caused a strong enhance-
ment of phagocytosis of IgG-opsonized S. aureus or E. coli but
not of complement-opsonized or nonopsonized bacteria (Figure
1, A and B). Treatment with PMN-sec also resulted in a compa-
rable enhancement of phagocytosis of IgG-opsonized S. aureus
by murine RAW264.7 cells and WEHI-3B cells (data not shown).
Interestingly, treatment of human macrophages with PMN-sec
not only increased the uptake of bacteria but also their capacity
to intracellularly kill S. aureus and E. coli (Supplemental Figure 2).
In further experiments, only IgG-opsonized bacteria were used in
the phagocytosis assay.

PMN granule proteins stimulate bacterial phagocytosis in peritoneal mac-
rophages in vivo. To further investigate the PMN-macrophage cross-
talk in vivo a thioglycollate-induced peritonitis model, in which
macrophages are exposed to PMN-sec products released into the
peritoneum, was used. Subsequent incubation with bacteria and
analysis of phagocytic capacity were done ex vivo. In BALB/c and
C57BL/6 mice, we found that peritoneal macrophages obtained
from neutropenic mice showed markedly reduced ability to phago-
cytose bacteria compared with mice with normal white blood cell
count (WBC). The i.p. injection of human PMN-sec to neutrope-
nic animals enhanced the phagocytic capacity of peritoneal mac-
rophages (Figure 1C). To compare the quantity of PMN granule
proteins in the PMN-sec with the conditions found in the perito-
3492
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Figure 1

PMN-sec products enhance phagocytosis in macrophages. (A and B)
Human macrophages were treated with PMN-sec or medium alone
(ctrl) for 24 hours. After stimulation, fluorescent S. aureus (A) or E. coli
(B) were injected into the medium. Bacteria were either opsonized with
1gG or with complement or left nonopsonized. The number of incor-
porated bacteria per cell was quantified by fluorescence microscopy.
For each analysis, 3—6 independent experiments were performed.
*P < 0.05 versus respective control. (C) Comparison of phagocytic
activity of peritoneal macrophages obtained from BALB/c or C57BL/6
mice. Macrophages were isolated from mice with intact WBC, neu-
tropenic mice, and from neutropenic mice treated with PMN-sec. MFI
as a measure of phagocytosed IgG-opsonized bacteria was read in
a plate reader. For each analysis, 6 independent experiments were
performed. TP < 0.05 versus intact WBC and PMN depletion plus
PMN-sec of the respective strain.

neal cavity in vivo, we analyzed the PMN-derived granule proteins
myeloperoxidase (MPO) and MMP-9 in the PMN-sec as well as
in the peritoneal lavage fluid. The activity of MPO and MMP-9
assessed in both specimens was found to be in a similar range
(Supplemental Table 1). To exclude a direct effect of the PMN-
depleting antibody on the phagocytic capacity, we treated peri-
toneal macrophages from mice with intact WBC with RB6-8CS
or control IgG. However, no differences regarding the phagocytic
capacity could be detected (data not shown).

PMN-sec activates macrophages and enhances surface expression of
FeyRs. In further experiments human macrophages were treated
with PMN-sec over different times. Treatment for 24 hours was
more effective in stimulating phagocytosis than treatment for
2 hours (Figure 2A). Moreover, we found that absence of PMN-sec
during incubation with bacteria had no influence on the phago-
cytic capacity (Figure 2A), suggesting that PMN-sec acts rather on
the macrophages than on the bacteria and that PMN-sec causes a
long-standing activation of macrophages.

To investigate whether this activation may involve altered activi-
ty of specific cell surface molecules, we measured the expression of
activation markers (Figure 2B) and phagocytic receptors (Figure
2, C and D) on macrophages. While expression of CD36, CD80,
and CD62L was not altered by treatment with PMN-sec, we found
a clear increase in CD86, HLA class II, CD40, and CD25 expres-
sion, reflecting phenotypic changes seen in classically activated
macrophages (16). Analysis of complement and FcyRs revealed
a marked upregulation of CD32 and CD64 but not of CD16 or
complement receptors (CD11b, CD11c, CD35). In control experi-
ments the cell number was controlled for by counterstaining with
the DNA-binding dye DAPIL In these experiments, we obtained
identical results (Supplemental Figure 3). To investigate the role
of the different FcyRs in enhanced phagocytosis, neutralizing
antibodies to these molecules were applied in the phagocytosis
assay. While antibodies to CD16 were without effects, blockade of
CD64 or CD64 plus CD32 attenuated the enhanced phagocytosis
significantly (Figure 2E).

The enbanced macrophage phagocytosis originates from proteins of PMIN
primary granules. To investigate the chemical nature of the secreted
compounds that stimulate phagocytosis, the activity of the PMN-
sec was tested after heat inactivation or pepsin treatment. Heat
inactivation (data not shown) and treatment with pepsin com-
pletely abrogated the induction of phagocytosis in macrophages
(Figure 3A), indicating that the PMNs release one or several pro-
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Figure 2

PMN-sec enhances activation of macrophages and expression of FcyRs. (A) Human macrophages were incubated with PMN-sec for either 2
or 24 hours or with medium. In some wells, the PMN-sec was washed off after the 2- or 24-hour incubation period and replaced by medium.
Subsequently the phagocytic activity was quantified. For each analysis, 4 independent experiments were performed. *P < 0.05 versus control;
**P < 0.05 versus control and the respective 2-hour treatment group. (B and C) Expression of activation markers (B) and phagocytic receptors
(C) in macrophages in response to treatment with PMN-sec for 24 hours. Expression is given as percentage change compared with basal expres-
sion. All values are isotype corrected. For each analysis, 6—8 independent experiments were performed. (D) Representative images of antibody
staining for CD32 and CD64 in macrophages after treatment with PMN-sec or medium. Scale bar: 10 um. (E) Human macrophages were incu-
bated with PMN-sec or medium for 24 hours. Blocking antibodies toward CD64, CD32, or CD16 were added 30 minutes before incubation with
IgG-opsonized S. aureus. The number of phagocytosed bacteria after 1 hour was quantified. For each analysis, 6 independent experiments were

performed. tP < 0.05 versus group treated with PMN-sec.

teins that are responsible for enhancing phagocytosis. To identify
these proteins, we isolated the individual subsets of PMN granules
using subcellular fractionation (17) and assayed the activity of the
respective granule subset. To determine which fraction corre-
sponded to which granule compartment, each individual fraction
was analyzed for the presence of specific granule markers (Figure
3B). Fractions that contained only one type of granule were pooled
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and used to stimulate human macrophages. Using this approach,
we found that the phagocytosis-enhancing activity resided pre-
dominantly in primary granules (Figure 3C).

Hence, we used purified or recombinant forms of proteins
and peptides that are stored in primary granules and analyzed
their activity in the phagocytosis assay. The selection was based
upon their abundance in primary granules and their reported
Number 10 3493
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Identification of active PMN granule components. (A) PMN-sec was digested with pepsin and the remaining activity was tested. For each analy-
sis, 4 independent experiments were performed. TP < 0.05 versus group treated with active PMN-sec. (B) Localization of neutrophil granules
in fractions (x axis) obtained by subcellular fractionation of PMNs is shown by marker analysis. MPO activity was measured as a marker for
primary granules. Western blots of the fractions probed with antibodies to lactoferrin, MMP-9, and CD35 indicate the localization of secondary
and tertiary granules and of secretory vesicles, respectively. (C) Human macrophages were treated with PMN-sec, fractions of the indicated
PMN granules, a mixture of the 4 different granule fractions (pooled), or medium and phagocytosis assay was performed. For each analysis, 6
independent experiments were performed. *P < 0.05 versus control. (D) Human macrophages were treated with proteins and peptides stored in
human primary granules. Phagocytosis was compared with that obtained from treatment with PMN-sec or medium. For each analysis, 6 inde-

pendent experiments were performed. *P < 0.05 versus control.

capability to activate macrophages. The concentration at which
each individual protein was used was adjusted to what has ear-
lier been found to activate monocytes or macrophages (8, 18-20).
The panel of proteins consisted of elastase, human neutrophil
peptides 1-3 (HNP1-3, a-defensins), proteinase-3, HBP (CAP37/
azurocidin), lysozyme, MPO, and cathepsin G. Notably, the con-
centrations of the proteins used in our assay were similar to the
amounts we found in the PMN-sec (HBP, 3.4 ug/ml; HNP1-3,
2.5 ug/ml; cathepsin G, 2.1 pg/ml; MPO, 1.3 U/ml). Among the
proteins tested, only recombinant HBP and HNP1-3 purified
from human PMNs were found to enhance the phagocytosis of
S. aureus by human macrophages (Figure 3D).

Chemical identification of HBP and HNP1-3 as enbancers of bacterial
uptake in macrophages. Complementary to the previous approach,
the PMN-sec was separated by reversed-phase HPLC, and the frac-
3494
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tions were tested for their biological activity. Only pooled fractions
45-47 and 60-62 caused a marked enhancement of phagocytic
activity (Figure 4A). Screening of HPLC fractions for the presence
of HBP and HNP1-3 revealed positive signals for HBP in fractions
60-62 (Figure 4B). For HNP1-3, strong immunoreactivity was
found in fraction 46 (Figure 4C) and weak staining in fraction 47
(data not shown). Western blot analysis of pooled fractions 60-62
revealed a strong immunoreactive band with a molecular weight
corresponding to that of HBP (Figure 4B). After Coomassie stain-
ing of the remaining protein in the gel, a band of 27 kDa was visual-
ized. The protein in this gel plug was trypsinized, and the masses of
the generated fragments were determined with MALDI-mass spec-
trometry (MALDI-MS). Further MS-Fit search on these mass values
indicated 33.8% coverage and 6 matched fragments corresponding
to HBP, supporting the presence of HBP in fractions 60-62.
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bined depletion of HBP and HNP1-3
resulted in almost complete elimina-
tion (83%) of the enhanced phagocyto-
sis, attributing a virtually exclusive role
to HBP and HNP1-3.

In our peritonitis model, we tested
the effect of HBP and HNP1-3 on the
phagocytic capacity of peritoneal mac-
rophages from neutropenic BALB/c
mice. Injection of HNP1-3 tended to
increase the ability to phagocytose,
whereas HBP significantly enhanced
the phagocytic capacity in peritoneal
macrophages (Figure 5B). Interestingly,
combination of HBP and HNP1-3
almost completely restored the phago-
cytic competence of peritoneal mac-
rophages. In further experiments, we
injected PMN-sec, PMN-sec depleted
of HBP, and PMN-sec depleted of both
polypeptides. Depletion of HBP from
the PMN-sec almost completely abol-
ished its phagocytosis-enhancing effect
(Figure 5C). In yet another approach,
we injected 50 ug polyclonal anti-HBP
i.p. together with the thioglycollate
broth at day 0 and every 24 hours after
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Figure 4

Identification of HBP and HNP1-3 as enhancers of bacterial phagocytosis in macrophages. (A)
Fractionation of PMN-sec by reversed-phase HPLC. PMN-sec was loaded onto a C1g column.
Proteins (right y axis, solid curve) were eluted with a gradient of ACN with 0.1% TFA (right y axis,
dotted line). Gray bars indicate the phagocytic activity resulting from stimulation with material of 3
consecutive fractions (left y axis). Basal phagocytosis and phagocytosis in response to PMN-sec
are indicated by the lower and upper dashed line, respectively. Arrows indicate active fractions
(45-47 and 60-62). For each analysis, 4 independent experiments were performed. (B) Immuno-
logical detection of HBP in fraction 60-62 using dot blot (left panel). These fractions were pooled
and further analyzed with Western blot analysis (right panel). As positive control for both Western
and dot blot, 40 ng recombinant HBP was used. (C) HPLC fractions were screened for the presence
of HNP1-3 by dot blot analysis. Positive staining was detected in fractions 46 (insert). Inserts of
dot blots in B and C were run on the same gel but were noncontiguous. As positive control 20 ng
HNP1 was used. Determination of the mass values of material in fraction 46 with MALDI-MS gave

Application of the anti-HBP antibody
resulted in a significant reduction
of the phagocytic capacity of macro-
phages harvested from the peritoneum
as compared with mice treated with
irrelevant IgG (Figure SD). To investi-
gate if the recruitment of PMNs to the
peritoneal cavity was compromised by
this treatment, we analyzed the num-
ber of PMNs by FACS. Importantly,
we found no difference in the recruit-
ment of PMNs (CD45*Gr1'F4/80-) to
the peritoneal cavity (data not shown).
Also the number of macrophages

molecular weights close to the theoretical values of HNP1-3.

To verify the presence of HNP1-3 in fraction 46, the material
was analyzed with mass spectrometry (Figure 4C) and N-termi-
nal sequence analysis. The obtained mass values were 3,442.30,
3,371.1, and 3,486.4 Da, corresponding to HNP1 (3,442.0 Da),
HNP2 (3,371.0 Da), and HNP3 (3,486.1 Da). N-terminal sequence
analysis of the material in fraction 46 yielded 3 sequences compris-
ing 20 amino acids residues, which are identical to the N-terminal
residues of HNP1-3 (ACYCRIPACIAGERRYGTCI, CYCRIPACI-
AGERRYGTCIY, and DCYCRIPACIAGERRYGTCI).

Enbanced phagocytosis in response to PMN granule proteins is medi-
ated by HBP and HNPI-3. To investigate the contribution of HBP
and HNP1-3 to enhanced phagocytosis, we immunodepleted the
PMN-sec of these polypeptides. HBP removal caused a reduction of
the enhanced phagocytosis by almost 70%, while HNP1-3-deple-
tion damped the effect by approximately 25% (Figure SA). Com-
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(CD45*Gr1-F4/80") was not affected by
the HBP antibody (data not shown).
Although murine macrophages
respond to human HNP1-3 in this study and elsewhere (21), it is
well established that murine PMNs are devoid of HNPs. Therefore,
we wanted to confirm our findings in a different species known to
have HNPs (22). In a rat peritonitis model, we could demonstrate
that PMN depletion reduced the phagocytic function in perito-
neal macrophages (Supplemental Figure 4). Injection of HBP or
HNP1-3 partly restored phagocytic activity in these animals with
predominance for HBP.

HBP and HNP1-3 stimulate enbanced phagocytosis via distinct signaling
pathways. Above we show that the enhanced phagocytosis stimu-
lated by PMN granule proteins critically depends on FcyRs and
on the presence of HBP and HNP1-3. In further experiments, we
attempted to tie these observations together. Treatment of macro-
phages with HBP or HNP1-3 caused a strong increase in expres-
sion of CD32 and CD64 (Figure 6, A and C). HBP has previously
Volume 118 3495
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Contribution of HBP and HNP1-3 to enhanced phagocytosis. (A) Human macrophages were treated with medium, PMN-sec, or secretion depleted
of HBP, HNP1-3, or both. Phagocytic activity is expressed in percentage of enhanced phagocytosis above control in response to PMN-sec, which
was set to 100%. For each analysis, 4 independent experiments were performed. *P < 0.05 versus group treated with PMN-sec. (B) Comparison
of phagocytic activity of peritoneal macrophages from mice with intact WBC or neutropenic mice. Neutropenic mice were also injected i.p. with
HBP (10 ug/mouse), HNP1-3 (2 ug/mouse), or both. MFI, as a measure of phagocytosed IgG-opsonized bacteria, was read in a plate reader. For
each analysis, 5 independent experiments were performed. TP < 0.05 versus fluorescence intensity in macrophages obtained from PMN-depleted
mice. (C) Thioglycollate-treated neutropenic mice received PMN-sec, PMN-sec depleted of HBP, or PMN-sec depleted of both HBP and HNP1-3.
*P < 0.05 versus group treated with PMN-sec. For each analysis, 5 independent experiments were performed. (D) A polyclonal antibody to HBP or
control IgG were injected i.p. into thioglycollate-treated mice. The phagocytic capacity of peritoneal macrophages was tested ex vivo 4 days after
initiating peritonitis. ¥P < 0.05 versus isotype control. For each analysis, 4 independent experiments were performed.

been shown to function as a soluble ligand to 3, integrins (23)
and to activate monocytes through binding this receptor (24). In
our experiments, incubation of macrophages with HBP caused
an immediate Ca?* mobilization, which was inhibited in the pres-
ence of the B, integrin blocking mAb IB4 (Figure 6B). Blockade
of 3, integrins not only prevented activation of macrophages but
also attenuated expression of CD32 and CD64 by treatment with
HBP (Supplemental Table 2). Similar observations were made in
a murine system. There, enhanced phagocytosis of bacteria by
murine RAW264.7 macrophages in response to HBP was abolished
in the presence of the CD18 blocking antibody GAME46 (data
not shown). In peritoneal macrophages from neutropenic CD18-
deficient mice, stimulation with HBP did not induce a significant
increase in bacterial uptake, which is in contrast to macrophages
from neutropenic wild-type mice (Figure 7A). In a further step,
we injected HBP into the peritoneum of neutropenic wild-type
and CD18-deficient mice. While testing the phagocytic capacity
ex vivo we found that HBP significantly enhanced phagocytosis
in wild-type mice but not in CD18-deficient mice (Figure 7B).
Moreover, we used isolated peritoneal macrophages from neutro-
penic MyD88- and IRF3-deficient mice to investigate the potential
involvement of TLR signaling. In contrast to macrophages from
CD18-deficient mice, HBP induced a significant increase in bac-
terial phagocytosis in macrophages obtained from neutropenic
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MyD88- and IRF3-deficient mice (Figure 7A), indicating that (a)
enhanced phagocytosis in response to HBP does not involve TLR
signaling and (b) that the effect of HBP is not due to LPS contami-
nation. The same relationships were found when HBP was injected
1.p. into neutropenic MyD88- and IRF3-deficient mice (Figure 7B).
To gain insight into which intracellular pathway HBP activates in
macrophages after binding to 8, integrins, we used inhibitors of
various signaling molecules. Of the substances tested, inhibitors
of tyrosine kinases and of MAP kinases greatly reduced the HBP-
induced expression of CD32 and CD64, while inhibition of phos-
pholipase C, protein kinase C, and phosphatidylinositol-3-kinase
were without effects (Supplemental Table 2).

In contrast to what was found for stimulation with HBP, IB4 treat-
ment did not prevent HNP1-3-induced macrophage activation
(Supplemental Table 3). In addition, none of the inhibitors used
to block intracellular signaling pathways reduced the HNP1-3-
induced expression of CD32 and CD64 (Supplemental Table 3).
Recently, Kinee et al. demonstrated that PMN-derived HNPs medi-
ate their effect on epithelial cells via binding to P2Y; receptors (25).
Therefore, it was of interest to investigate the influence of the P2Y-
specific inhibitor suramin on the activation of macrophages by
HNP1-3. HNP1-3 clearly activated macrophages as indicated by
intracellular Ca?* mobilization (Figure 6D). However, suramin
failed to block HNP1-3-mediated activation and FcyR expression
Volume 118
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Characterization of the enhanced phagocytosis by HBP and HNP1-3. (A and C) Human macrophages were treated with increasing concentra-
tions of (A) HBP or (C) HNP1-3 for 24 hours, and the expression of CD32 and CD64 was assessed by immunofluorescence. Data are expressed
as a percentage of basal expression, which was set to 100%. For each analysis, 5 independent experiments were performed. *P < 0.05 versus
control. (B and D) Intracellular Ca?*-mobilization in macrophages labeled with the Ca?*-sensitive dye fluo4/AM in response to stimulation with
(B) HBP (1 ug/ml) and (D) HNP1-3 (1 ug/ml). After labeling and washing, fluorescence was read in a plate reader every 30 seconds, from 60
seconds before stimulation until 300 seconds after stimulation. Data are expressed as percent of fluorescence intensity at time 0. IB4 (10 ug/ml)
or suramin (100 uM) were added to analyze the involvement of 3, integrins and P2Ys receptors in the respective activation. For each analysis,
4 independent experiments were performed. *P < 0.05 versus control treatment. (E) Western blot for CD64 of whole cell lysate of human mac-
rophages treated with HBP (1 ug/ml, 24 hours) in the presence or absence of siRNA to CD64.

(data not shown). Similarly, treatment with Pertussis toxin (PTx)
did not have any influence on the HNP1-3-induced macrophages
activation (Supplemental Table 3). The efficiency of HNP1-3
treatment was also not blocked in macrophages deficient in CD18,
MyD88, or IRF3 (Figure 7A). Taken together, these data indicate
that HNP1-3 act via a pathway independent of TLR, CD18, and
adenosine receptor signaling.

To reveal if the enhanced expression of CD32 and CD64 induced by
HBP/HNP1-3 was due to de novo expression, we used emetine and
anisomycin. Both compounds abrogated the HBP- and HNP1-3-
mediated expression of CD32 and CD64 (Supplemental Tables 2
and 3). Moreover, whole-cell lysates of HBP-treated macrophages
exhibited higher amounts of CD64 compared with control cells
(Figure 6E). siRNA to CD64 resulted in a decreased expression of
this receptor in control cells and a markedly reduced responsive-
ness to HBP (Figure 6E), suggesting that HBP stimulates de novo
synthesis of CD32 and CD64.

The effects of HBP and HNP1-3 on the macrophage phenotype depend
on autocrine stimulation via TNF-a. and IFN-y. The classic activa-
tion of macrophages is initiated by TNF-a and IFN-y (16). We
therefore investigated whether treatment with HBP or HNP1-3
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induces release of these cytokines from macrophages. Both HBP
and HNP1-3 stimulated release of TNF-o and, to a smaller extent,
IFN-y (Figure 8, A and D). Blocking antibodies to TNF-a. signifi-
cantly reduced the effect of HBP and HNPs in the phagocytosis
assay, whereas antibodies to IFN-y had minor effects (Figure 8,
B and E). Reduced phagocytosis in response to anti-TNF-a was
related to a reduced CD32 and CD64 expression, while anti-IFN-y
exerted effects on the CD64 expression only (Figure 8, C and F). In
control experiments, we counterstained the cells with the DNA-
binding dye DAPI to adjust for the cell number. Here we reached
identical results (Supplemental Figure 5). Antibodies to TNF-a
also reduced the HBP-mediated enhancement of HLA class II,
CD40, and CD86 expression (Supplemental Figure 6, A and B). As
for the expression of CD32 and CD64, we investigated the involve-
ment of specific signaling pathways in the release of TNF-a and
IFN-y upon stimulation with HBP or HNP1-3. The HBP-induced
cytokine release was clearly prevented in the presence of the CD18
antibody IB4 and inhibitors to tyrosine kinases and MAP kinases,
while none of these treatments reduced the HNP1-3-mediated
release of TNF-a or IFN-y (data not shown). Furthermore, treat-
ment with siRNA to CD64 blocked the enhanced expression of
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this receptor in response to HBP, while levels of TNF-a. and IFN-y
remained elevated (data not shown).

Discussion

Monocytes and macrophages are important players in the immune
response and constitute together with PMNs the first line of
defense in bacterial infections. PMNs contribute to antimicrobial
activity through a variety of mechanisms, including release of anti-
microbial polypeptides (26). Here we identify what we believe to be
anovel antimicrobial mechanism of PMN-derived granule proteins
enhancing bacterial phagocytosis by macrophages. When reaching
the site of infection, PMNs release HBP and HNP1-3 from their
primary granules. These accumulate in the tissue and activate
adjacent macrophages in a paracrine manner. HBP was found to
exert its effect by activation via 3, integrins, whereas HNP1-3 act
via a yet undefined receptor. Macrophage activation leads to phe-
notypic changes, representing the pattern of classical macrophage
activation, including increased expression of CD32 and CD64. The
induction of the 2 FcyRs relates to enhanced phagocytosis of IgG-
opsonized bacteria. This functional response is essentially mediated
through autocrine stimulation via TNF-a. and IFN-y triggered by
HBP and HNP1-3.

HNP1-3 were originally isolated as endogenous peptide antibiot-
ics from the primary granules of human PMNs (27). Besides their
antimicrobial activities, a number of innate and adaptive immune
responses have been attributed to HNPs released from PMNs (2).
HNPs were shown to opsonize several different bacterial strains,
which may lead to enhanced phagocytosis (28). Since the interval
between treatment of macrophages with HNP1-3 and addition of
bacteria in our study was 24 hours and enhanced phagocytosis was
observed even in the absence of PMN-sec, we concluded that the
activity of HNPs in our model, as well as that of HBP, can be attrib-
uted to an effect on the macrophages rather than on the bacteria.
Our findings indicate that HNPs directly activate macrophages,
and rapid mobilization of intracellular Ca?* suggests binding of
HNPs to a receptor. In our study, macrophage activation was not
inhibited by treatment with the P2Y-selective inhibitor suramin,
which was reported to block HNP-mediated I1-8 release (25), or
by pretreatment with PTx, indicating that there is an additional
receptor for HNPs on macrophages.
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the respective strain.

MyD88  IRF3™

Like HNPs, HBP has primarily been identified as an antimicro-
bial PMN-derived protein with potent activity against Gram-nega-
tive bacteria (29). HBP is known to be localized in both secretory
vesicles and primary granules (30), and therefore it may seem sur-
prising that no activity was detected in the secretory vesicle fraction.
However, this granule subset is easily mobilized even after mechani-
cal irritations such as the PMN isolation procedure. Therefore it
is not unexpected that ELISA measurements showed much lower
HBP concentrations in the secretory vesicle fraction compared with
the primary granule fraction. By increasing the amount of secre-
tory vesicle fraction added to the macrophages we could detect an
enhanced phagocytic activity also in this fraction. Besides its direct
antimicrobial activity, HBP acts as an opsonin, which enhances the
uptake of S. aureus by monocytes (31). Like for HNPs, this mecha-
nism is unlikely to play a role in our study since macrophages are
exposed to recombinant HBP or PMN-sec well in advance of the
exposure to bacteria, at which time HBP is likely internalized (32).
Furthermore, the enhancing effect on phagocytosis persists even
after the protein has been washed away prior to incubation with
the bacteria. Thus, HBP has to act directly on the macrophages as
indicated by a rapid Ca?* mobilization. In line with the mechanism
proposed by our data, an enhanced phagocytosis of zymosan by
microglial cells in response to HBP was recently shown (33). This
response was associated with enhanced expression of MHC class II
(33), which is in agreement with the upregulation of HLA class Il in
our study. The significance of our finding is further highlighted by
observations in a murine disease model, in which it is reported that
i.p. application of HBP before induction of fecal peritonitis signifi-
cantly increased the survival of the mice as well as phagocytosis of
bacteria by peritoneal macrophages (34).

A critical finding of our study is the identification of 3, integrins
as the functional receptor for HBP on monocytes. Cai et al. first
described the binding of HBP to 3, integrins (23). We later demon-
strated that monocyte activation in response to HBP is blocked by
an antibody to CD18 (24). However, we now provide data that go
beyond the activation of monocytes and macrophages and show
that a physiological effect, the upregulation of CD32 and CD64
on macrophages, is blocked by pretreatment with a mAb to CD18,
suggesting f3, integrins to be the HBP receptor. This was also con-
firmed in experiments where CD18-deficient macrophages were
October 2008
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Figure 8

Involvement of TNF-a and IFN-y in the HBP- and HNP1-3-mediated enhanced phagocytosis. (A and D) Human macrophages were treated
with (A) HBP or (D) HNP1-3 and the concentration of TNF-a and IFN-y was determined by ELISA at different time points. For each analysis, 4
independent experiments were performed. TP < 0.05 indicates significant effect of treatment. (B and E) The contribution of TNF-o. and IFN-y was
assessed in the phagocytosis assay after stimulation of human macrophages with (B) HBP or (E) HNP1-3 by addition of neutralizing antibod-
ies to TNF-a (5 ug/ml) or IFN-y (10 ug/ml). For each analysis, 4 independent experiments were performed. *P < 0.05 versus HBP or HNP1-3
treatment groups. (C and F) Importance of TNF-a and IFN-y for the upregulation of CD32 and CD64 on human macrophages in response to (C)
HBP or (F) HNP1-3 evaluated through use of neutralizing antibodies. Receptor expression is assessed by immunofluorescence staining and
displayed as percent change compared with control. For each analysis, 5 independent experiments were performed. *P < 0.05 versus HBP or

HNP1-3 treatment groups.

used. Similar to HBP, elastase and proteinase-3 interact with f3,
integrins, enhancing adhesion (23, 35). However, it is not known if
this interaction merely mediates changes in the cytoskeleton or if
signaling events also induce gene transcription. In our study, how-
ever, elastase and proteinase-3 did not enhance phagocytosis.

The prototypic soluble activator of macrophages function is
IFN-y. IFN-y is best known for induction of antimicrobial effec-
tor pathways and in conjunction with TNF-a as a second signal
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(either from exogenous sources or, more physiologically, as a
result of TLR ligation) for a classical activation of macrophages,
resulting in enhanced expression of MHC class II antigens, FcyRs,
CD86, and CD40 and the release of proinflammatory cytokines
(16). The CD40 and CD86 molecules on the macrophages surface
function as costimulatory receptors during the MHC class II/
T cell receptor-based interaction with T helper lymphocytes. Here
we show an activation pattern that resembles that of the classical
October 2008 3499
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activation of macrophages. However, HBP and HNP1-3 are not
known to activate macrophages via TLRs, which is in agreement
with the conserved activity of HBP and HNP1-3 in MyD88- and
IRF3-deficient mice. Also, PMN granules do not contain TNF-a
or IFN-y and are therefore not readily released (36). Nevertheless,
both TNF-a and IFN-y can be produced and released by PMNs
during microbial stimulation, but it is unlikely that freshly iso-
lated PMNs will release sufficient amounts of TNF-o. and IFN-y
to induce a classical activation of macrophages. Instead, we show
that HBP and HNP1-3 activate macrophages in a paracrine man-
ner to produce TNF-a and IFN-y themselves. In this context, both
HBP and HNP1-3 were shown to induce TNF-o production by
monocytic cells (32, 37). Interestingly, the activation pattern of
macrophages by PMN-sec demonstrated here is similar to what has
earlier been described for dendritic cells (38), which was in part
due to the release of TNF-a..

PMN-derived antimicrobial proteins contribute to bacterial clear-
ance by several mechanisms. They exert direct antimicrobial activity
(26) or they opsonize bacteria, allowing a more efficient phagocy-
tosis (28, 31). A third antimicrobial mechanism of PMN granule
proteins was recently identified by Tan et al., who showed that the
transfer of PMN granule proteins from apoptotic PMNs to macro-
phages contributes to enhanced intracellular killing of M. tubercu-
losis (39). Here we identify what we believe to be a novel mechanism
of bacterial clearance involving HBP and HNP1-3. These 2 PMN-
derived granule components directly activate the macrophages
and strongly enhance its phagocytic activity, which we believe is of
potential value in designing new antimicrobial strategies.

Methods

Cell culture. Human PMNs and monocytes were isolated as described previ-
ously (8). Whole blood for isolation of PMNs and buffy coats (Blood cen-
ter, Karolinska Hospital) for isolation of monocytes were obtained with
informed consent from healthy blood donors. Approval for experiments
on human subjects was given by the Regional Ethical Committee, Stock-
holm. Differentiation of monocytes to macrophages was achieved by plat-
ing monocytes on cell culture dishes and subsequent culture over 8 days in
M199 (Invitrogen), containing 10% FBS, penicillin (100 U/ml), and strep-
tomycin (100 ug/ml). siRNA SMARTpool for FcyR1 was purchased from
Dharmacon and transfection was performed as described by the manufac-
turer. GenBank accession numbers and sequences are listed in Supplemen-
tal Table 4. CD32 and CD64 expression was analyzed in the presence of
various signaling inhibitors: emetine (100 uM; Sigma-Aldrich), anisomycin
(1 uM; Sigma-Aldrich), IB4 (10 ug/ml; a gift from S.D. Wright, Rockefeller
University, New York, New York, USA), PTx (100 ng/ml; Gibco), genistein
(100 uM; Calbiochem), wortmannin (200 uM; Calbiochem), GF109203
(5 uM; Calbiochem), PD98059 (20 uM; Calbiochem), U73122 (S uM; Cal-
biochem), herbimycin (1 uM; Calbiochem).

Preparation of PMN-sec. PMNs were activated by antibody cross-linking of
CD18 as described before (8). PMNs were sedimented and the supernatant
containing PMN-sec was collected, filtered, and stored at -70°C until use.
Granule release in response to cross-linking of f; integrins was monitored
by Western blot and MPO analyses. In some experiments, PMN-sec was
either heat inactivated for 15 minutes at 60°C or digested with pepsin.

Phagocytosis assay. Fluorescent S. aureus and E. coli as well as opsonizing
reagent (Molecular Probes) were reconstituted as indicated by the manu-
facturer. IgG opsonization was achieved according to the manufacturer’s
instructions. Complement opsonization was attained by incubation of
bacteria with fresh human serum at 37°C for 1 hour. Opsonized particles
were washed and seeded onto macrophages cultured in a 96-well plate ata
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ratio of 10 bacteria per cell for 1 hour at 37°C. Thereafter, trypan blue was
added and cells were fixed. The amount of fluorescent particles per cell was
quantified by a blinded observer using fluorescence microscopy (Nikon
TE300), counting 2 random microscopic fields per well.

Anti-CD16 (MEM-154; BioVendor), anti-CD32 (AT10; GeneTex), and
anti-CD64 (10.1; ImmunoTools) were added to the macrophages at 10
ug/ml 30 minutes before addition of IgG-opsonized bacteria. Anti-TNF-a.
(5 ug/ml; Mab1; BioLegend) and anti-IFN-y (10 ug/ml; NIB42; BioLegend)
were added 30 minutes before stimulation.

The following proteins were used at the indicated concentrations to
stimulate human macrophages for 24 hours before accomplishment of
the phagocytosis assay: elastase (Costa Mesa), proteinase-3 (Wieslab),
HNP1-3 (purified from human PMN; ref. 40), lysozyme (Sigma-Aldrich),
cathepsin G (Sigma-Aldrich), MPO (Green Corporation), and HBP (pro-
duced as described in ref. 41; gift from H. Flodgaard, Leukotech A/S,
Copenhagen, Denmark).

Bacterial killing assay. Macrophages were incubated with S. aureus (New-
man) or E. coli (D21). After 1 hour, extracellular bacteria were washed off by
extensive rinsing. Macrophages were disrupted by hypotoniclysisat0, 1,4,
and 24 hours, releasing ingested bacteria. Viable bacteria were then grown
on Luria Bertani agar over night and the colonies enumerated.

Peritonitis model. Wild-type BALB/c or C57BL/6 mice as well as gene-tar-
geted CD187/~, MyD88~/~, and IRF3~/~ mice (a gift from P. Liljestréom, Karo-
linska Institute, Stockholm, Sweden) were used for in vivo experimenta-
tion. All genetically modified animals were on C57BL/6 background. Mice
were of either sex, weighed 20-25 g, and were between 4 and 8 weeks old.
Thioglycollate broth was injected i.p. and peritoneal macrophages were
harvested and isolated after 4 days as described (42). PMN depletion was
performed by daily i.p. injections of 250 ug RB6-8C5 mADb (a gift from A.G.
Rothfuchs, NIH, Bethesda, Maryland, USA) starting 1 day before thiogly-
collate injection. Such treatment induces a rapid and selective depletion
of PMNss (9, 36, 43). Controls were injected with isotype-matching anti-
body. To monitor neutropenia (<500 PMN/ul and <20% of basal value)
peripheral blood cells were counted manually and differentiated using
FACS. PMN-sec (500 ul) was injected i.p. daily. HNP1-3 (2 ug/mouse) or
HBP (10 pg/mouse) were injected i.p. 48 and 24 hours before peritoneal
macrophages were harvested. Peritoneal macrophages were seeded onto a
96-well plate (105 cells/well) and the phagocytosis assay was performed.
The fluorescence intensity reflecting the number of phagocytosed bacte-
ria was quantified in a plate reader (Fluoroskan Ascent; Labsystems). The
number of macrophages and PMNs in the peritoneal lavage fluid was ana-
lyzed by FACS based on staining with anti-Gr1 (BioLegend), anti-CD45
(Serotec), and anti-F4/80 (Serotec). The activity of MPO and MMP-9 in the
lavage fluid was determined using specific substrates (9, 36).

Peritonitis experiments with male Sprague-Dawley rats (500-550 g) were
performed as described for mice. PMN depletion was achieved by injec-
tion of anti-PMN serum (1 ml/kg; Cedarlane). Injections with HNP1-3
(20 pg/rat) and HBP (100 ug/rat) and subsequent analysis of the phago-
cytic capacity of peritoneal macrophages was conducted as described for
mice. All animal experiments were approved by Stockholm North Animal
Ethics Committee.

Ca?*-mobilization. Macrophages were cultured in a 96-well plate and labeled
(37°C, 30 minutes) with the Ca?*-sensitive fluorophore fluo-4/AM (Molec-
ular Probes) as described (8). Cells were then subjected to HBP, HNP1-3, or
sham treatment. The fluorescence intensity was recorded in a plate reader
before and every 30 seconds until 300 seconds after stimulation.

Protein enrichment and HPLC. Proteins in the PMN-sec were enriched with
an OASIS column (Waters). After addition of trifluoroacetic acid (TFA) to
the PMN-sec to a final concentration of 0.1% TFA, the solution was cen-
trifuged. The supernatant was then loaded onto an OASIS 1-cc column
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(Waters), activated by acetonitrile (ACN), and equilibrated in 0.1% aqueous
TFA. The column was washed with 0.1% TFA and proteins were eluted with
80% ACN in 0.1% TFA followed by lyophilization. The lyophilized material
was redissolved in 0.1% TFA and protein content was quantified.

Proteins and peptides were separated by HPLC using an AKTA purifier
system (Amersham Pharmacia Biotech). Reversed-phase chromatography
was performed on a Vydac C18 column (Separations Group) equilibrated
in 0.1% TFA at a flow rate of 1 ml/min. A gradient of 0%-30%, 30%-60%,
and 60%-80% in 37 minutes, 30 minutes, and 12 minutes, respectively, was
employed, and the effluent was monitored at 214 nm. The collected frac-
tions were lyophilized and used for further analyses.

Amino acid sequence analysis. To confirm the identity of HNP1-3, N-ter-
minal sequence analysis was employed. Peptides were first reduced with
1 mM DTT in 500 mM ammonium bicarbonate (Ambic) at 37°C for
2 hours. Thereafter, they were alkylated with 10 mM iodoacetamide in 500
mM Ambic for 15 minutes and applied onto Applied Biosystems Prosice
cLC sequencer (PE Applied Biosystems).

Trypsin digestion and peptide mass fingerprinting. The SDS-PAGE of fraction
60-62 used for Western blot was Coomassie stained after the transfer step.
A visualized band of 27 kDa was manually excised and proteins were in-
gel digested with trypsin, using the MassPREP robotic protein handling
system (Waters). The gel plug was destained twice with 100 ul of 50 mM
Ambic in 50% (volume/volume) ACN at 40°C for 10 minutes. Thereaf-
ter protein(s) were reduced with 10 mM DTT in 100 mM Ambic for 30
minutes, alkylated with 55 mM iodoacetamide in 100 mM Ambic for 20
minutes, and dehydrated in ACN. A solution of 25 ul trypsin (12 ng/ul,
Promega) in 50 mM Ambic was added and digestion was carried out for
S hours at 40°C. Peptides were extracted with 30 ul 1% formic acid/2%
ACN, followed by extraction with 2 x 15 ul 50% ACN. The molecular
weight of the obtained fragments was determined with MALDI-MS and
polypeptides were identified by database searches using the ProteinPros-
pector MS-Fit program (http://prospector.ucsf.edu).

MALDI-MS. Samples from the HPLC fraction 46 and the digested pro-
tein extracted from the gel piece were mixed (1:1) with matrix (saturated
a-cyano-4-hydroxy-cinnamic-acid in ACN containing 0.1% TFA) on a tar-
get plate and left to dry. The peptides were then analyzed for their mass
values with MALDI-MS using an Applied Biosystems Voyager DE-PRO
instrument (Foster City).

Immunocytochemistry. Human macrophages were cultured in 96-well
plates and stimulated with PMN-sec for 24 hours. Thereafter, the cells were
washed and incubated with 0.5% BSA in PBS for 15 minutes. Cell surface
staining was carried out applying fluorescently labeled mAbs for 30 min-
utes at room temperature directed against the following antigens: CD36,
CD80, CD86, HLA class II, CD40, CD25, CD14, CD11c, CD35, CD32, and
CD64 (all FITC-labeled, ImmunoTools); and FITC-CD62L, PE-CD11b, and
PE-CD16 (all Becton Dickinson). After staining, macrophages were washed
and the fluorescence intensity was analyzed in a fluorescence plate reader.
In selected experiments, macrophages were counterstained with DAPI (300
nM, 2 min, in PBS) to adjust for the number of cells in the 96-well dish.

Subcellular fractionation of PMNs. Subcellular fractionation of PMN was
performed by density centrifugation on Percoll gradients as described
before (17). Using a peristaltic pump, 1-ml fractions were collected by aspi-
ration from the bottom of the tube. To remove Percoll, fractions were cen-
trifuged for 90 minutes at 100,000 g in an ultracentrifuge (L-60; Beckman
Instruments Inc.) at 4°C.
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Western blot and dot blot analyses. Localization of subcellular organelles
in the fractions obtained by subcellular fractionation was determined by
analysis for markers specific for certain granules. MPO was quantified as
previously described (36). Relative amounts of CD35, MMP-9, and lactofer-
rin in the fractions were analyzed by SDS-PAGE and Western blotting as
described before (44). Western blot analysis was also used to investigate the
presence of HBP in fraction 60-62 and to monitor release of PMN granules
after 8, integrin cross-linking. The following antibodies were used: anti-
MMP-9 (1:500; Sigma-Aldrich), anti-lactoferrin (1:500; Sigma-Aldrich),
anti-CR1 (1:200; ImmunoTools), anti-HBP (1:200; a gift from Hans Flod-
gaard), and anti-albumin (1:500; DAKO).

All chromatographic fractions were screened for the presence of HNP1-3
and HBP with dot blot analyses. The 1-ul samples were spotted onto a
membrane (Amersham Biosciences) and left to dry. For the HNP1-3-dot
blot, the membrane was fixed with 0.05% glutaraldehyde for 30 minutes,
followed by washing for 3 x 10 minutes. Thereafter, the membranes were
treated in the same manner as for the PVDF membranes described above.

Immunoabsorption of HNP1-3 and HBP. Monoclonal HNP1-3 antibody or
monoclonal HBP antibody were coupled to Protein A Sepharose (CL-4B;
Amersham Pharmacia Biotech). After PMN-sec was precleared with Protein
A Sepharose the antibody/Protein A Sepharose complexes were incubated
with the PMN-sec under gentle rotation over night at 4°C. The beads were
spun down, and the efficacy of immunoadsorption was verified with West-
ern blot for HBP and dot blot for HNP1-3.

ELISA. Concentrations of TNF-a and IFN-y (eBioscience) were analyzed
in the poststimulatory cell-free supernatant using a commercial ELISA kit
following the manufacturer’s instruction. HBP concentrations were deter-
mined by ELISA as described before (30).

Statistics. The statistical calculations were done using Statistica 7.1 (Stat-
soft Inc.). Data were tested for normality and are expressed as mean + SD.
Data in Figure 6, B and F, were analyzed with 2-way repeated-measures
ANOVA (treatment x time) followed by planned comparisons. Data in
Figure 5B, Figure 6, A and C, and Figure 8, A and D, were analyzed using
1-way ANOVA followed by Tukey’s HSD test. All other data were analyzed
with ¢ test for independent samples followed by Bonferroni correction for
multiple comparisons when appropriate. A P value of < 0.05 was consid-

ered significant.
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