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During microbial infection, neutrophils (polymor-
phonuclear leukocytes; PMNs) activate dendritic cells
(DCs). However, early reports illustrated that neutro-
phil-derived mediators may suppress responses to
mitogens. In the present study, we investigated the
mechanism used by PMNs to modulate the immunos-
timulatory ability of DCs. Autologous syngeneic PMNs
decreased T-cell proliferation induced by allogeneic
DCs. Culture supernatant (CS) derived from PMNs also
decreased allostimulation ability of immature DCs and
increased the expression of transforming growth factor
(TGF)-�1 on DCs. A TGF-�1 monoclonal antibody, a
CD40 monoclonal antibody, or a serine protease inhib-
itor reversed the effect of PMN CS on DC allostimulatory
ability. Furthermore, elastase reproduced the inhibitory
effect of PMN CS on DC allostimulatory ability and the
TGF-�1 production. The role of elastase was confirmed
by examining PMN CS from two patients with cyclic
neutropenia, a disease due to mutations in the neutro-
phil elastase gene. These PMN CS samples had reduced
elastase activity and were unable to increase DC TGF-�1
production. Moreover, elastase and PMN CS induced
I�B� degradation in DCs. We conclude that PMNs de-
crease DC allostimulatory ability via production of elas-

tase leading to a switch of immature DCs into TGF-�1-
secreting cells. (Am J Pathol 2007, 171:928–937; DOI:

10.2353/ajpath.2007.061043)

Human polymorphonuclear leukocytes (neutrophils or
PMNs) constitute the first line of defense against most
classes of pathogenic microorganisms and contribute
significantly to inflammation.1,2 In response to patho-
gens, neutrophils are activated and migrate along che-
moattractant gradients to sites of infections, where they
engulf pathogens by phagocytosis or kill extracellular
pathogens in the absence of phagocytosis.3,4 For the
former mechanism, they eliminate pathogens within intra-
cellular phagocytic vacuoles by releasing proteolytic en-
zymes, antimicrobial peptides, and toxic oxygen radicals
from granules.5 For the latter mechanism, PMNs generate
extracellular fibers composed of DNA, histones, and
granule proteins such as elastase, cathepsin G, de-
fensins, and reactive oxygen species.4 Thus, their effec-
tor functions at sites of infection include not only phago-
cytosis but also production of toxic metabolites and the
release of proteolytic enzymes. Although these functions
facilitate the elimination of invading organisms, they can
also cause severe tissue damage.6 Once at the site of
infection, PMNs may interact with pathogens but also with
surrounding tissues and cells of the immune system in-
cluding dendritic cells (DCs).7,8
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Distributed throughout the body, DCs are a heteroge-
neous group of cells that play a critical role in the induc-
tion of acquired immune responses.9 DC precursors and
progenitors exit the bone marrow and circulate via blood
until they seed many tissues and non-lymphoid organs as
immature cells. As immature DCs in the tissues, they
express low levels of major histocompatibility complex
and costimulatory molecules, and they are very effective
in capturing and processing antigens. Once DCs en-
counter local inflammatory mediators, they become acti-
vated and undergo a maturation process. This process
involves their mobilization from the periphery to the lymph
node and spleen T-cell areas, the down-regulation of
their antigen capture capacity as well as the up-regula-
tion of the costimulatory molecules to become potent
immunostimulatory cells.10,11

In infection or tissue injury, DC activation and matura-
tion occur rapidly, typically noted within 1 to 4 hours,12

often preceding the peak of PMN accumulation at the
site. DCs indeed have the capacity to recruit and activate
cells of the innate immune system, even PMNs and im-
mature DCs.13 Once in the inflammatory site, PMNs may
interact with DCs to modulate their function and the in-
duced T-cell responses. Recently it has been shown that
during microbial infection, PMNs affect DC activation
leading in turn to Th1 cell activation.7,14 It was suggested
that this effect is mediated by the interaction between
DC-SIGN and Mac-1 on DCs and PMNs, respectively.14

However, early reports illustrated that neutrophil-derived
mediators may suppress responses to mitogens.15 In this
study, we further examined the interaction between
PMNs and DCs. We hypothesized that PMNs are able to
differentially modulate the immune response depending
on the density of the cells found in the inflammatory
microenvironment.

Materials and Methods

Monoclonal Antibodies

A number of monoclonal antibodies (mAbs) that recog-
nize antigens present on DCs were used in vitro. These
included mAbs anti-CD1b (Wm25, IgG1 from Chemicon
International, Temecula, CA), anti-HLA-DR (HB-55,
IgG2a from the American Type Culture Collection, Man-
assas, VA), anti-CD86 (FUN-1, IgG1; PharMingen, San
Diego, CA), and CD83 (HB15A, IgG2b; Immunotech,
Marseille, France). Other mAbs used were anti-CD14
(3C10, IgG2b from the American Type Culture Collection),
anti-CD11b (2LPM19c IgG1 from DAKO, Carpinteria, CA),
anti-CD54 (84H10, IgG1; Immunotech), and anti-CD40
(PharMingen). A neutralizing mouse mAb (clone 9016,
IgG1; R&D Systems Inc., Minneapolis, MN) against human
transforming growth factor (TGF)-�1 was used to block
TGF-�1 activity. Other antibodies used for TGF-�1 enzyme-
linked immunosorbent assay (ELISA) were clones mAB240
and BAf240 from R&D Systems.

Patients and Healthy Blood Donors

Two patients were enrolled for these studies after giving
informed consent according to the Declarations of Hel-
sinki. Patient 1 (15-year-old female) was diagnosed with
cyclic neutropenia based on at least three blood neutro-
phil counts of �500/ml and the typical clinical manifes-
tations. Patient 2 (25-year-old male) had typical 21-day
cycles of neutropenia, mouth ulcers, chronic gingivitis,
and fever and is the father of two children (one deceased,
one alive) with the diagnosis of cyclic neutropenia. Both
patients were studied while off granulocyte colony-stim-
ulating factor treatment for at least 3 weeks and had been
observed clinically by one of the investigators for 2 years
before these studies. Blood samples were obtained dur-
ing the recovery phase of the neutrophils by routine ve-
nipuncture. Furthermore, 30 healthy volunteers donated
blood for these studies.

Blood Monocyte Isolation and Monocyte-Derived
DC (moDC) Culture

Human DCs were generated from monocytes as previ-
ously described with minor modifications.16 In brief,
blood was obtained from healthy donors, and the periph-
eral blood mononuclear cells (PBMCs) and monocytes
were isolated by a Ficoll-Hypaque (Pharmacia LKB Bio-
tech, Piscataway, NJ) gradient, followed by a Percoll
(Pharmacia Fine Chemicals, Dorval, PQ, Canada) gradi-
ent.17 Once the monocyte fraction was recovered, these
cells were cultured (5 � 106 cells/ml) for 5 days in RPMI
1640 medium supplemented with 2 mmol/L L-glutamine,
50 �g/ml gentamicin, 50 �mol/L 2-mercaptoethanol, 800
U/ml granulocyte macrophage colony-stimulating factor,
500 U/ml interleukin (IL)-4 (Sigma Chemical Co., St.
Louis, MO) and 10% heat-inactivated fetal calf serum
(Gibco, Grand Island, NY). MoDCs were identified by
immunofluorescence staining of the cells. In some exper-
iments, moDC maturation was induced by treating the
cells with 50 ng/ml lipopolysaccharide (LPS) for 18 hours
(from Escherichia coli 0111:B4; Sigma).

Human PMN Leukocyte Purification from
Normal Donors and Patients with
Cyclic Neutropenia

Human PMNs were purified as described previously18 from
acid citrate dextrose-heparin-anticoagulated venous blood
of healthy do citrate dextrosenors and patients with cyclic
neutropenia. Briefly, red cells were sedimented with 6%
dextran-saline (Rivero, Buenos Aires, Argentina), leukocyte-
rich plasma was collected, and PMN leukocytes were pu-
rified by discontinuous Percoll gradient centrifugation,18

washed, and resuspended to 2.5 � 106 PMN/ml in RPMI
1640 medium, 0.5% human serum albumin (HSA), and 10
mmol/L HEPES, pH 7.4.18 This method yielded PMNs of
�95% purity with essentially no red cell contamination and
�98% cell viability.
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Flow Cytometric Analysis

The characterization of the DCs was performed by immu-
nofluorescence as previously described.16 DCs were in-
cubated with primary mAb at optimal concentrations (5 to
10 �g/ml) for 45 minutes. Finally, cells were treated with
R-phycoerythrin-conjugated goat anti-mouse Ig (DAKO,
Glostrup, Denmark) for 45 minutes. For negative controls,
cells were labeled with irrelevant isotype-matched pri-
mary mAb. Fluorescence intensity was analyzed using a
FACStar Plus (Becton Dickinson, Mountain View, CA),
and dead cells were excluded by gating with propidium
iodide.

Neutrophil and DC Culture Supernatants (CS)

To obtain PMN CS, PMNs were primed (pPMNs) with IL-8
(50 ng/ml), LPS (100 ng/ml), or formyl-Met-Leu-Phe (10�8

U/ml) for 10 or 60 minutes or used unprimed (uPMNs).
Next, the cells (107 PMN/ml) were washed with phos-
phate-buffered saline and incubated in serum-free RPMI
1640 medium with 5 mg/ml HSA at 37°C for 3 hours.
Thereafter, supernatants were centrifuged at 1200 rpm
for 10 minutes and immediately dispensed in aliquots
and frozen at �70°C.

To generate DC CS, the cells were untreated or
treated with 100 �l of PMN CS or elastase (0.5 to 50
nmol/L) for 3 hours. Thereafter, the cells (2 � 106

moDC/ml) were washed with phosphate-buffered sa-
line and incubated for 80 hours in RPMI 1640 medium
supplemented with 2 mmol/L L-glutamine, 50 mg/ml
gentamicin, 50 mmol/L �-mercaptoethanol, 800 U/ml
granulocyte macrophage-colony stimulating factor,
and 500 U/ml IL-4. Supernatants were centrifuged at
1200 rpm for 10 minutes and immediately dispensed in
aliquots and frozen at �70°C. In some experiments
PMN CS were pretreated with recombinant human
serine leukocyte protease inhibitor
(rhSLPI; 5 to 3000 nmol/L, 37°C, 10 minutes) to block
the elastase activity, and then supernatants plus rh-
SLPI were incubated with DCs for another 3 hours.

Mixed Lymphocyte Reaction (MLR)

DCs incubated with PMNs or treated with PMN CS were
tested for allostimulatory ability. For the first group of
experiments, 105 PBMCs were cultured in 96-well mi-
croplates (round-bottomed) with different concentra-
tions of allogeneic DCs and different concentrations of
primed or unprimed autologous syngeneic PMNs (103

to 105). For the second group of experiments, 105

PBMCs were cultured in 96-well microplates with
uPMN- or pPMN-CS-treated stimulator DCs. Thymidine
incorporation was measured on day 5 by 18-hour pulse
with [3H]thymidine (1 �Ci/well, specific activity 5 mCi/
mmol; Amersham Life Sciences). In some experiments,
TGF-�1 or a blocking mAb to TGF-�1 was added at the
beginning of MLR assay. For some experiments, and to
avoid cell-cell interaction, PMNs and PBMCs were sep-
arated by a polyvinylpyrrolidone-free polycarbonate fil-

ter bearing 0.4-�m pores in Transwell culture plate
inserts (6.5-mm diameter, Transwell 3413; Costar,
Cambridge, MA).

TGF-�1 Bioassay (Mink Lung Cell
Proliferation Assay)

To assay for TGF-�1 activity, we performed a growth
inhibition assay essentially as described by Fukushima et
al.19 In brief, Mv1Lu cell line (CCL-64; American Type
Culture Collection) was seeded at 2 � 104 cells/50 �l/well
in Dulbecco’s modified Eagle’s medium supplemented
with 0.4% fetal bovine serum. An hour later, 50 �l of CS
derived from untreated DCs or from DCs pretreated with
PMN CS were added to measure the active TGF-�1. Cells
were also assayed with CS heated for 5 minutes at 80°C
to activate latent TGF-�1 and evaluate total TGF-�1 se-
creted. A standard curve with recombinant TGF-�1 (R&D
Systems) (0.02 to 3 ng/ml) was performed in each assay.
After 20 hours, the plate was pulsed with 1 �Ci/well of
[3H]thymidine for 18 additional hours and harvested us-
ing a multiwell cell harvester.

Reverse Transcription-Polymerase
Chain Reaction

To determine whether DCs express mRNA for TGF-�1,
we performed reverse transcription-polymerase chain re-
action. Total cellular RNA was isolated from 106 purified
untreated and PMN-CS-treated DCs by the guanidinium
isothiocyanate phenol method using TRIzol LS Reagent
(Gibco BRL, Grand Island, NY).20 Equal starting concen-
trations of total RNA were used as the template for the
reverse transcriptase reaction. cDNA synthesis was per-
formed according to the manufacturer’s recommenda-
tions (Superscript II; Gibco BRL). Reverse transcription-
synthesized cDNA (2 �l) was then mixed with 5 �l of 10�
polymerase chain reaction buffer (500 mmol/L KCl and
200 mmol/L Tris-HCl, pH 8.3), 1.5 mmol/L MgCl2, 1 �l of
the relevant 10 mmol/L oligonucleotide primer set, and 1
U of Taq polymerase (Gibco BRL) to a final volume of 50
�l. The primers had the following sequence: sense 5�-
GCCCTGGACACCAACTATTGCT-3�, and antisense 5�-
AGGCTCCAAATGTAGGGGCAGG-3�, with the predicted
product of 162 bp. The cDNA was amplified for one cycle
of 5 minutes at 94°C, 5 minutes at 59°C, and 2.5 minutes
at 72°C; and 22 cycles of 1 minute at 94°C, 1 minute at
59°C, and 1 minute at 72°C. �-Actin cDNA was amplified
for each sample to serve as a normalized control. Ampli-
fied products together with a DNA ladder as a size stan-
dard were resolved on a 2% agarose gel, and products
were visualized with ethidium bromide staining. Densito-
metric analysis and quantification were done using an
Image Quant program (MD ImageQuant software, ver-
sion 3.3; Molecular Dynamics, Sunnyvale, CA).

Intracellular Cytokine Staining of DCs

DCs treated with PMN CS were recovered and incubated
for another 4 hours at 37°C with brefeldin A (10 �g/ml;
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Sigma). After washing, cells were fixed with fixation so-
lution, permeabilized with permeabilization solution, and
stained with anti-IL-12 R-phycoerythrin (R-PE) to detect
p70 (IQ Products, Groningen, The Netherlands), anti-
TGF-�1 (IQ Products), or isotype negative control anti-
body (Invitrogen, Carlsbad, CA) in the presence of the
permeabilizing agent. The cells were then analyzed by
flow cytometry.

Detection of TGF-�1 and IL-10 by ELISA

Cytokine concentrations in DC CS were detected by
sandwich ELISA. In brief, ELISA plates (Falcon, Franklin
Lakes, NJ) were coated with primary antibody for IL-10 (1
�g/ml) or TGF-�1 (5 �g/ml). The next day, the nonspe-
cific binding sites were blocked with phosphate-buffered
saline-2% bovine serum albumin (30 minutes, 37°C). Se-
rially diluted cytokine standards and samples were then
added and incubated overnight at 4°C. Wells were then
washed, and secondary goat anti-IL-10 or anti-TGF-�1
antibody was added. After 90 minutes of incubation, the
wells were washed, and peroxidase anti-goat IgG was
added (60 minutes, 37°C). Then, O-phenylenediamine
(Sigma) substrate solution was added and incubated for
10 to 30 minutes. The absorbance was read at 492 nm.
The assay was performed using matched paired antibod-
ies specific for TGF-�1 (R&D Systems) and IL-10 (Endo-
gen, Woburn, MA). The sensitivity of assays was 0.5
ng/ml for TGF-�1 and 30 pg/ml for IL-10.

Cloning and Expression of rhSLPI cDNA

Human SLPI mRNA was extracted from HeLa cells, re-
verse transcribed to cDNA, and cloned using standard
techniques. Sequencing was performed by DNA auto-
matic sequencing facility at the National University of La
Plata, Buenos Aires, Argentina. For sequence compari-
son and analysis, the EMBL, Swiss-Prot, and GenBank
molecular biology databases were searched using the
network service (National Center for Biotechnology Infor-
mation, National Library of Medicine, Bethesda, MD). E.
coli strain BL21 CodonPlus (DAE)-RIL (Novagen, EMD
Biosciences, Inc., Darmstadt, Germany) was transformed
with the SLPI-pET22b� expression vector (Novagen) and
grown at 37°C with ampicillin (100 �g/ml) and chloram-
phenicol (50 �g/ml). Cells were induced with 1 mmol/L
IPTG (3 hours, 28°C), harvested, and sonicated. rhSLPI
was purified with a Ni-NTA resin column as described by
the manufacturer (Qiagen). To evaluate the activity of
rhSLPI, the trypsin inhibitory activity was assayed with the
colorimetric substrate N-succinyl-Ala-Ala-Pro-Phe q-ni-
troanilide (Sigma), and the absorbance was monitored at
405 nm in a microplate reader.

Elastase Activity Assay

PMN CS was diluted 1:3 in Tris-buffered saline (pH 7.5)
containing the substrate N-methoxysuccinyl-Ala-Ala-Pro-
Val p-nitroanilide (Sigma) to a final concentration of 0.6
mmol/L. At the same time, reaction wells with a known

concentration (20 nmol/L) of human leukocyte elastase
(Sigma) instead of PMN CS were assayed, and the kinet-
ics of the enzyme reaction was measured in an ELISA
plate reader at 1-minute intervals over a 20-minute pe-
riod. Then the velocity of the enzyme reaction was cal-
culated from an optical density/time plot, and the con-
stant for this reaction (k) was deduced from the standard
reaction with a known concentration of elastase. The
formula used for the determination of neutrophil elastase
concentration was: V � [Et] k2[S]/[S] �Km. If [S] ��Km,
then Vmax � k2 [Et], where Km elastase � 0.21 mmol/L
([Et], elastase concentration; and [S], substrate
concentration).

Western Blot

For polyacrylamide gel electrophoresis and Western
blot, cells were incubated for 1 hour in ice with an
extraction buffer: Tris-buffered saline (1�), protease
inhibitor (1�), and 3-[(3-cholamidopropyl)dimethylam-
monio]propanesulfonate (1%) (Sigma). After centrifuga-
tion at 12,000 � g for 15 minutes at 4°C, the detergent
supernatant was removed and the protein quantified by
the Micro BCA Protein Assay Reagent Kit (Pierce, Rock-
ford, IL). The samples were boiled in sodium dodecyl
sulfate-sample buffer containing dithiothreitol (0.2 mol/L)
(Sigma) and analyzed by electrophoresis on a 6% poly-
acrylamide gel in the presence of sodium dodecyl sulfate.
After electrophoresis, gels were transferred to nitrocellulose
membrane and subjected to Western blot analysis using
enhanced chemiluminescence (Amersham Corp., Arlington
Heights, IL) with a polyclonal antibody to I�B-� (C-21; Santa
Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:1000
and goat-rabbit IgG (Chemicon International).

Statistical Analysis

Analysis of variance was used for statistical analysis of
the data, with individual group means compared using
post hoc Student-Newman-Keuls analysis and Dunnett’s
multiple comparisons test as indicated in the figure leg-
ends. P � 0.05 was considered not significant.

Results

Effect of PMNs on MLR Induced by
Allogeneic DCs

The effect of PMNs on allostimulatory ability of DCs was
determined by performing MLR in the presence of differ-
ent amounts of PMNs. Figure 1A shows that the prolifer-
ation of lymphocytes induced by graded doses of viable
allogeneic stimulator DCs in the presence of autologous
(syngeneic) PMNs were influenced by the number of
PMNs added. A significant decrease in the allogeneic
lymphoproliferation induced by 104 and 2 � 104 alloge-
neic DCs was seen with 1.25 � 104, 5 � 104, and 105

PMNs, but not with 2.5 � 104 added PMNs. A decrease
was also observed with 105 added PMNs for proliferation
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induced by 4 � 104 and 8 � 104 allogeneic DCs. In
contrast, 2.5 � 104 PMNs increased the lymphocyte pro-
liferation induced by 4 � 104 allogeneic DCs. It is impor-
tant to note that for these experiments (n � 4), the mean
of proliferation induced by DCs in the absence of PMNs
was 21,246 � 740, 29,164 � 839, 32,836 � 909, and
36,894 � 599 cpm for 104, 2 � 104, 4 � 104, and 8 � 104

DCs, respectively (100% relative proliferation for each
DC concentration used). Furthermore, the possibility of
induction of apoptosis or necrosis of DCs by PMNs was
excluded by performing annexin V-fluorescein isothio-
cyanate and propidium iodide staining (see Supplemen-
tal Figure 1 at http://ajp.amjpathol.org).

Bacterial infections or the endotoxin LPS (bacterial cell
wall components of gram-negative bacteria) prime, acti-
vate, and induce neutrophil migration. Therefore, the effect
of PMN-LPS priming was next examined on allostimulatory
ability of DCs. For this, PMNs were primed with LPS for 10
minutes and 1 hour followed by thorough washes to remove
the LPS. Then, PMNs were incubated with allogeneic DCs
and syngeneic lymphocytes. Figure 1B shows that both
5 � 104 and 105 PMNs primed with LPS either for 10
minutes or 1 hour decreased the allogeneic lymphopro-

liferation induced by DCs. However, the decrease ob-
served with uPMNs was more pronounced and occurred
with as few as 2 � 104 cells. From here on, the value of
100% relative proliferation was the mean of proliferation
induced by 2 � 104 DCs in the absence of PMNs
(30,739 � 664 cpm for n � 34). The decrease in the
allogeneic lymphoproliferation was due to soluble fac-
tor(s) released by the PMNs, because the effect was also
observed with DCs that had been incubated with PMNs
separated by a polyvinylpyrrolidone-free polycarbonate
Transwell filter bearing 0.4-�m pores (Figure 1C).

Effect of PMN-Derived CS on MLR Induced by
Allogeneic DCs

Next, we assessed the lymphocyte proliferation induced
by CS derived from allogeneic immature and mature DCs
previously treated for 3 hours with uPMNs. Figure 2A shows
that CS derived from DCs preincubated with uPMNs de-
creased the immunostimulatory ability of immature but not
mature (18-hour LPS-treated) DCs. Furthermore, mature
DCs treated with uPMN-derived CS slightly increased the
allogeneic response. PMN CS derived from pPMNs treated
with IL-8, LPS, or formyl-Met-Leu-Phe was also examined.
Figure 2A shows that CS from pPMNs treated with IL-8, LPS,
or formyl-Met-Leu-Phe for 1 hour was able to decrease the
lymphocyte proliferation induced by DCs. At least 50%
volume of uPMN- or pPMN-derived CS was necessary to
produce the effect on DC allostimulatory capacity (data not
shown). Furthermore, the CS has to be conditioned for at
least 90 and 180 minutes with pPMNs and uPMNs, respec-
tively, to observe the described effect (data not shown).
Due to the lack of significant differences between uPMN
and pPMN CS, thereafter we used 50% of uPMN or pPMN
CS conditioned for 180 minutes to treat DCs.

To elucidate the mechanisms by which PMN CS de-
creased the immunostimulatory ability of DCs, we first ex-
cluded the induction of apoptosis or necrosis of DCs by
PMN CS. The treatment of DCs with pPMN CS for 24 hours
did not induce apoptosis or necrosis of DCs based on the
staining of DCs with annexin V and propidium iodide (see
Supplemental Figure 2 at http://ajp.amjpathol.org).

The expression of costimulatory and adhesion mole-
cules was also investigated. The treatment of immature
DCs with IL-8 pPMN CS did not modify the expression of
MHC class I (not shown) and II, CD83, CD86, CD40, and
CD18 (Figure 2B). Furthermore, the experiment allowed
us to characterize and reconfirm the immature phenotype
of immature DCs used in the assays.

The pattern of cytokines produced by immature DCs
after treatment with uPMN CS or IL-8 pPMN CS was next
examined. The production by immature DCs of IL-10 and
IL-12 (p70) was almost undetectable, and the CS treat-
ment did not modify results (data not shown). However,
IL-8 pPMN-CS-treated DCs showed a higher amount of
intracellular TGF-�1 staining compared with untreated
DCs (Figure 3A). This was confirmed by ELISA measur-
ing TGF-�1 on DC-derived CS previously treated with
IL-8 pPMN CS (Figure 3B). We excluded that the TGF-�1
was derived from the IL-8 pPMN CS used to treat the

Figure 1. Effect of PMNs on DC’s immunostimulatory ability. A: MLR induced
by graded doses of viable allogeneic DCs in the presence of different
concentrations of autologous (syngeneic) PMNs. Stimulator allogeneic DCs
(1 to 8 � 104) were incubated with 105 responder PBMCs and 1.25 to 10 �
104 syngeneic PMNs. Thus, responder cells (PBMCs) and PMNs were related
to the donor and unrelated to DCs. B: MLR induced by viable allogeneic DCs
(2 � 104) in the presence of different concentrations of unprimed or LPS
autologous (syngeneic) PMN-primed at two different time points. C: Alloge-
neic DCs (2 � 104) were incubated with 105 PBMCs, and 105 syngeneic PMNs
were added above or below a Transwell (TW) bare 0.4-�m polycarbonate
filter. After 4 days, cells were pulsed with 1 �Ci of [3H]thymidine per well for
the last 16 hours of culture, harvested, and counted in a beta counter.
Proliferation is depicted relative to the proliferation of MLR cultures in the
absence of PMNs (100% � 30,739 � 664 cpm). Relative proliferation is depicted
as average means of triplicates � SEM from a series of four experiments for A
and three experiments for B and C. *P � 0.05, **P � 0.01, and ***P � 0.001
compared with control group, using Dunnett’s multiple comparisons test.
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DCs, because we were unable to detect it in pPMN CS.
Furthermore, the expression of TGF-�1 mRNA by DCs
treated with IL-8 pPMN CS was also increased (Figure 3,
C and D). Interestingly, the TGF-�1 production induced
by IL-8 pPMN-CS-treated DCs was reversed by treating
DCs with mAb against CD40, which mimics binding with
CD40L on T cells (Figure 3E).

Role of TGF-�1 Produced by PMN-CS-Treated
DCs

The biological activity of TGF-�1 produced by IL-8
pPMN-CS-treated DCs was confirmed by bioassay (Fig-
ure 4A). To confirm definitively the role of TGF-� pro-
duced by PMN-CS-treated DCs, we repeated the allo-
stimulatory assays in the presence of a TGF-�1 and a
blocking TGF-�1 mAb. Figure 4B shows that TGF-�1
reproduced the inhibitory effect of PMN-CS-treated DCs
on lymphocyte proliferation. Furthermore, the mAb against
TGF-�1 partially reversed the depressed lymphocyte prolif-
eration seen with IL-8 pPMN-CS-treated DCs or added
TGF-�1 (Figure 4B) but not with untreated DCs.

Figure 2. Effect of PMN CS on DC’s immunostimulatory ability and surface
molecule expression. A: MLR induced by allogeneic immature (iDCs) or
previously LPS-treated DCs for 3 hours with unprimed PMN (uPMN) CS or
pPMN CS. Priming was performed with IL-8, formyl-Met-Leu-Phe, or LPS
followed by thorough washing. CS samples were harvested after 3 hours of
culture of the PMNs. Next, CS samples were incubated with untreated or
LPS-treated DCs for another 3 hours, and then the DCs were washed and
cultured with 105 PBMCs. After 4 days, cells were pulsed with 1 �Ci of
[3H]thymidine per well for the last 16 hours of culture, harvested, and
counted in a beta counter. Proliferation is depicted relative to the prolifera-
tion of MLR cultures in the absence of PMNs (see Materials and Methods).
Relative proliferation is depicted as average means of quadruplicates � SEM
from a series of five experiments *P � 0.05, **P � 0.01 compared with control
group, using Dunnett’s multiple comparisons test. B: HLA class II, CD83,
CD86, CD18, and CD40 expression on immature DCs untreated or treated
with IL-8 pPMN CS. Immature DCs treated with IL-8 pPMN CS were stained
with primary mAb and analyzed by flow cytometry as described in Materials
and Methods. Shaded histograms are untreated DCs, which overlapped
nearly completely the histogram of pPMN-CS-treated DCs. Data are repre-
sentative of three independent experiments.

Figure 3. Expression of TGF-�1 on DCs treated with pPMN CS. A: Intracel-
lular levels of TGF-�1 in untreated (dotted line histograms) and IL-8 pPMN-
CS-treated (thick line histogram) DCs. Cells were treated as described for
Figure 2. Afterward, DCs were incubated with brefeldin A (10 �g/ml, 3 hours,
37°C), fixed, and stained with anti-TGF-�1 R-phycoerythrin or control iso-
type Ab (filled histogram) and analyzed by flow cytometry. Similar results
were obtained in three additional experiments. B: TGF-�1 concentration in
DC-derived CS. After 3 hours of DC treatment with PMN CS, the cells were
washed and incubated for another 24 hours in RPMI-HSA medium. Then the
supernatants were recovered, diluted, and assessed for TGF-�1 by an ELISA.
Data represent the mean � SEM of five experiments. **P � 0.01 compared
with untreated DCs using post hoc Student-Newman-Keuls analysis. C and D:
Reverse transcription-polymerase chain reaction analysis for TGF-�1 and
�-actin mRNA in untreated and IL-8 pPMN-CS-treated DCs. After 3 hours of
treatment with pPMN CS, RNA was extracted from DCs. Data represent one
representative experiment of three for C and the mean � SEM for D. E: Effect of
mAb to CD40 on TGF-�1 induced by DCs treated with IL-8 pPMN CS. After DCs
were treated with IL-8 pPMN CS, the cells were incubated with CD40 mAb for
another 3 hours. Then the supernatants were recovered, diluted, and assessed
for TGF-�1 by ELISA. Data represent the mean � SEM of four experiments.
*P � 0.05; **P � 0.01 compared with untreated DC group using post hoc
Student-Newman-Keuls analysis.
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Role of Neutrophilic Elastase

To examine the putative factors present in PMN CS that may
affect DC physiology, we assessed the effect of protease
inhibitors. From all of the protease inhibitors tested, only
serine protease inhibitor (aprotinin) partially reversed the
effect of PMN CS on DCs (data not shown). Because elas-
tase is a main serine protease present in PMN granules, we
examined the presence of elastase activity in the uPMN CS.
Figure 5A shows that uPMN and IL-8 pPMN CS from two
healthy donors (A and B) had elastase activity.

Whether elastase was able to reproduce the PMN CS
effect on DC allostimulatory ability and TGF-�1 produc-
tion was next examined. Figure 5B shows that immature
DCs treated with 50 nmol/L elastase for 3 hours had
decreased lymphocyte allostimulatory ability and in-
creased DC TGF-�1 production.

To confirm that elastase from PMN CS was responsible
for the effect, we then preincubated PMN CS with rhSLPI,
a serine protease inhibitor. Figure 5C shows that rhSLPI
reversed the effect of PMN CS on allostimulatory ability
and TGF-� production by immature DCs treated with
PMN CS.

To confirm definitively the role of elastase, we exam-
ined the ability of PMN CS from two patients with cyclic
neutropenia, a disease characterized by mutations in the
gene encoding neutrophil elastase. The uPMN CS har-
vested from these patients’ cells had reduced elastase
activity (Figure 6A). Moreover, these uPMN CS were un-
able to increase DC TGF-�1 production (Figure 6B).

Mechanism of Action of Elastase and PMN CS

It has been shown that neutrophilic elastase induces
NF-�B activation and nuclear translocation in bronchial

Figure 4. TGF-�1 activity. A: TGF-�1 bioactivity was assessed using the mink
lung cell assay as described in Materials and Methods. Mink lung cells (20 �
103 or 40 � 103 cells/well) were incubated with DC-derived CS. After 22
hours, the incorporated [3H]thymidine (used as a marker of DNA synthesis)
was measured. Data represent the mean � SEM of five experiments; **P �
0.01 Student’s t-test. B: Effect of TGF-�1 and a mAb against TGF-�1 on
DC-induced allogenic lymphoproliferation. DCs were untreated or treated for
3 hours with IL-8 pPMN CS. Afterward, the cells were washed and incubated
with allogenic lymphocyte in the presence of 20 �g of TGF-�1 mAb, isotype
control mAb, or 10 �g of TGF-�1. After 4 days, cells were pulsed with 1 �Ci
of [3H]thymidine per well for the last 16 hours of culture, harvested, and
counted in a beta counter. Proliferation is depicted relative to the proliferation of
MLR cultures induced by untreated DCs (100%). Relative proliferation is depicted
as average means of quadruplicates � SEM from a series of four experiments.
#P � 0.05 compared with untreated DC group, and *P � 0.05 compared with
isotype control mAb, using Dunnett’s multiple comparisons test.

Figure 5. Effect of elastase on DC lymphocyte allostimulatory ability. A: Elastase
activity of PMN CS. PMNs from two healthy donors were primed or not primed
with IL-8 for 5 minutes. Afterward, the cells were thoroughly washed and
cultured in RPMI-HSA medium for another 3 hours. Then the supernatants were
recovered, diluted, and assessed for elastase activity. B: TGF-� production and
MLR induced by allogeneic immature DCs previously treated with elastase.
Different concentration of elastase was incubated with DCs for 3 hours and then
thoroughly washed and cultured in RPMI-HSA medium for 48 hours for assay of
TGF-� or incubated with 105 PBMCs for the MLR. Proliferation is depicted
relative to the proliferation of MLR cultures induced by untreated DCs (100%).
Relative proliferation is depicted as average means of quadruplicates � SEM
from a series of four experiments. *P � 0.05; **P � 0.01 compared with control
group, using Dunnett’s multiple comparisons (cpm and TGF-�1 from un-
treated DCs was 30,739 � 664 cpm and 3 � 0.2 ng/ml, respectively). C:
To evaluate the effect of SLPI on PMN-CS-treated DC lymphocyte allo-
stimulatory ability and TGF-�1 production, DCs (3 � 104) were incubated
for 3 hours with PMN CS and different concentrations of SLPI. Then, cells
were thoroughly washed and incubated with 105 PBMCs for the MLR
(dotted line) or cultured in RPMI-HSA medium for 48 hours for assay of
TGF-�1 production (solid line). Proliferation is depicted relative to the
proliferation of MLR cultures induced by untreated DCs (100%). Relative
proliferation is depicted as average means of quadruplicates � SEM from
a series of four experiments *P � 0.05 and **P � 0.01 compared with
control group, using Dunnett’s multiple comparisons test.
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epithelial cells. Furthermore, rhSLPI reverts the effect of
elastase on DCs and inhibits the proinflammatory activity
of bacterial products. This is achieved by the inhibition of
the proteolytic degradation of I�B, the inhibitor of NF-�B.
Therefore, we examined whether elastase activates
NF-�B on DCs. On LPS or elastase stimulation, a de-
crease in I�B� was observed at 10 minutes (Figure 6C).
Treating DCs with uPMN CS produced similar results.
However, 20 minutes later, the effect of elastase and
uPMN CS disappeared, but not so for LPS. Interestingly,
rhSLPI was able to prevent the effect of uPMN CS at 10
minutes (Figure 6C). The present experiments suggest
that elastase and uPMN CS induce NF-�B activation.

Discussion

Recent advances in the field of DC physiology have led to
the finding that interaction of PMNs with DCs up-regu-
lates the maturation and immunostimulatory ability of DCs
and thus the T-cell response.7 Despite this development,
certain questions related to the effect of PMNs on the
adaptive immune response remain unresolved. PMNs
have been reported to produce factors capable of poten-
tiating or suppressing responses to T- or B-cell mito-
gens.15 In addition, PMN-derived taurine chloramines
down-modulate murine DC functions in vitro.21 Further-
more, the uptake of apoptotic or necrotic PMNs inhibits
CD40, CD80, and CD86 expression by DCs and reduces
allogeneic T-cell responses.8 Recently, however, several
authors have shown that PMNs are able to increase the

maturation and immunostimulatory ability of murine and
human DCs.7,14,22–24 In the present work, we demon-
strate that PMNs are able to down-modulate DC function.
This effect was associated with the amount of elastase
released by PMNs, which in turn converted immature
myeloid DCs into TGF-�1-secreting cells.

Neutrophil elastase is a serine proteinase stored in
PMN azurophilic granules along with other serine protein-
ases.25 It is known that elastase can damage endothelial
cells and cleave endothelial cell-associated adhesion
molecules.26,27 Furthermore, elastase has been impli-
cated in the pathogenesis of several lung inflammatory
diseases, where proteinase-antiproteinase imbalance
causes tissue damage.28 Under normal circumstances
tissue damage by PMN elastase is prevented by sys-
temic and locally produced serine proteinase inhibitors.
During inflammation, the plasma concentration of these
serine proteinase inhibitors increases three- to fourfold,
and the inactivation of elastase is rapid and irrevers-
ible.29 However, this is incomplete in an inflammatory
microenvironment with extensive PMN degranulation. It
has been estimated that each PMN contains 399 � 20
primary granules, and a single granule contains 1.1 �
0.11 pg of elastase.30 This elastase concentration is more
than two orders of magnitude higher than the physiolog-
ical serpin concentration. Thus a proteolytically active
zone around the PMNs can be generated with a perime-
ter of approximately 1.33 �m.28,31 In the human lung
there is a pool size of 6.1 � 107 PMNs, and this increases
by approximately two orders of magnitude during bacte-
rial infection.28 Therefore, 7.21 mg of elastase can be
released on stimulation, and only 30 �g/ml elastase is
needed to cleave 90% of the complement receptor
CR1.32 Moreover, cell surface elastase has been found
on human neutrophils.33

In this work, we found similar elastase activity in PMN
CS regardless of whether PMNs are primed. However, a
longer exposure of DCs to uPMN CS than to pPMN CS is
required to induce the same effect on DCs (data not
shown). This could be due to the kinetics of degranula-
tion, because PMN extracellular granule secretion occurs
in the following order: secretory, gelatinase, specific, and
azurophilic granules.34 In addition, it is important to point
out that PMNs were thoroughly washed before the con-
ditioning of PMN CS was initiated; thus, we excluded an
effect on the DCs of the factors used to prime the PMNs.

The effect of PMN CS on DCs seems to be specific for
immature DCs, because the treatment with PMN CS of
LPS-matured DCs did not inhibit the MLR (Figure 2).
Furthermore, uPMN-CS-treated DCs but not LPS-, IL-8-,
or formyl-Met-Leu-Phe-primed PMN-CS-treated DCs in-
creased the MLR. It is known that DC maturation involves
a number of phenotypical and functional changes. Thus,
maturation changes may also include the down-regula-
tion and up-regulation of receptors involved in the inhibi-
tion of MLR induced by PMN-CS-treated DCs. Further-
more, the differences observed between uPMN CS and
LPS, IL-8, or formyl-Met-Leu-Phe pPMN CS can be due to
the interaction of factors that may up-regulate or down-
regulate the production of TGF-�1 by DCs.

Figure 6. Effect of PMN CS from cyclic neutropenic patients on elastase
activity and TGF-�1 production. Elastase activity of uPMN CS and TGF-�
production by uPMN CS were measured as described for Figure 5, A and C.
In A, the data represent the CS from two cyclic neutropenic patients. In B, the
TGF-�1 data represent the mean � SD of one representative experiment of
three. *P � 0.05 and **P � 0.01 compared with control group, using Dun-
nett’s multiple comparisons test. C: To examine the expression of I�B� by
Western blot, DCs were untreated (column 1) or treated with LPS (columns
2 and 7), elastase (columns 3 and 8), uPMN CS (columns 4 and 9), SLPI
(column 5), or uPMN CS � SLPI (column 6). Cells were treated for 10 and 20
minutes and processed as described in Materials and Methods. Data are
representative of three independent experiments.
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Differences in priming for inhibition of DC-induced lym-
phocyte proliferation was also observed when DCs and
neutrophils were cocultured (Figure 1B). In those exper-
iments, the uPMNs were better at reducing the MLR than
LPS pPMNs. One reason for the more potent inhibition by
uPMNs than LPS pPMNs could be that neutrophil priming
with LPS induces neutrophil factors that partially block
the inhibition. This putative factor could be membrane-
associated or -soluble such as SLPI, which is present in
neutrophil cytosol, and its secretion is enhanced when
the cells are stimulated.

The effect of elastase on cells and receptors may
impair the killing of pathogens. Herein, we demonstrate
that another putative mechanism could be involved in this
effect. We find that the increased TGF-�1 mRNA is trans-
lated into protein as determined by intracellular cytokine
staining and ELISA. Furthermore, we demonstrate that
functional TGF-�1 production by DCs is induced by PMN
CS or elastase. This finding is supported by the experi-
ments using PMNs from cyclic neutropenia patients. As
we showed, one of the patients lacked elastase activity,
and his PMN CS was not able to convert DCs into TGF-
�1-secreting cells. The other patient had some elastase
activity, but this activity was not enough to increase
TGF-�1 production as much as the healthy donors. It is
important to mention that most, but not all, mutations
causing cyclic neutropenia reduce proteolytic activity.35

The TGF-�1 species detected in the PMN-CS-treated
DCs appeared to be produced in an active form as
suggested by the TGF-�1 bioassay. Furthermore, neu-
tralizing TGF-�1 with mAb completely abrogated the in-
hibition of proliferation induced by TGF-�1 in the MLR.
However, the same mAb partially reversed the inhibition
observed in the MLR induced by PMN-CS-treated DCs.
The reason for this result could be the presence of other
mechanisms involved, in addition to TGF-�1-mediated
inhibition, or incomplete neutralization by the TGF-�1
mAb of cytokine continuously produced by PMN-CS-
treated DCs during culture, where it could have a rapid
autocrine action.

It is known that neutrophil elastase is able to phosphor-
ylate I�B� in human airway smooth muscle.36 A similar
mechanism of action may function in DCs, since we
presently report that elastase and even PMN CS de-
crease I�B� protein expression. The fact that pretreat-
ment with SLPI prevented the PMN CS-induced I�B�
degradation further supports the role of elastase. Thus,
we propose that elastase and PMN CS, by activating
NF-�B signaling in DCs and also TGF-�1 production, may
promote or depress an ongoing immune response, re-
spectively. Based on our results, it is possible to specu-
late that drugs that inhibit NF-�B activation, such as
glucocorticoids and aspirin, may also block elastase-
induced TGF-�1 secretion from DCs, thus favoring an
enhanced immune response. However, TGF-� not only
inhibits lymphocyte proliferation and stimulates apopto-
sis37 but also promotes overly reactive innate immune
responses.38 Thus, TGF-� can act as a positive as well as
a negative regulator of lymphocyte proliferation.38

TGF-� is secreted predominantly as a latent complex
that has to be activated before being capable of eliciting

biological effects.39 Because DC CS affected the prolif-
eration of TGF-�1-sensitive cell lines, we can assume that
the TGF-�1 produced and released by DCs is active.
Interestingly, the production of TGF-�1 by PMN-CS-
treated DCs is reversible with a mAb to CD40 that mimics
engagement by CD40L present on T lymphocytes. There-
fore, we suggest that a putative interaction between TGF-
�1-producing DCs with an antigen-specific T cell might
reverse the effect of PMN CS or elastase. Moreover, the
effect of elastase on DCs may be reversible once elas-
tase levels decrease below a threshold. Based on the
lower inhibitory effect observed with LPS pPMNs, we
propose that a balance between elastase and other fac-
tors released by neutrophils may determine the outcome
of these interactions.

The mechanisms described herein involving neutro-
phils, elastase, NF-�B activation, and TGF-�1 production
do not exist in isolation, and there are many mechanisms
that integrate their activity with other cell-signaling net-
works. This cross talk constitutes a decision-making pro-
cess that determines the consequences of PMN and DC
interaction and, ultimately, the nature of the immune re-
sponse and its regulation.

The mechanisms described herein may be important
in all those pathologies that present an excessive or
sustained PMN infiltration, such as bacterial invasion par-
ticularly by Staphylococcus aureus, Haemophilus influen-
zae, and Pseudomonas aeruginosa. However, it could be
more relevant in the pathogenesis of several lung dis-
eases, such as �1-antitrypsin deficiency, chronic ob-
structive pulmonary disease, and cystic fibrosis, where
the inflammatory infiltrate contains high numbers of
PMNs40 and high elastase concentrations.41 Interest-
ingly, elastase has been shown to increase the release of
TGF-�1 by airway smooth muscle.36 Furthermore, lung
DCs have an immature phenotype.42 Recently, Rogha-
nian et al43 showed that sputum from chronic obstructive
pulmonary disease and patients with cystic fibrosis or
elastase down-regulated the expression of CD40, CD80,
CD86 (but not MHCII) on murine DCs, inhibited LPS-
induced murine DC maturation and T-cell proliferation.
Roghanian’s study 43 with murine DCs supports our work
with human DCs, although we did not find changes in
costimulatory molecule expression. A possible explana-
tion for this difference could be due to a much lower
concentration of elastase used in our experiments.

Overall these results establish a dual role for PMNs,
either amplifying or restraining the immune response by
acting on DCs. In addition, we demonstrate for the first
time that PMN elastase can convert immature myeloid
DCs into TGF-�1-secreting cells, and the PMNs exert
their effect on DCs via this secreted product. We postu-
late that these mechanisms help control inappropriate or
exaggerated immune response and are examples of
physiological control characteristic of biological systems.
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