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IL-4 induces neutrophilic maturation of HL-60 cells and activation of human
peripheral blood neutrophils
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SUMMARY

IL-4 is a T-helper cell derived cytokine that has effects on myelomonocytic cell maturation and
activation. We have studied the effect ofIL4 on neutrophilic maturation using the cell line HL-60 and
found that it has a profound effect on the maturation and activation of the cell line. The treatment of
HL-60 cells with recombinant hu IL-4 (0-15 to 15-0 ng/ml) induced a shift in the percentage ofHL-60
cells staining positive for chloroacetate esterase enzyme activity (indicating commitment to the
neutrophilic lineage). IL-4 increased surface expression of the neutrophil-lineage antigen WEM
Gl 1, the complement receptors CR3 (CDl lb) and CR1 (CD35), but not for the monocyte
differentiation antigen CD14. IL-4 treated HL-60 cells demonstrated enhanced Fc- and comple-
ment-mediated phagocytic capacity and increased hexose-monophosphate shunt activity. In addition,
IL-4 was capable of sustaining the neutrophil maturation ofHL-60 cells that had been pre-treated for
24h with DMSO. To investigate the effect of IL-4 on the mature neutrophil, we studied freshly
isolated and rested human peripheral blood neutrophils. In the absence of other stimuli, neutrophils
were induced by IL-4 to have significantly elevated phagocytic responses. The response was specific
since treatment with anti-human IL-4 abolished phagocytic stimulation. Finally, IL-4 treatment also
stimulated resting neutrophils to migrate toward zymosan-activated serum (ZAS) and human IL-5.
The results demonstrate that IL-4 is a potent maturation factor for myelocytes to become neutrophils
and that IL-4 can stimulate resting mature neutrophils.
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INTRODUCTION

The biological activity profile of IL-4 has been expanded from
the original observation of the molecule as a B cell growth
factor to that of an extremely pleiotropic molecule (for a
review, see [1]). Human IL-4 is secreted by T cells, mast cells,
and some B cell lines and has been reported to have a variety of
effects on lymphoid-lineage cells (B and T cells) [2-5]. For
monocyte lineage cells, IL-4 has been reported to activate
resting monocytes [6]; induce MHC class II expression [7];
stimulate phagocytosis and killing of intracellular parasites [8]
and Candida albicans [9]. IL-4 has also been shown to enhance
the expression of the low affinity IgE receptor CD23, and the
LPS-protein receptor CD14 on the promonocytic cell line
U-937. At the molecular level, IL-4 has been shown to induce T
cell secretion of GM-CSF and granulocyte colony-stimulating
factor (G-CSF) [10] and to induce the expression of M-CSF
and G-CSF [8], suggesting an indirect role for IL-4 on
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myelomonocytic differentiation in vivo. IL4 has been demon-
strated to be regulatory depending on the activation state of the
monocyte. For instance, IL-4 was a suppressive molecule when
cultured with LPS, GM-CSF, or IFN-' stimulated monocytes.
IL-4 treatment of stimulated human monocytes has also been
reported to decrease surface expression for CD14 [11], and
decrease the steady state mRNA message for IL-1I: [12].

Despite these numerous observations as to the effect ofIL4
on monocytes, the literature on the effect of this cytokine on
granulocyte-lineage cells is sparse. Neutrophils have been
shown to express surface receptors for IL4 [13]. IL-4 has
been reported to enhance the respiratory burst in fMLP-
treated human peripheral blood neutrophils, resulting in
increased phagocytosis and bactericidal activity [14]. How-
ever, IL4 has also been shown to suppress the steady-state
mRNA message for IL-8 in LPS-stimulated human neutro-
phils. Our laboratory has previously demonstrated that the
continuous low-level delivery ofmurine IL4 to mice resulted in
increased numbers of granulocyte lineage cells in the blood and
spleen, and phagocytic activation [15]. In the present study, we
examined the effect of human IL-4 on human neutrophil
maturation and on resting neutrophil activation.
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MATERIALS AND METHODS

Cell culture
The HL-60 cell line was grown from ATCC stock cultures
(American Type Culture Collection, Rockville, MD) at a
density of 2 x 105cells/ml in RPMI 1640 supplemented with
10% fetal bovine serum, 2mM L-glutamine, penicillin G (100 U/
ml) and streptomycin sulphate (100 pug/ml), and at 370C with
5% CO2. Media pH was adjusted to pH 7 1 prior to addition to
cells by titration with sterile 10% sodium carbonate. HL-60
cells used in the experiments were determined to be free from
mycoplasma contamination. Media used in the experiments
was determined to be free from detectable LPS. Media and
supplement reagents, including DMSO, were obtained from
CellGro (Fisher Scientific, Springfield, NJ) and JRH Bio-
sciences (Lenexa, KS). In experiments for phagocytosis and
esterase activity, IL-4 (0-015-15 ng/ml) or 1-3% DMSO treat-
ment of HL-60 cells was initiated on day 0, with fresh medium
and supplement added on day 3. In experiments requiring 1-3%
DMSO pre-treatment, cells were treated with DMSO 24 h prior
to day 0, with IL-4 then being added on day 0. Cultures were
terminated on day 6. Phagocytosis experiments studying the
effect of IL-4 on mature human peripheral blood derived
neutrophils only had an 18-h incubation with IL-4.

Cytokines and antibodies
Human Escherichia coli-derived recombinant IL-4 and
NS-1-derived recombinant IL-5 were provided by Dr T. L.
Nagabhushan (Schering-Plough Research Institute, Union,
NJ). Human E. coli-derived recombinant IFN-y (GIF-E,
4-137 a.a.) was a gift from Dr D. Lundell (Department of
Immunology, Schering-Plough Research Institute). Human
cell-derived IL-1fl was purchased from Collaborative
Research (Bedford, MA); granulocyte colony-stimulating
factor (G-CSF) was purchased from Genzyme (Boston, MA).
Anti-human IL-4 (25D2) was a kind gift from Dr J. Abrams
(DNAX Research Institute, Palo Alto, CA).

Histochemical stainingfor cellular differentiation
HL-60 cells were drawn from incubation cultures, washed in
Dulbecco's Modified PBS-Ca2+-Mg2' (DPBS), and centri-
fuged in triplicate onto glass slides on a low-speed cycle using
a Cytospin (Shandon, Pittsburgh, PA). Specific staining for
a-naphthyl esterase (ANE) and chloroacetate esterase (CAE)
has been described previously [16]. Staining was accomplished
using kits purchased from Sigma Chemical Co. (St Louis, MO).
Each treatment of HL-60 cells was assayed in triplicate with
one slide stained for ANE, one for CAE, and one stained using
haematoxylin-eosin. Positive staining was measured by open-
field counting using light microscopy; for each slide, triplicate
counts were made on minimum 200-cell open fields. Cells
were scored as staining positive for CAE if they contained red-
purple staining on at least 50% of the cytoplasmic volume; cells
were scored as staining positive for ANE if they contained
brown-black staining on at least 50% of the cytoplasmic
volume. Haematoxylin and eosin slides were used as check
controls for CAE, and to control for cellular distortion from
the centrifugation.

Cytometry
HL-60 cells were incubated in 2 ml of culture medium in sterile
17 x 100mm polypropylene test tubes at a density of 2 x 105

cells/ml on day 0. The tubes were lightly capped to allow for air
exchange and incubated at 37°C and 5% CO2 until day 6 as
described. Cells were split to 2 x 105 cells/ml and resupplemen-
ted with fresh medium on day 3. On day 6, the cells were
removed from culture, washed with fresh culture medium
(without cytokine), and Fc-receptors were blocked by a short
incubation with 1 pg/ml heat-aggregated human IgG. The Fc-
blocked cells were washed in DPBS, centrifuged to a pellet in
labelling tubes, and resuspended in 50 1L of diluted specific
antibody in ice-cold DPBS. Specific antibodies used were: 1 ,ug
WEM GIl (Accurate Antibodies, Westbury, NY); 1 jg anti-
CD1lb (OKM-1) (Coulter, Hialeah, FL); 0-5lig anti-CD14
(anti-Leu M3) and 0-1 pg anti-CD35 (anti-CR1) (Becton
Dickinson Immunocytometry, San Jose, CA). All specific
antibodies were mouse anti-human immunoglobulin. Cells
and antibodies were incubated on ice for 30 min, washed with
ice-cold DPBS, and reincubated with 100 pl (10 dig) of FITC-
conjugated goat anti-mouse IgGI, IgG2b, or IgM for 30min on
ice. After incubation, the cells were washed with DPBS,
resuspended in 1 ml PBS and samples were run on a FACScan
(Becton Dickinson). Isotype controls for murine IgGI, IgG2b,
and IgM, as well as second antibody controls were run for every
IL-4 dilution. For each sample 10000 events were collected
in list mode using an open-gate; analysis gates were set so
that >99% of isotypic and second antibody staining were
excluded from the FLI positive analysis gate. Data were
analysed by LYSIS II software. The data were expressed as
the percentage increase in cells with increased mean fluores-
cence intensity (MFI) for FLI + cells (treated with increasing
levels of IL-4) above the percentage of cells having constitutive
expression MFI level (medium alone). The mean percentage of
constituent expression observed across six experiments was
25% WEM G11, 21% anti-CD14, 56% anti-CDllb, and
55% anti-CR-i.

Phagocytosis and hexose monophosphate-shunt assays
An assay for the enumeration of the ingestion of heat-killed
baker's yeast (Saccharomyces cerevisiae) was used [17]. Briefly,
4x 108 cells/ml of heat-killed yeast particles were opsonized
with human serum prior to the addition of cytokine treated
HL-60 cells. Opsonized yeast was co-incubated with HL-60
cells (4x 107 cells: 1 x 106 cells) in a shaking water bath for
90min. Incubation was terminated by transferring the tubes
to an ice-bath. Following centrifugation, ingested yeasts were
enumerated with haemocytometer light microscopy; ingested
yeasts were discriminated from non-ingested yeast by prior
staining with 04% trypan blue and 0-2% eosin Y. Cell counts
were enumerated for both mean yeast particles per cell and the
total percentage of phagocytic cells containing at least one
complete yeast particle. Fields of 100 cells were counted in
duplicate. The phagocytic index was derived by multiplying
the mean particles/cell by the mean percentage phagocytic
cells. Data were analysed for statistical validity using the
unpaired Student's t-test in Statworks 1.2 and a MacIntosh
IIci computer.

Hexose-monophosphate shunt (HMP) activity, a measure
of the cellular energy required for the catabolism of ingested
particles, was determined using an nitroblue-tetrazolium
(NBT) reduction assay [18]. Briefly, cytokine-treated HL-60
cells were recovered from culture, washed in DPBS, and
resuspended to I x 106 cells/ml in reaction medium and
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aliquoted at 200,01/well into wells of a 96-well culture plate.
Reaction medium consisted of RPMI 1640 containing 2% fetal
bovine serum. Cells were pulsed with 100,I1/well of a 20/pM
phorbol myristate acid (PMA) solution in reaction medium
followed by 100,01/well of a 2 mg/ml NBT solution in reaction
medium. The plates were incubated for 30 min at 37'C and 5%
CO2. The ,reaction was terminated by centrifuging the cells at
low speed onto glass slides using a Cytospin. Cell preps were

counter-stained lightly with DIFF-Quik (Fisher Scientific,
Springfield, NJ) and enumerated using open-field light micro-
scopy. Cellular fields were enumerated by scoring black-stained
foramazan positive cells (>50% staining in cytoplasm) in
counting fields of 100; scores are the mean of triplicate field-
counts. A modified technique was used to examine HMP
activity in human peripheral blood neutrophils. Neutrophils
were incubated in polypropylene test tubes for only 15 min; a

final concentration of 0-06 tiM PMA was used.

Isolation ofhuman peripheral blood neutrophils
Venous blood was drawn from healthy human volunteers using
EDTA-containing vacutainer tubes. The leucocytes were frac-
tionated by gravity sedimentation over a 4% dextran/saline
solution (T500, Pharmacia-LKB, Piscataway, NJ) followed by
density gradient centrifugation of the washed supernatant
fraction over a discontinuous gradient of 61% and 76%
Percoll (Pharmacia-LKB). The granulocytes were recovered
from the lower interface in the gradient, washed twice, and
incubated in 17 x 100mm polypropylene test tubes at
2 x 106 cells/ml in 2ml of DMEM/F12 containing 10% fetal
bovine serum, 2mM L-glutamine, and 1% penicillin and
streptomycin. Cellular viability was checked 18h post-
isolation. Neutrophils were determined to be routinely 95%
pure using gentian violet nuclear staining, and cellular viability
after 18h incubation was greater than 95% by trypan blue
exclusion.

Chemotaxis
Human neutrophils were tested for their ability to migrate
toward a panel of standard chemoattractants. Neutrophils
were purified from venous blood drawn from a donor panel
of six volunteers who had been pre-screened for neutrophil
chemotactic response. This preparation contained 3% or less
total eosinophils by specific staining. Neutrophils were incu-
bated in DMEM/F12 culture medium containing IL-4 (0.1-
l5ng/ml) for 2h prior to chemotaxis. Following incubation,
the cells were washed, resuspended at 2 x 106 cells/ml, and
loaded into pre-charged Boyden chambers. The Boyden
chambers were assembled with 3,um nucleopore membranes
that had been coated with 0-005% poly-L-lysine; the base
chambers were charged with one each of the following
chemoattractants: zymosan-activated serum (ZAS) (1:10 dilu-
tion); LTB4 (3 x 10-7 M); PAF (2 x 10-5 M); hu recombinant IL-
5 (00 ng/ml). Zymosan, LTB4, and PAF were purchased from
Sigma Chemical Co. (St Louis, MO). ZAS was prepared by
incubating 15 mg zymosan/I0ml serum for 1 h at 37°C. The
ZAS was heat-inactivated and clarified, prior to aliquoting for
storage at -70°C. After assembly, the chambers were incubated
for 90min at 37°C and 5% CO2. Upon termination ofmigra-
tion, the chambers were disassembled and the filters were

processed for staining with Wright-Giemsa to distinguish
neutrophils from contaminating eosinophils and basophils.

The chemoattractant side of the filters was then examined
using light microscopy and the cellular migration enumerated
by open-field counting of 10 individual fields using a Bioquant
Image Analysis system (Bioquant, Nashville, TN).

RESULTS

The effect of hu IL-4 on the differentiation of the premyelocytic
cell line HL-60 to an active phagocyte
The HL-60 cell line has been used as a model for the investiga-
tion of neutrophil cell function and as a tool to elucidate the
various pathways of myelomonocytic cell differentiation. The
HL-60 cell line is heterogeneous in commitment towards either
the neutrophil or the monocyte and has been shown to be
responsive to either one or the other pathway depending on
stimulus [19]. Using a simple cytoplasmic staining technique for
either a-naphthylesterase (monocytic) or chloroacetate esterase
(neutrophilic), we examined HL-60 cytospin preparations for
an effect of IL-4 on lineage commitment. HL-60 cells were
incubated in RPMI culture medium supplemented with either
IL-4 or controls for 7 days. HL-60 cells incubated in medium
alone stained 25% ANE positive and 23% CAE positive, with
the remaining cells staining negative for either of the esterases
(Table 1). Treatment with IL-4 between 0-15 and 15 ng/ml
doubled the percentage of cells staining positive for CAE
(55-56%) and increased the number of cells staining positive
for ANE (36-39%) (Table 1). The positive neutrophil commit-
ment control, DMSO, increased CAE+ staining cells to 52%
while having no effect on the percentage of ANE' staining
cells. The positive monocyte commitment control, IFN-y,
increased ANE+ staining cells to 56% while increasing the
percentage CAE+ staining cells to 31% (Table 1). The increase
in CAE-staining cells with IL-4 treatment appeared to arise
partly from the already committed neutrophil lineage cells,
about 25% in medium culture, and an additional 25% from
cells that stained esterase negative in the absence of cytokine.
The increase in the percentage of cells staining positive for
ANE, while much smaller than that seen for CAE, was signifi-
cant as well; this suggested that while IL-4 may preferentially

Table 1. IL-4 treatment increases the percentage ofHL-60 cells staining
positive for chloroacetate esterase

Percent positive Percent positive
Treatment chloroacetate esterase alpha napthyl esterase

IL-4 (ng/ml)
15-0 58 (5) 40 (1)
1-5 55(3) 39(4)
0-15 54 (5) 32 (3)

DMSO
1-3% 52 (4) 19 (2)

IFN-7
50 31 (2) 56 (5)

Medium 25 (2) 23 (3)

HL-60 cells were incubated with cytokine, medium alone, or 1-3%
DMSO for 7 days and then stained for cytoplasmic esterase activity.
The data are presented as the mean percent positive staining cells
(s.e.m.). The experiment is a single representative experiment from six.
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Fig. 1. The effect of human IL-4 on HL-60 surface
myeloid maturational antigens. HL-60 cells were incub
with either IL-4 or in medium alone. After treatment
washed free of IL-4 and labelled using specific MoAb
antigen (El), CD14 (-), CR1 (CD35) (A), or CR3
Labelling was detected using FITC-conjugated go;
immunoglobulins and fluorescence cytometry as describ
and Methods. Data are a single representative experim(
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through synergy of another autocrine factor wit
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HL-60 cells in this assay was not dose-dependei
with a threshold lower than 0-015 ng/ml. This sa

observed with IFN--y titrations (data not show
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IL-4 treatment of HL-60 cells also induced c

surface expression of antigens relevant to neutrc
tion and phagocytosis. Seven day cultures of
incubated with IL-4 were examined by cytofluor
specific antibodies for the expression of WEM
(associated with myeloid development), CR3 ((
(CD35), and as a control, the monocyte lineage n

Baseline expression of the antigens was established with the
medium only controls on day 6. The data in Fig. 1 summarize
the results from the experiment by expressing any increase due
to IL-4 incubation as an increase in the percentage of increased
mean fluorescent intensity (MFI) above that of medium alone.
In this experiment we were able to observed dose-dependent
increases by IL-4 in the percentage of cells expressing increased
WEM Gil antigen, CR3 (CDlib), and CR1 (CD35) above
medium control (Fig. 1). However, we were not able to observe
any IL-4 induced increase in the percentage of cells expressing
the monocyte maturation antigen CD14. CD14 was inducible
on the HL-60 cell line since CD14 cellular MFI was slightly

us.u increased with IL-4 treatment, and IFN--y treatment induced a
04 105 significant increase in the cellular MFI and percentage CD14

expression (data not shown). This experiment was repeated
three times on consecutive passages of HL-60 cells with similar

expression of results observed.
rated for 7 days Since the primary role of the neutrophil in the host is to aid
t the cells were in the attack and clearance of invasive pathogens by phago-
for WEM Gl cytosis, we wanted to determine whether the IL-4 induced
(CDl lb) (0). phenotypic maturation of HL-60 cells translated into a fully
at anti-murine functional maturation. We modified a microscopic assay to
edin Materials help assess the effect of IL-4 treatment on the ability of the HL-
ent from six. 60 cells ingest heat-killed baker's In this

ingested yeast cells can be easily observed and enumerated
under high power, and non-ingested yeast distinguished by

cells, possibly staining with trypan blue and eosin. IL-4 treatment from
h IL-4, could 0-015ng/ml to l5ng/ml induced an increase in the HL-60
sponse of the phagocytic capacity (Table 2). The effect of IL-4 above

nt but ceased 015ng/ml almost doubled the amount of yeast ingested per

me effect was HL-60 cell (from 2-4 to 5 4) and the percentage of HL-60 cells
n) on HL-60 ingesting at least one yeast cell (from 18% to 36%). When
itation of the expressed as a phagocytic index, there was an IL-4 dose-

dependent increase in the response of HL-60 cells. This
,hanges in the increase was comparable to that seen with the positive con-

)phil matura- trol, DMSO. Parallel experiments were performed for the
!HL-60 cells measurement of hexose-monophosphate shunt activity and
7ometry using for CAE staining (Table 2). Analysis of NBT percentage, a
Gl antigen measure of HMP-shunt activity, revealed that HL-60 cells
nDllb), CR1 increased from 17% in medium alone to 35% or greater with
narker CD14. at least 0 15 ng/ml IL-4 treatment (Table 2). These data also

Table 2. The effect of IL-4 on HL-60 phagocytosis and HMP-shunt

Cytokine Particles/cell Percent phagocytic Phagocytic index Percentt NBT Percent * CAE

IL-4 (ng/ml)
15-0 5-6 (I I)t 44 (4): 254 (51): 34 (3): 62 (3):
1-5 5-4 (1-3)t 41 (4): 221 (31): 38 (4)$ 56 (6)1
0-15 5-4 (1-5)$ 36 (3): 184 (38)1 35 (5)$ 53 (3)$
0-015 3-7 (11) 27 (5) 96 (22) 36 (4)$ 40 (2)$

DMSO
1-3% 3-6 (0-4)$ 71 (10)$ 259 (54)$ 92 (2)$ 56 (2)$

Medium 2-4 (0 3) 18 (5) 42 (12) 17 (2) 21 (5)

HL-60 cells were incubated with cytokine, medium alone, or 1b3% DMSO for 7 days and then tested for phagocytic activity, HMP-shunt, and
CAE staining. Refer to Materials and Methods for assay specifics. The data are presented as the mean (s.e.m.) from six separate experiments.

*Percent HL-60 cells staining positive for chloroacetate esterase activity.
tPercent HL-60 cells staining positive for NBT redution (foramazan).
tP < 0 05 as determined by unpaired Student's t-test.
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Table 3. DMSO pulse followed by IL4 continues HL-60 development toward neutrophil lineage

Treatment Particles/cell Percent phagocytic Phagocytic index Percentt NBT Percent* CAE

IL-4 (ng/ml)
15 0 4-0 (0 5)t 59 (10)t 236 (15)t 50 (0-3)t 50 (0 2)
1[5 3-9 (1 0)t 45 (3)t 175 (31)t 52 (2 0)4 53 (0-7)
0 15 3-6 (1 0)t 37 (8) 133 (41) 51 (2 0)$ 50 (0 4)
0-015 2-9 (0-5) 35 (1) 102 (20) 42 (3-0) 51 (0-2)

DMSO
1-3% 3-4 (0-6)T 58 (09)$ 189 (05)t 100 (0 0)t 70 (0 3)t

Medium 2-2 (0 4) 20 (04) 42 (16) 24 (0 4) 32 (0-7)

HL-60 cells were incubated for 24 h in medium alone or 1-3% DMSO; after 24 h, the cells were washed free from DMSO and aliquoted to tubes
containing either IL-4 or 1-3% DMSO. The incubation was continued for 6 days further, with cells being split and resupplemented on day 3. Data are
presented as mean (s.e.m.) from six separate experiments.

*Percent HL-60 cells staining positive for chloroacetate esterase activity.
tPercent HL-60 cells staining positive for NBT reduction (foramazan).
tP < 0 05 as determined by unpaired Student's t-test.

appear to correlate well with the increase in percentage
observed for phagocytic response, implying that the phagocy-
tic positive cells were the HMP-shunt active population. CAE
staining of the HL-60 cells from these experiments was
observed to be higher than the percentage of phagocytic
active HMP-shunt activated cells (Table 2).

IL-4 was also observed to maintain the differentiation
process of HL-60 cells that had been exposed to but were
subsequently removed from DMSO (Table 3). If DMSO is
removed from culture medium within the first 24 h, HL-60 cells
regress back to an undifferentiated premyelocytic stage [20].
However, the exposure of HL-60 cells to IL-4 after the removal
of DMSO in the first 24 h continued the differentiation process
of the cells toward a mature functional granulocyte. As shown
in Table 3, IL-4 treatment resulted in increased phagocytic
function, HMP-shunt activation, and the percentage of CAE-
staining cells, indistinguishable from a 7 day treatment with
DMSO alone or IL-4 alone (Table 3).

Table 4. IL-4 enhances the phagocytic function of human peripheral
blood neutrophils

% Phagocytic Phagocytic
Treatment Particle/cell cells index

Medium 2-9 (0-2) 19-8 (1-9) 63 (10)
IL-4 (ng/ml)

15-0 4-2 (0-3)* 41-6 (3-0) 184 (21)*
1-5 4-0 (0-3)* 35-6 (2-5)* 143 (15)*
0-15 2-9 (0-2) 28-9 (4-2)* 82 (12)

GM-CSF (ng/ml)
2-5 4-8 (0-3)* 55.4 (4.1)* 264 (29)*

IL4 + 25D2t 2-9 (0-3) 20-9 (2-2) 66 (10)
IL-4 + Isotype 4-1 40-2 164

Human neutrophils were isolated from whole blood as described in
Materials and Methods. Cells were rested and then treated for 18 h with
cytokine or medium alone followed by assay for phagocytic response.
Data are presented as the mean (s.e.m.) across a donor panel of six.

*P < 0 05 as determined by unpaired Student's t-test.
tl 5ng/ml IL-4 and 10Osg/ml of 25D2 MoAb were co-incubated for

30 min at 37°C prior to phagocytic assay.

The effect ofhu IL-4 on the activation ofhuman peripheral blood
neutrophils.
To extend our observations from the HL-60 cell line, we tested
the effect of IL-4 treatment on mature human peripheral blood
neutrophils prepared from normal healthy volunteers. The first
experiments were designed to corroborate the phagocytic
response. IL-4 treatment for 18 h (overnight) prior to assay
resulted in a dose-dependent increase in the mean yeast
particles/cell ingested, mean percentage of phagocytic neutro-
phils containing at least one yeast particle, and the derived
phagocytic index (Table 4). The stimulation in phagocytic
response was observed to be statistically significant (P < 0 05)
at 1 5 and 15 ng/ml IL-4 treatment. This effect was specific for
IL-4 since treatment with the anti-human IL-4 MoAb 25D2
abolished the phagocytic stimulation whereas the isotype
control had no effect. This effect could not be explained
simply by IL-4 inducing neutrophil survival since the 18 h
viability measurements demonstrated no significant difference
in the percent viable neutrophils between IL-4 treatment and
the media control.

Neutrophil extravasation and migration toward sites of
infection in the host is critical for the initiation of a competent
cell-mediated immune response. To test the concept for the role
of IL-4 in neutrophil localization, we examined the ability of
IL-4 treatment on human neutrophils to influence chemotactic
migration towards a panel of known chemoattractants and
human IL-5. Human peripheral blood neutrophils were treated
for 18 h with IL-4 prior to assay. After washing the cells to
remove IL-4, the cells were placed in Boyden chambers contain-
ing in the lower chamber ZAS, LTB4, PAF, or hu recombinant
IL-5. Neutrophil migration across the nucleopore membrane
was quantified using image analysis. The data in Table 5 are
presented as chemotactic index (i.e. the x-fold stimulation of
cytokine treated migration across the membrane compared
with medium control migration). The neutrophil chemotaxis
observed with IL4 treatment toward ZAS was weak, compared
with the GM-CSF control, but was statistically significant
(P < 0-05) at 9 and 15 ng/ml IL-4. IL-4 treatment did not
significantly induce neutrophil chemotaxis toward LTB4 or
PAF. Of interest was the effect of IL-4 treatment on neutrophil
chemotaxis towards IL-5. Neutrophil migration towards IL-5
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Table 5. IL-4 enhances the chemotactic migration of human peripheral
blood neutrophils

Chemotactic index
Concentration

Cytokine (ng/ml) IL-5 ZAS LTB4 PAF

IL-4 15-0 2-8 (1-2)* 1-3 (01)* NDt NDt
9.0 3-0(1-0)* 1-2 (0-1)* 1-1(0-4) 1-1(0-2)
4-5 2-0 (0-7)* 1-3 (0.2) 10 (0 2) 1 0 (0 1)
1-5 1-6 (0-3)* 1-2 (0 2) 1-3 (0-6) 0-9 (0 1)
0.1 1-9(0-9) 111(0-2) 1-0(0-3) 1-5 (0-5)

GM-CSF 1 0 3-6 (20)* 1-6 (02)* 1-7 (04)* 3 0 (1 0)*

Cytokine or medium-alone treated neutrophils (2 h) were placed in
Boyden chambers and incubated for 90 min to assay for chemotaxis
toward a panel of known chemoattractants or human recombinant
IL-5.

The chemotactic index (CI) is derived from the equation CI = mean
migrated cells per field (MMCPF) with cytokine treatment/MMCPF in
medium alone. The MMCPF was derived from image analysis of 10
separate fields. The MMCPF for the chemotactic media control (i.e. no
chemoattractant) was less than 10 cells/field regardless of whether the
neutrophils were incubated in medium or IL4. The media treatment
control MMCPF with the chemoattractants was 131 + 21 (ZAS),
51 + 15 (IL-5), 152 + 21 (LTB4), and 83 + 10 (PAF). *P < 0 05 as
determined by Wilcoxin rank-order analysis of the chemotactic indices
derived from MMCPF data from three separate experiments.

tData from three complete experiments were not available.

was significant (P < 0-05) at all levels tested; GM-CSF was also
a potent inducer of neutrophil migration towards IL-5.

DISCUSSION

This study demonstrates that human IL-4 plays a role in the
maturation of immature myelocytes to become functionally
competent phagocytes of the neutrophil lineage. In addition, we
confirm and extend previous observations that IL-4 can
activate fully mature human peripheral blood neutrophils.
The neutrophil has long been considered a key component of
cellular-mediated and non-specific immunity, i.e. a professional
killer of bacteria and fungi, and heavily involved in acute
inflammatory reactions, both beneficial and detrimental to
the host. Only recently has the effect of a T cell cytokine
regulatory network been studied on neutrophil responsiveness
[21]. IL-4 has been suggested to support granulocytopoiesis
either directly [22], or indirectly via other cytokines [23]; these
haematopoietic studies have demonstrated that IL-4 can induce
CFU-GM colony formation in human [24] and in mouse bone
marrow stem cell cultures [22,23].

Our study has addressed the effect of IL-4 on the myeloid-
committed pre-neutrophil-monocyte cell line HL-60. In vitro
treatment with low levels of IL-4 (1 5-15 ng/ml) induced
esterase negative HL-60 cells to stain positive for CAE. CAE
conversion appeared to be a th._shold event that proceeded
fully functional maturation since CAE+ staining cells were
found at a higher percentage than the phagocytically active
cells. Further support for phenotypic neutrophil maturation
was derived from the increase observed in the percentage
of cells expressing neutrophil antigen (WEM GI1) and

complement receptors. This increase in the percentage of
surface antigen expression was dose-responsive for IL-4; and
the increased surface antigen positive population correlated
well (about 25%) with the increase in the commitment of
esterase-negative staining cells compared with those staining
positive for CAE.

Interestingly, IL-4 also appeared to increase the percentage
of HL-60's staining positive for ANE, though the percentage
increase was smaller than observed for CAE staining. However,
IL-4 was very weak in inducing surface-antigen expression
typical of monocytes, since there was no observed increase in
the percentage of HL-60 cells expressing CD14. The effect of
IL-4 on monocyte maturation and commitment is unclear from
the current literature, but based on the potent effects of IL-4 on
mature monocytes, should be investigated further.

IL-4 induced a neutrophil-like phenotype on the HL-60
cells and stimulated a fully functional phagocytic response from
the cells. This stimulation was observed in both the yeast per
cell measurement and the total percentage of phagocytic cells;
this suggests that IL-4 induced both functional activation of
mature cells as well as the differentiation of functionally
immature cells. This further supports the concept that IL-4 is
not only activating the HL-60 population that was CAE+ prior
to the addition of IL-4 to culture, but also activating a
population of HL-60 cells that were staining esterase negative
before treatment. However, the larger percentage of CAE
staining cells in the phagocytosis experiments indicates that
some of the CAE+ HL-60 cells were not fully functional
within the time frame of the experiments in this study. With the
HMP-shunt measurements, we observed a good correlation of
IL-4-induced phagocytosis and HMP-shunt activated cells.

A recent report by Vassiliadis and colleagues demonstrated
that IL-4 induced HL-60 cells to express increased surface levels
ofMAC-I (CDlIb) and increased phagocytic response to latex
beads [25]; these authors concluded that IL-4 resulted in the
functional maturation of HL-60 cells to a monocyte lineage.
We confirm their observations for the enhancement of CD IIb
and phagocytosis but clearly demonstrate that these endpoints
result from neutrophilic maturation rather than monocytic. We
observed a significant increase in CAE+ ANE- staining cells,
which we regard as a biochemical neutrophil phenotype.
Second, and most important, we regard the absence of CD14
on cells expressing the WEM Gil (neutrophilic) antigen as
strong evidence for an immunological neutrophil phenotype.
We have also observed that cultures of the IL-4-treated
HL-60 cells appeared to contain higher percentages of cells
with a metamyelocyte-like nucleus, and even a low percentage
(5-8%) of cells with an early band-form-like nucleus (data not
shown). It is important to note, however, that our data also
demonstrate that monocyte lineage activation of HL-60 cells is
possible, though to a lesser degree compared with myeloid
lineage commitment in our studies. We conclude that IL-4
can induce HL-60 cells to commit to a neutrophil lineage that
is fully capable of ingesting and catabolizing an invasive
pathogen.

IL-4 has been reported to suppress differentiation of HL-60
cells induced by IL-I, IL-6, and TNF-ca [26]. We feel that these
results do not contradict our results, rather they serve to
underscore the regulatory nature of the IL-4 molecule. Our
experiments were performed on non-stimulated resting HL-60
cells. Thus, the effect of IL-4 on neutrophils is activation-state
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dependent; and the effect directly correlates with the effect of
IL-4 on resting monocytes versus LPS-stimulated monocytes
[11,12].

To support our observations in the HL-60 cell line, we
investigated the effect of IL-4 on mature human peripheral
blood neutrophils. Our phagocytosis experiments confirm and
expand the existing literature on neutrophil action by IL-4. We
demonstrate that IL-4 induces fully competent activation of
neutrophils for phagocytosis and HMP-shunt. Boey and col-
leagues [14] have only observed an IL-4 mediated increase in
fMLP respiratory burst, analogous to our HMP-shunt obser-
vations; they did not look at the phagocytic response. However,
the effect of IL-4 on neutrophils appears to depend on the
activation state; IL-4 has been shown to down-regulate LPS-
stimulated neutrophil production of IL-8 [27]. In our study, we
used non-stimulated and rested human neutrophils.

An interesting observation is the effect of IL-4 on enhancing
neutrophil chemotaxis toward IL-5. Like IL-4, IL-5 is a Th2
cell derived cytokine [28-30]. In addition mast cells have also
been reported to produce both IL-4 and IL-5 at high levels,
suggesting an important role in mediating allergic inflamma-
tion [31]. IL-5 promotes eosinophil activation and has a role in
maintaining the presence of the cell in allergic responses [28,
32-34]. These data suggested an interrelationship between IL-4
and IL-5 in regulating neutrophil responses. IL-5 is not
selective in its priming of eosinophil migration but can also
prime neutrophils for migration [35]. Neutrophils participate in
lung inflammation [32], airway hyperreactivity [33], and in the
late phase reaction in asthma [36]. Our data support the
hypothesis that IL-4 can induce neutrophil migration to
another auto-inflammatory produced cytokine. There is a
definite positive effect to IL-4 induced neutrophil migration
as well. These data may partially explain the observed influx of
eosinophils and neutrophils into rejecting tumours in mice that
had been implanted with tumour cells transfected to produce
IL-4 [37], and thus demonstrate a mechanism for driving cell-
mediated, non-specific tumour cytotoxicity. A potential anti-
tumour mechanism for IL-4 is further supported by the
observation that IL-4 treated neutrophils migrated towards
ZAS (C5a).

In summary, we have observed that IL-4 is an important
molecule for the direct maturation of pre-myeloid cells to a
neutrophil lineage and that IL-4 serves as a functional activator
of mature neutrophils. These activities appear to correlate
with and complement those reported for IL-4 on mono-
cyte lineage cells. Together these data appear to help begin
elucidate a picture for IL-4 as an important regulatory molecule
in the process of the generation of cellular mediated immunity.
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