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IL-10 stimulatory effects on human NK cells explored by
gene profile analysis
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The molecular mechanisms underlying the increase of natural killer (NK) cell anticancer activity mediated by interleukin (IL)-10
have not been elucidated. The aim of this study was to identify potential molecular mediators of IL-10 stimulatory effects by
exploring the NK cell gene display induced by this cytokine. Gene profile was determined by high-throughput cDNA microarray
and quantitative real-time PCR. In vitro, NK cells resting or conditioned with IL-10 were tested for cytotoxicity, migration and
proliferation. IL-10 enhanced mRNA levels of cell activation/cytotoxicity-related genes (eg secretogranin, TIA-1, HMG-1,
interferon-inducible genes) not upregulated by IL-2. In line with these findings, IL-10 increased NK cell in vitro cytotoxicity
against Daudi cells. Unlike IL-2, IL-10 did not show any significant effect on NK cell in vitro proliferation and migration.
However, gene profile analysis showed that IL-10 increased the expression of cell migration-related genes (eg L-selectin,
vascular endothelium growth factor receptor-1, plasminogen activator, tissue; formyl peptide receptor, lipoxin A4 receptor),
which might support a stimulatory effect not evident with the in vitro functional assay. Overall, gene profiling allowed us to
formulate new hypotheses regarding the molecular pathways underlying the stimulatory effects of IL-10 on NK cells, supporting
further investigation aimed at defining its role in cancer immune rejection.
Genes and Immunity (2004) 5, 621–630. doi:10.1038/sj.gene.6364135
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Introduction

Interleukin (IL)-10 is a pleiotropic cytokine produced by
a variety of immune cells as well as tumor cells.1 In
vitro, the best-known effects of IL-10 on the immune
system are the inhibition of HLA-dependent cell-
mediated immune response. In fact, IL-10 inhibits
CD28 expression by cytotoxic T lymphocytes (CTL),
decreases the secretion of IL-2, interferon-gamma (IFNg)
and granulocyte macrophage colony-stimulating factor
(GM-CSF) as well as the proliferative response of Th1
cells, and counteracts the activity of dendritic cells.2

Despite these considerations, the role of this cytokine in
tumor immunology is controversial.3 Some authors
raised the teleological hypothesis that IL-10 acts as an
immunosuppressive molecule secreted by tumors to
escape from immune surveillance.4–6 However, a large
body of evidence in different animal tumor models
opposes this theory, showing that IL-10 can favor
immune-mediated cancer rejection.7–14 In humans, the
knowledge on IL-10’s role in tumor immunology is
scarce. In the search for a cytokine pattern that could
predict tumor response to IL-2/peptide-based melano-
ma patient vaccination,15 we studied cytokine mRNA

abundance in fine-needle aspirate material from meta-
static lesions by using quantitative real-time PCR.16,17

We found that pretreatment IL-10 mRNA levels were
significantly higher in responding than in nonrespond-
ing tumor lesions, suggesting that high IL-10 levels in
the tumor microenvironment might be conducive to an
effective immune response.

Others have observed that the IL-10 promoter poly-
morphism leading to a reduced IL-10 expression pheno-
type was associated with an increased incidence of
melanoma and prostate cancer, thus suggesting a natural
role of this cytokine against cancer.18,19

The mechanism underlying this hypothetical im-
mune stimulating effect of IL-10 remains obscure.
Some authors have suggested that the IL-10 antitumor
activity observed in animal models might be mediated
by NK cells.12,20 NK cell in vitro cytotoxicity has been
reported to be enhanced by IL-10.3,7,21–23 However, IL-
10 also inhibits the production of IFNg and tumor
necrosis factor alpha (TNFa) by NK cells24,25 and
downregulates NK cell target molecules on tumor
cells,26 thus potentially reducing NK cell antitumor
effects.27

As NK cell genes targeted by IL-10 are largely
unknown and given the central role NK cells are likely
to play in innate and adaptive immune response against
tumors,28 we investigated the effects of IL-10 on NK cells
at genetic and functional level to identify molecular
mechanisms potentially responsible for the functional
effects of the cytokine on these cells. We used IL-2 as a
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reference cytokine in order to compare the gene path-
ways induced by IL-10 with those proper of a classic NK
cell activator.

Results

NK cells isolation and RNA amplification
Microbeads purification yielded 2� 104 cells per 1�106

peripheral blood mononuclear cells (PBMC). The per-
centage of CD3�/CD56þ cells was on average 92%
(range 89–95%), as assessed by flow cytometry ana-
lysis (Figure 1). On average, starting from 1.1 mg (range
0.8–1.5mg) of total RNA extracted from purified NK cells,
we yielded 10 mg of amplified RNA (range 8.2–12.1 mg)
after the first round of amplification and 4300mg (range
3500–6600mg) of aRNA at the end of the second round.

cDNA microarray analysis
After slide scanning, microarray spots with size lower
than 50 pixels and fluorescence intensity lower than 300
were discarded. These high-stringency settings were
arbitrarily chosen to minimize background or labeling/
hybridization bias.29,30 This filter was removed if the
same gene demonstrated high-intensity fluorescence in
the other channel (43000) in at least one experiment in
order to recover possibly useful information. The
complete data set was adjusted by log-transforming the
absolute value of fluorescence ratios, which were then
median-centered and normalized as suggested by Eisen
et al.31 Adjusted data were filtered to remove genes with
missing values in more than one experiment and only
allowing test genes expressed at a ratio 43 or o0.33
compared to the reference in at least one experiment.
Using these settings, a total of 2631 genes out of the 6400
clones were sorted out for subsequent analysis (Figure 2).

Adjusted ratios were shown according to the central
method for display using a normalization factor that
emphasizes differences in expression between experi-
mental groups analyzed by resetting the equality para-
meter (ratio¼ 1) to the mean of all the experiments.32

Genes differentially expressed as a result of IL-10 or
IL-2 exposure were identified by comparing the gene
profile of unstimulated with that of cytokine-conditioned
NK cells. To this aim, we queried the data set by selecting
genes differentially expressed according to a paired
sample t-test. The cutoff p2-value of o/¼ 0.02 was

arbitrarily chosen and was not corrected by the number
of hypotheses tested (ie, genes).30 In this fashion, 136 and
353 genes displayed differential expression following
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Figure 1 NK cell isolation from PBMC. FACS data before (PRE, left
panel) and after (POST, right panel) negative selection. NK cells are
identified as CD3�/CD56þ cells.
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IL-10 or IL-2 exposure, respectively. For IL-10, we
selected 37 genes according to their known or potential
involvement in NK cell activation/cytotoxicity (eg MxA,

secretogranin and several IFN-inducible genes), adhe-
sion/migration (eg CD62L, actin-related protein, formyl
peptide receptor) and proliferation/apoptosis (eg BCL2-
related protein, CASPASE-3, CASPASE-5, CASPASE-8)
(Figure 3). Similarly, for IL-2 we chose 40 genes related to
NK cell activation/cytotoxicity (eg granzyme-A, several
cytokine receptors), adhesion/migration (eg tubulin,
MMP-12, integrins) and proliferation/apoptosis (eg
cyclin-E, CDK4, mitotic kinesin like protein-1) (Figure 4).

Quantitative real-time PCR
Several genes known to be involved in NK cell activities
were not included in the cDNA array gene list. We
therefore utilized quantitative real-time PCR to measure
the expression of some of these genes (Table 1). The
results are shown in Figure 5. Compared to PBMC (the
reference sample chosen for cDNA array analysis),
unstimulated NK cells showed higher mRNA levels of
killing inhibitor receptor (KIR), CD16, CD2, perforin and
TIA-1. TIA-1, which codes for a cytotoxic granule-
associated protein, was specifically increased at the
mRNA level by IL-10 stimulation of NK cells. IL-2
showed broader effects that resulted in the upregulation
of mRNA levels of TNFa, IFNg, granzyme-B, perforin,
FAS ligand (FAS-L) and inducible nitric oxide synthase

Figure 2 Gene expression (2631 genes sorted out starting from
6400 genes by means of filtering criteria described in the text) of NK
cells stimulated with either IL-10 (left column) or IL-2 (right
column) as displayed by hierarchical clustering analysis. One
experiment (done in triplicate) out of three is shown. Similar results
were obtained in the other two experiments. Rows represent
individual genes; columns represent individual samples. Each cell
in the matrix represents the expression level of a single transcript in
a single sample, with red indicating transcript levels above and
green indicating transcript levels below the median for that gene
across all samples, respectively. Color saturation is proportional to
magnitude of the difference from the median. Hierarchical
clustering is an agglomerative approach in which single expression
profiles are joined to form groups, which are further joined until the
process has been carried to completion, forming a single hierarch-
ical tree. The process of hierarchical clustering proceeds as follows.
First, the pairwise distance matrix is calculated for all of the genes
to be clustered. Second, the distance matrix is searched for the two
most similar genes or clusters. Third, the two selected clusters are
merged to produce a new cluster that now contains at least two
objects. Fourth, the distances are calculated between this new
cluster and all other clusters. Last, steps 2–4 are repeated until all
objects are in one cluster.

Figure 3 NK cell gene profile following IL-10 conditioning. Gene expression of IL-10-conditioned NK cells (right column) was compared
with that of unconditioned NK cells (middle column). The data set including genes expressed by unconditioned and conditioned (IL-10) NK
cells was queried for selecting genes differentially expressed according to a paired sample t-test (cutoff p2-value p0.02). Among the 136 genes
overexpressed by IL-10-conditioned NK cells, we selected 37 genes potentially involved in cell activation/cytotoxicity (1), adhesion/
migration (2) or proliferation/apoptosis (3). For comparison purposes, the behavior of the same set of genes following IL-2 conditioning is
shown (left column).
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(iNOS). Quantitative PCR confirmed the overexpression
of some genes found at microarray analysis, although
this validation was possible only for genes for which we
could design appropriate probe/primers triplets (ie
GRO2, EBI3, IL1, IL8, IL2-R, TGFbeta-R, IL10-R, VEGF-
R, CD59, CD29, CASPASE-3, CASPASE-5, CASPASE-8,
NKG5, NFkappaB, p21, RB, COX-2).

TIA-1 protein expression evaluation
To confirm the information obtained at mRNA level,
TIA-1 protein expression was tested in resting and IL-10-
or IL-2-conditioned NK cells by intracellular flow
cytometry using the corresponding goat anti-human
polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Cells were permeabilized by incubation
in PBS-saponin (0.2%, Sigma, St Louis, MO, USA) in 5%
milk for 6 h.33 A donkey anti-goat secondary antibody
(Molecular Probes, Eugene, OR, USA) was used for the
fluorescent staining.

IL-10, but not IL-2, stimulated TIA-1 protein expres-
sion in NK cells (Figure 6), confirming the genetic
findings.

Proliferation and migration assay
As shown in Figure 7, we found that IL-2 stimulated NK
cell proliferation, while IL-10 did not show any sig-
nificant effect on this NK cell activity. This finding was
very much in line with the genetic profile shown in
Figures 3 and 4: while IL-2 induced the expression of
several genes associated with active cell cycle, IL-10
rather enhanced the mRNA abundance of apoptosis-
related genes (eg caspases). As for cell migration, the
functional assay showed that IL-2 but not IL-10 has a
stimulatory effect on NK cells. In this case, the functional
assay, which confirmed the genetic data observed for
IL-2, was at least partially in contrast with the IL-10-
induced gene profile that showed an upregulation of
migration-related genes (eg L-selectin, VEGF receptor-1,
t-PA, HM74, formyl peptide receptor-1 and lipoxin A4
receptor) (Figures 3 and 4).

Cytotoxicity assay
As expected, unconditioned NK cells did not show any
significant cytolytic activity against Daudi cells. At 20 : 1

Figure 4 NK cell gene profile following IL-2 conditioning. Gene expression of IL-2-conditioned NK cells (right column) was compared with
that of unconditioned NK cells (middle column). The data set including genes expressed by unconditioned and conditioned (IL-2) NK cells
was queried for selecting genes differentially expressed according to a paired sample t-test (cutoff p2-value p0.02). Among the 353 genes
overexpressed by IL-2-conditioned NK cells, we selected 40 genes potentially involved in cell activation/cytotoxicity (1), adhesion/migration
(2) or proliferation/apoptosis (3). For comparison purposes, the behavior of the same set of genes following IL-10 conditioning is shown
(right column).
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E : T ratio, NK activity was increased by IL-10, although
to a lower extent with respect to IL-2. The percentage of
cell lysis by unconditioned, IL-10- and IL-2-conditioned
NK cells was 5, 13 and 19%, respectively (Figure 8).
Cytotoxicity-related genes upregulated by IL-10 and IL-2
appeared to be different, suggesting that a separate and
specific pathway mediates the stimulatory properties of
the two cytokines (Figures 3 and 4). The inhibition of
TIA-1 activity by specific blocking antibodies signifi-
cantly reduced NK cell cytotoxicity, which confirmed the
relationship between IL-10-mediated increase in NK
cytotoxicity and the induction of TIA-1 expression by
the cytokine.

Discussion

The molecular mechanisms underlying the postulated
immunostimulatory activity of IL-10 has not been

elucidated. We addressed this issue by studying IL-10
effects on the functional and gene profile of NK cells in
vitro. To this aim, beside traditional functional assays, we
adopted high-throughput cDNA microarray and quanti-
tative real-time PCR to portrait the gene patterns of IL-
10-conditioned NK cells. Brown et al34 suggested a tight
correlation between the function of a protein and the
expression patterns of its gene, which should provide a
compelling reason for a gene profile-based formulation
of scientific hypotheses.35 However, it must be taken into
account that other investigators have shown that changes
in mRNA expression cannot always predict biological
outcome, which is basically dictated by protein activity.
Therefore, our findings only allowed us to formulate
some hypothesis on the role of IL-10-induced activation
of NK cells.

Furthermore, some considerations must be made
regarding the study design we adopted for the gene
profile analysis. Firstly, the use of pooled PBMC instead

Table 1 Quantitative real-time PCR probes and primers

Gene Probes and primers

b-actin (f) 50-GGCACCCAGCACAATGAAG-30

(r) 50-GCCGATCCACACGGAGTACT-30

(p) 6FAM-TCAAGATCATTGCTCCTCCTGAGAGCGC-TAMRA

IFNg (f) 50-AGCTCTGCATCGTTTTGGGTT-30

(r) 50-GTTCCATTATCCGCTACATCTGAA-30

(p) 6FAM-TCTTGGCTGTTACTGCCAGGACCCA-TAMRA

TNFa (f) 50-CCCCAGGGACCTCTCTCTAATC-30

(r) 50-TACAACATGGGCTACAGGCTTG-30

(p) 6FAM-CAGTCAGATCATCTTCTCGAACCCCGAG-TAMRA

Perforin (f) 50-TGGAGTGCCGCTTCTACAGTT-30

(r) 50-GCCCTCTTGAAGTCAGGGTG-30

(p) 6FAM-CCATGTGGTACACACTCCCCCGC-TAMRA

Granzyme-B (f) TCCTAAGAACTTCTCCAACGACACT
(r) GCACAGCTCTGGTCCGCT
(p) TGCTACTGCAGCTGGAGAGAAAGGCC

FAS-L (f) 50-GCTGAGGAAAGTGGCCCA-30

(r) 50-CATAGGTGTCTTCCCATTCCAGA-30

(p) 6FAM-TAACAGGCAAGTCCAACTCAAGGTCCATG-TAMRA

iNOS (f) 50-GGGAGGATCCAGTGGTCCA-30

(r) 50-AAACATTTCCCGGGCAGTG-30

(p) 6FAM-TGCAGGTCTTCGATGCCCGCA-TAMRA

TIA-1 (f) 50-CTCACTCGGGCCTCTGGCC-30

(r) 50-GGTCTGCGTCACGTGGATG-30

(p) 6FAM-CAGGGCATGGGGACATCATATCAGG-TAMRA

CD16 (f) 50-TGCAGCTAGAAGTCCATATCGG-30

(r) 50-CCTCCTTGAACACCCACCG-30

(p) FAM-TGGCTGTTGCTCCAGGCCCC-TAMRA

KIRa (f) 50-AGTGGGTGGTCGGCACC-30

(r) 50-GGTTTTCTGTGGACTCGACCTG-30

(p) FAM-AGCAACCCCCTGGAGATCACGGTC-TAMRA

CD2 (f) 50-CCAGCCTGAGTGCAAAATTCA-30

(r) 50-CAGGCTCGACACTGGATTCC-30

(p) FAM-TGCACAGCAGGGAACAAAGTCAGCA-TAMRA

(f) forward primer; (r) reverse primer; (p) probe.
aKIR2DS4.
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of unstimulated NK cells allowed us to analyze the gene
expression of unstimulated NK cells; in addition, this
type of reference sample makes the present experiments
directly comparable with others already performed with

this strategy29,30 or to be performed in the next future in
our laboratory. Secondly, we studied gene expression at a
single time point (4 h), which implies that genes with later
or earlier up/downregulation were overlooked. How-
ever, our choice was based on the results of a previous
time course microarray study,30 in which we observed
that PBMC upregulated most genes 3 h after the exposure
to IL-2. Finally, the choice of IL-10 dose was derived from
dose–effect experiments, which showed a maximum
number of genes changing their transcriptional levels
IL-10 concentrations equal/greater than 30 ng/ml.

Regarding the reference cytokine, our results con-
firmed the notion that IL-2 induces a general activation
of NK cells, by augmenting their proliferation rate,
migration capability and cytotoxic activity. Accordingly,
several proliferation, migration and cytotoxicity-related
genes were found to be upregulated by IL-2 (Figure 4).
Noticeably, IL-2 influenced the expression of genes (IL-10
receptor, IL-2/IL-4/IL-7/IL-9/IL-15 receptor, GM-CSF/
IL-5/IL-3 receptor, TNF-induced primary response gene,
TNF receptor-associated factor 3, TNF receptor modu-
lator) involved in the signal transduction pathways of
several other cytokines, which corroborates its pivotal
role in modulating NK cell activities.

IL-10 and NK cell migration/proliferation activity
Compared to IL-2, IL-10 showed a smaller but consistent
range of effects on the gene display and functional
activities of NK cells. Although IL-10 can act as a growth
factor for B-cell tumors and melanomas,36,37 the func-
tional assay showed that IL-10 had no effect on NK cells
proliferation. In addition, gene pattern was characterized
by the upregulation of some proapoptotic (caspase-3,
caspase-5, caspase-8) and cell cycle suppression (p21, RB,
BTG-2) genes (Figure 3).

According to the functional assay, IL-10 appeared to
have no influence on in vitro NK cell migration. By
contrast, microarray results showed that IL-10 increased
mRNA levels of adhesion/migration-related genes such
as L-selectin, VEGF receptor-1, t-PA, HM74, formyl
peptide receptor-1 and lipoxin A4 receptor (Figure 3).
The last three genes are involved in the synthesis of
peptide receptors38–40 that mediates leukocyte chemo-
taxis by binding peptides derived from protein degrada-
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Figure 5 Pooled PBMC (white bars), unconditioned NK cells
(black bars) and NK cells conditioned with IL-10 (gray bars) or IL-2
(crossed bars) were tested for the expression of nine genes not
included in the microarray gene list by means of quantitative real-
time PCR. b-actin was used as housekeeping gene. Significant
differences in gene expression between unconditioned NK cells and
NK cells conditioned with IL-2 or IL-10 are marked with a single or
double asterisk, respectively. GRAN-B: granzyme-B; PERF: perforin.
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Figure 6 TIA-1 protein expression in unstimulated NK cells (left panel) and NK cells conditioned with IL-10 (middle panel) or IL-2 (right
panel). NK cells were isolated with magnetic beads and then permeabilized to primary (TIA-1 specific) and secondary (fluorescence
conjugated) antibodies for intracellular flow cytometry analysis. A significant increase in TIA-1 protein expression was observed following
IL-10 (but not IL-2) administration.
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tion occurring in damaged/diseased areas.41 The over-
expression of these receptors might play an important
role in NK cell migration in response to the liberation of
danger signals (eg peptides) freed in the tumor micro-

environment. The discrepancy between genetic and
functional findings might just depend on the inability
of the in vitro assay to reveal the influence of the genes
upregulated by IL-10 on NK cell migration.

IL-10 and NK cell activation/cytotoxicity
Concordantly with the cytotoxicity assay results, gene
profile showed that IL-10 increased the expression of
genes potentially involved in cytotoxicity/cell activation,
although for most of them the role in NK cell activities
has not yet been proved. These genes code for proteins
belonging to the following groups:

(a) interferon-inducible proteins (eg allograft inflamma-
tory factor-1, interferon-induced 15 kDa protein42);

(b) signal transduction pathways (eg nuclear factor
kappa B (NF-kB) modulator, NF-kB-inducing kinase,
src-like adaptor protein (SLAP),43 nck,44 early growth
response (EGR) family proteins45);

(c) prostaglandin synthesis (COX-2,46 5-lypooxygenase);
(d) redox status regulation (adenosyl-methionine

synthetase, thioredoxin reductase47);
(e) secreted proteins (eg MIP-1a, HMG-1,48 cathepsin-C,

secretogranin and TIA-1).

Among the above mentioned genes, we focused on
TIA-1, a gene encoding a 15 kDa cytotoxic granule-
associated protein whose expression is restricted to CTL
and NK cells.49 This RNA-binding protein, lately re-
named GMP-17 (granule membrane protein-17),50 is
considered a candidate effector of apoptotic cell death
because of its ability to trigger DNA fragmentation of
target cells. In vivo, we recently found that TIA-1 mRNA
was overexpressed in melanoma metastases responding
to peptide-based vaccination in humans,29 suggesting
that this molecule might be part of the tumor micro-
environment gene profile that makes cancer cells
responsive to immunotherapeutic manipulations. In the
present work, we showed that IL-10 induced TIA-1
mRNA overexpression by NK cells. We validated the
microarray finding by quantitative real-time PCR
(Figure 5), and verified a similar increase at protein level
(Figure 6). This, along with the increased cytotoxicity of
NK cells in the presence of IL-10, led us to hypothesize
that NK cell cytotoxic activity might be enhanced by IL-
10 through a cascade of molecular events including TIA-
1 overexpression, as supported by the in vitro findings
with the use of anti-TIA-1 blocking antibodies. Further-
more, we found that this IL-10 effect on TIA-1 expression
was selective for NK cells, as no changes in TIA-1 levels
were observed in CTL (data not shown). Yet, IL-2 did not
induced TIA-1 expression either in CTL or NK cells,
while IL-10 had no effect on NK cell expression of other
classical markers of cytotoxicity (ie perforin, granzyme-
B, iNOS, FAS-L; Figure 5) and did not affect their
upregulation by IL-2 when the two cytokines were used
together (data not shown). Taken together, these findings
suggest that IL-10 might affect NK cell cytotoxicity
through a specific pathway distinct from that used by IL-
2 to activate NK cells. However, just to underscore the
complexity of the cytokine network signal transduction
system, we also found that IL-2 increased the mRNA
levels of IL-10 receptor, and that IL-10 increased both IL-
2 receptor and IL-2 transduction pathway-related (ie IkB
kinase a and NF-kB-inducing kinase) genes. This might
appear to be conflicting with the common notion by
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which IL-10 inhibits IL-2-mediated proinflammatory
functions in T lymphocytes.51 Nevertheless, some in-
vestigators have already shown quite opposite results in
monocytes,52,53 which highlights the wide spectrum of
effects the same cytokine can exert on different cell
populations.

Finally, it is noteworthy that IL-10 increased the
expression of some IFN-related genes (Figure 3). In fact,
although IL-10 is related to type-I interferons (IFN-a and
-b) on the basis of its structure, to our knowledge this is
the first time that the gene expression profile induced by
IL-10 is reported to significantly overlap that induced by
type-I interferons.

Materials and methods

Study design
Previously isolated NK cells (1�105/ml) were incubated
for 4 h with IL-10 (30 ng/ml, Genzyme, Cambridge, MA,
USA). As a comparison, cells were also exposed to a
well-known NK cell activator, that is, IL-2 (300 UI/ml,
Chiron, Emeryville, CA, USA). Gene profile of condi-
tioned and unconditioned NK cells was assessed by
high-throughput cDNA microarray. The expression of
nine additional NK cell-related genes not included in the
microarray gene list was measured by quantitative real-
time PCR.

NK cells unconditioned and conditioned with IL-10
(30 ng/ml) or IL-2 (300 UI/ml) were used for the motility
and cytotoxicity assay. Growing doses of cytokines were
used for the proliferation assay.

All experiments, performed in triplicate, were re-
peated three times. Results are reported as the mean
values7s.d.

IL-10 activity
Human IL-10 activity was measured by measuring
human IL-1b (IL-1) in the supernatant fluids of cultured
human PBMC. IL-1 was measured using a commercially
available human IL-1 ELISA kit (R&D Systems, Minnea-
polis, MN, USA) according to the manufacturer’s
directions. Recombinant human IL-10 was evaluated
for its ability to inhibit human IL-1 production by LPS
(Escherichia coli 0127 : B8, Sigma)-stimulated human
PBMC. Human IL-10 was serially diluted 1/2 starting
at a concentration of 120 to 1 ng/ml. The control groups
were incubated without IL-10 in the positive control and
without IL-10 and LPS in the negative control. Inhibition
(100%) was achieved at IL-10 doses greater than 15 ng/
ml.

NK cells isolation
NK cells were purified from buffy coats obtained from
healthy donors. PBMC were first isolated by Ficoll
gradient separation. Then, NK cells were negatively
isolated by using the NK cell Isolation Kit (Miltenyi
Biotec, Auburn, CA, USA), following the manufacturer’s
guidelines. Briefly, this is an indirect magnetic labeling
system for the isolation of untouched NK cells from
human PBMC. Non-NK cells, that is, T-cells, B-cells,
dendritic cells, monocytes, granulocytes and erythroid
cells, are indirectly magnetically labeled by using a
cocktail of biotin-conjugated antibodies against CD3,
CD4, CD14, CD15, CD19, CD36, CD123 and Glycophorin

A, and anti-biotin microbeads. Consequently, isolation of
highly pure NK cells is achieved by depletion of
magnetically labeled cells. Purity of isolated NK cells
was assessed by flow cytometry (FACScan, Becton
Dickinson; San Jose, CA, USA) using purified mouse
anti-human CD3 and CD56 monoclonal antibody (BD
Pharmingen, San Jose, CA, USA).

RNA extraction and amplification
Total RNA from isolated NK cells was isolated and
linearly amplified as we described elsewhere.54

High-throughput cDNA microarray
A 6400-spot human cDNA microarray slide (including
5492 unique clones from sequence-verified genes and 537
expression sequence tags) printed at Advanced Technol-
ogy Center, NCI was utilized. For complete gene list,
please visit web site at http://nciarray.nci.nih.gov/
gal_files/index.shtml (Mm-FCRF-GEM2 file). Pooled
PBMC from six healthy donors were used to prepare
reference aRNA to be cohybridized in all experiments
with test aRNA.29 For probe preparation, aRNA obtained
after two rounds of amplification was labeled in a
reverse transcription reaction in the presence of Cy3
(reference sample: pooled PBMC)- or Cy5 (test samples:
NK cells unconditioned or exposed to IL-10 or IL-2)-
labeled dUTP (Amersham, Piscataway, NJ, USA), as we
have already described.30 Slides were scanned at 10-mm
resolution on a GenePix 4000 Scanner (Axon Instru-
ments, Foster City, CA, USA) at variable PMT voltage to
obtain maximal signal intensities with o1% probe
saturation. Resulting tiff images were analyzed via
ArraySuite software (National Human Genome Research
Institute, Bethesda, MD, USA). Data were analyzed using
Cluster and TreeView software by Michael Eisen.31

cDNA synthesis and quantitative real-time PCR
Appropriately diluted amplified RNA (1 ml) was reverse
transcribed into cDNA using 1 ml of random hexamers,
5ml first-strand buffer, 2ml 0.1 M DTT, 2 ml magnesium
sulfate, 1ml 10 mM dNTP and 1ml SS-II. The reaction
mixture was heated to 651C for 10 min before adding SS-
II, then synthesis was continued with 1 h of 421C
incubation. cDNA was stored at �201C until use.

The expression of 11 genes (including b-actin, which
was used as the housekeeping gene) by unstimulated
and IL-10- or IL-2-conditioned NK cells was assessed by
means of quantitative real-time PCR, as we reported
elsewhere.18,19 Quantitative PCR was also employed to
validate the cDNA microarray expression data relative to
genes for which we could design specific probes and
primers (GRO2, EBI3, IL1, IL8, IL2-R, TGFb-R, IL10-R,
VEGF-R, CD59, CD29, CASPASE-3, CASPASE-5, CAS-
PASE-8, NKG5, NFkappaB, p21, RB, COX-2).

For each sample, target transcript values were
corrected by the housekeeping gene (b-actin) copies to
obtain normalized values independent from variation in
starting material. Gene levels were reported as number
of gene copies per 1�105 copies of b-actin.

Probes and primers (Table 1) were designed to span
intron–exon junctions to avoid amplification of genomic
DNA and to obtain amplicons less then 150 bp in length
in order to enhance PCR efficiency. Genomic DNA
contamination was further reduced by the use of RNA
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amplification that selectively amplifies mRNA and
requires multiple purification steps.

Proliferation assay
The nonradioactive colorimetric assay system using XTT
(Boehringer, Mannheim, Germany) was used, following
the manufacturer’s instructions. Briefly, 104 cells/well
were seeded in 100 ml culture medium containing
growing concentrations of IL-10 or IL-2 (0.3, 3, 30 ng/
ml, and 3, 30, 300 IU/ml, respectively). NK cells were
then incubated 48 h at 371C and 6.5% CO2. At the end of
incubation, 50ml XTT labeling mixture was added per
well and cells were incubated for 4 h at 371C and 6.5%
CO2. Finally, spectrophotometrical absorbance was mea-
sured by means of an ELISA reader.

Migration assay
The Boyden chamber migration assay described by
Axelsson et al55 was used. Polycarbonate filters with
pores of 3mm diameter (Nuclepore Corporation, Plean-
santon, NY, USA) were used between the lower and
upper compartments of the Boyden chambers. The lower
compartments were filled with 400ml of RPMI 1640
supplemented with 0.5% human serum albumin. In total,
200ml of conditioned and unconditioned NK cells were
added to the upper compartments. After incubation for
6 h at 371C, the amount of migratory cells in the lower
chambers was counted and the mean values in triplicate
chambers were calculated. The results of three experi-
ments (mean7s.e.m.) were expressed as percent increase
compared to untreated control cells.

Cytotoxicity assay
The cytotoxic activity of NK cells unstimulated or
conditioned with IL-10 or IL-2 was tested against Daudi
cells at different E : T ratios (5 : 1, 10 : 1 and 20 : 1). This
assay was performed using the nonradioactive fluores-
cence-based assay we described elsewhere.56 Briefly,
target cells were resuspended in complete medium at a
final concentration of 106/ml and incubated with 15mM

calcein-AM (Molecular Probes, Eugene, OR, USA) for
60 min at 371C with occasional shaking. After two
washes in CM, cells were adjusted to 105/ml. NK cells
unconditioned or after overnight exposure to cytokines
were then added. The test was performed in V-bottom
96-well microtiter plates with six replicate wells for
spontaneous (only target cells in complete medium) and
maximum release (only target cells in medium plus 2%
Triton X-100). After incubation at 371C in 5% CO2 for 6 h,
5ml FluoroQuench (One Lambda, Canoga Park, CA,
USA) was added to each well and the trays were
centrifuged for 1 min at 60 g. Then, fluorescence (excita-
tion at 485 nm, emission at 530 nm) was measured using
the automated FluorImager 595 scanning system (Mole-
cular Dynamics, Sunnydale, CA, USA). A decrease in the
fluorescence emission is proportional to the degree of
lysis of target cells, once the released dye is quenched by
the hemoglobin contained in the FluoroQuench reagent.
The percentage of lysis was calculated as follows: %
lysis¼ (1�(mean experimental emission�mean min/
max�mean min))� 100%.

In order to study the effect of TIA-1 in NK cytotoxicity,
this test was also performed in the presence of both anti-
TIA-1 antibodies (goat anti-human polyclonal antibody,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and

control antibodies (irrelevant goat IgG) at 50mg/ml
concentration.
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