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Gene-expression profiling of the response of peripheral blood
mononuclear cells and melanoma metastases to systemic IL-2
administration
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Abstract

Background: Interleukin-2 (IL-2) has direct pluripotent effects on cells with immune and
inflammatory function. Which of these effects has a critical role in mediating tumor regression
remains enigmatic. In this study, we compared early changes in transcriptional profiles of
circulating mononuclear cells with those occurring within the microenvironment of melanoma
metastases following systemic IL-2 administration. 

Results: The results suggest that the immediate effects of IL-2 administration on the tumor
microenvironment is transcriptional activation of genes predominantly associated with monocyte
cell function; minimal effects were noted on migration, activation and proliferation of T cells.
However, production of chemokines and markers of adhesion and migration within few hours of
IL-2 administration may be responsible for a secondary recruitment of immune cells to the tumor
site later. 

Conclusion: Our results suggest that IL-2 induces inflammation at tumor sites with three
predominant secondary effects: activation of antigen-presenting monocytes; massive production
of chemoattractants that may recruit other immune cells to the tumor (including MIG and PARC,
which are specific for T cells); and activation of cytolytic mechanisms in monocytes (calgranulin,
grancalcin) and NK cells (NKG5, NK4).
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Figure 1 (see legend on the next page)
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Figure 1(see figure on the previous page)
Effects of IL-2 on circulating immune cells. (a) Changes in peripheral blood cell count following administration of one dose of IL-2. (b) Cell counts in
PBMC obtained by apheresis. PBMC were further purified by density gradient and stimulated in vitro with IL-2 (6,000 IU/ml). At each time point, adherent
and non-adherent cells were harvested and counted with an automated cell counter. Symbols as in (a). (c) Effect of density-gradient separation on
peripheral blood-cell populations. Monocytes and lymphocytes are enriched after gradient separation (Post-) compared with before (Pre-), whereas
polymorphonuclear cells, eosinophils and basophils are excluded. (d) Expression of marker genes for leukocytes derived from a 6,500-spot cDNA array
analysis. Expression profiles are displayed in an in vivo time course. Samples were obtained from blood 1, 2, 3, 4, 6 and 8 h after the first dose of IL-2
(green bar); from a group of PBMC obtained from different patients 3 h after IL-2 administration (gray bar); and from FNAs of melanoma metastases
obtained 3 h after one (light blue) or four (dark blue) doses of IL-2. In the clusterograms, colors are presented according to the central method for
display using a normalization factor as recommended by Ross et al. [22]. The results represent the ratio of hybridization of fluorescent test samples to
reference samples. Ratios are depicted according to the color scale bar underneath indicating the degree of gene upregulation (red) or downregulation
(green). (e) Effect of IL-2 and/or lymphocyte/monocyte-enriched PBMC on HUVEC permeability. Confluent monolayers of HUVEC were incubated for 3
h (white bars) or 24 h (black bars) with IL-2 (6,000 IU/ml) and/or PBMC. Permeability was measured as increase of optical density in abluminal chamber
medium. PBMC increased HUVEC permeability in all conditions, compared with those in which no PBMC were present (Student t-test, p < 0.01). IL-2
addition to PBMC increased permeability significantly compared to PBMC alone only after 24 h incubation (Student t-test, p = 0.02). (f) Effect of IL-2
and/or lymphocyte/monocyte-enriched PBMC on HUVEC gene expression. HUVEC were exposed for 3 h to IL-2 (column 1), culture medium alone
(column 2) or supernatant obtained 3 h (column 3) or 24 h (column 4) after exposure of PBMC to IL-2. Controls: supernatant obtained from PBMC after
3 and 24 h of culture (columns 4 and 6) was used for HUVEC conditioning. Total RNA was extracted from HUVEC immediately after 3 h exposure to
supernatants. Six signatures encompassing all genes specifically upregulated by IL-2-stimulated PBMC are shown (Student t-test, p < 0.05, supernatant
from IL-2-conditioned PBMC for 24 h compared to PBMC alone).
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Time-course analysis of IL-2-induced gene expression
in PBMC in vivo
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Genes whose expression is consistently altered in
peripheral blood following IL-2 administration
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Figure 2
Time-course analysis of changes in gene expression in PBMC in response to IL-2 stimulation in vitro. The clusterogram represents a group of genes
filtered from 6,500 cDNA clones expressed � 3-fold between reference and test samples in at least 70% of the experiments. Red indicates upregulation
in test samples compared with the pre-IL-2 reference sample and green indicates downregulation. Suggested functional signatures based on kinetics of
expression and gene annotations are given on the left. On the right, selected genes from individual clusters relevant to immune regulation are shown.
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Figure 3
Genes concordantly expressed in vitro and in vivo following IL-2 exposure. The pattern of expression of genes identified as outliers (� 3-fold differential
expression between test and reference samples) after IL-2 stimulation of cells in vitro (yellow bar), as in Figure 2, was compared to the expression pattern
in lymphocyte/monocyte-enriched PBMC from gradient-separated blood of the same patient following intravenous IL-2 administration (720,000 IU/kg)
(green bar). (a-e) Nodes from a cluster of 155 genes identified as differentially expressed in the in vitro time course. Only 51 of these are shown here.
A smaller subset of 62 discordant genes is not shown.
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Figure 4
IL-2 activates genes involved in inflammation in peripheral blood cells and in the tumor microenvironment. The profile of genes similarly expressed after
3 h stimulation with IL-2 in vitro and in vivo are shown. The 155 genes that were � 3-fold up- or downregulated in the in vitro time course shown in
Figure 2 were sorted. The expression pattern of these genes was compared between the 3-h sample in vitro (left-most column) and in vivo from five
patients (one patient was sampled twice as described in Materials and methods). This data set was clustered according to gene-expression profile, and
the nodes that demonstrated similar expression profiles in the in vitro and in vivo samples are shown. Fifty-two genes were included in the node that
demonstrated upregulation in response to IL-2, and 28 in the node that demonstrated downregulation. The expression of these genes was also analyzed
in subsets of leukocytes (orange bar) and FNA samples (blue bar). Leukocyte subsets were separated from PBMC exposed to IL-2 for 3 h and included
monocytes (1), CD4 (2), CD8 (3), total lymphocytes (4) and neutrophils (5). The FNAs (10 samples) were obtained from six patients: the first four
samples were taken after one dose of IL-2 (patients C.F.1, L.F.1, K.F.1, M.F.1) and the other six samples (G.F.a4, G.F.b4, H.F.4, K.F.4, L.F.4, M.F.4) after
four doses of IL-2. Pre-IL-2 samples were labeled with Cy3. Samples obtained after IL-2 administration or exposure to supernatant were labeled with
Cy5 and co-hybridized on the cDNA chip with their paired pre-IL-2 sample. Red exemplifies upregulation in test samples compared with the pre-IL-2
administration reference sample and green the opposite. The dendrogram on the left depicts similarity in gene expression between PBMC in vitro and in
vivo. Individual genes are shown on the right along with suggested functional signatures.
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Figure 5 (see legend on the next page)
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Figure 5 (see figure on the previous page)
Genes consistently differentially expressed in FNA obtained 3 h after the first and fourth dose of IL-2. The expression profile of aRNA samples amplified
from FNAs of melanoma lesions from six patients was analyzed. Four FNA (patients C.F.1, K.F.1, L.F.1, M.F.1) were obtained following one dose and five
(G.F.b4, H.F.4, K.F.4, L.F.4, M.F.4) following four doses of IL-2. The FNA material was co-hybridized in pairs with reference aRNA amplified from FNA
(red bar) obtained pre IL-2 therapy from each individual lesion. (a) Clusterogram depicts 150 genes derived from a group of 2,393 genes expressed with
at least a 3-fold difference between reference and test samples in at least 90% of the experiments. In addition, genes were ranked according to their
median ratio of expression among all tumor samples (75 with the highest median value of gene expression, 75 with the lowest, across nine experiments).
This was done to identify those genes that, independent of sample origin or number of IL-2 doses, were more consistently affected by IL-2 treatment. An
arbitrary cut-off of the 75 most representative genes in both ranges of expression was selected, which excluded genes with a median ratio of differential
expression of less than 2. Red exemplifies upregulation in test samples compared with pre-IL-2 reference sample and green the opposite. Individual genes
are shown on the right. To control for an influence on gene expression of the trauma of FNA, a separate control experiment included two FNAs
obtained from a lesion at a 24-h interval in the absence of IL-2 administration. No direct effect of FNA alone on gene expression was observed after IL-2
administration, except for the genes reported in parentheses. Eisen’s algorithm [21] was applied to this set of genes to identify proximity of different
samples by applying the clustering to individual array experiments as shown by the dendrogam. Samples from the same lesion clustered together
independently of number of doses received. (b) Clusterogram depicting the same 150 genes selected for (a) and analyzed in leukocyte subsets (blue bar)
(as in Figure 4), and in PBMC in vitro (yellow bar) and in vivo (green bar) (see Figure 3).
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Figure 6
Dose-dependent effect of IL-2 in the tumor microenvironment. (a) Clusterogram of genes differentially expressed between FNA samples obtained 3 h
after the first dose of IL-2 (as in Figure 5). Genes were selected using an unpaired t-test (p2 < 0.05). In this fashion, 54 genes were identified whose
modulation of expression was altered only after four doses of IL-2 (upregulated, light blue panel; downregulated, green panel). (b) The same gene
selection as in (a) analyzed in leukocyte subsets (blue bar) as in Figure 4, and in PBMC in vitro (yellow bar) and in vivo (green bar) (see Figure 3). Ratios are
displayed according to the central method for display using a normalization factor as recommended by Ross et al. [22].
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Figure 7
Gene profiling of a lesion responding to treatment. (a) Computer tomographic images of two lesions in the same patient (M.F.) before starting treatment
(7 March, 2001) and at follow-up administration. The FNAs were obtained after the 7 March images and before the following ones. (b) Genes
differentially expressed following the fourth IL-2 dose in M.F. compared to the rest of the FNA were selected using a two-tail t-test, with unequal
variance (p2 < 0.05). In this fashion, 102 genes were identified whose expression was specifically altered in the responding lesion. Only 19 of these are
shown in the clusterogram. Red represents upregulation in test samples compared with the pre-IL-2 administration reference sample, and green the
opposite. Gene identity is shown on the right. *Genes upregulated in acute rejection of kidney transplant (PBMC and renal biopsy tissue, [23]); **genes
with similar expression in NK cells exposed to IL-2. Similarly, 68 genes were found to be differentially expressed between the first IL-2 treatment in M.F.
and the rest of the FNA (small image on left).

C
P

1
G

P
H

P
C

P
C

F
1

LF
1

K
F

1
M

F
1

G
F

a4
G

F
b4

H
F

4
K

F
4

LF
4

M
F

4
TIAR=nucleolysin cytotoxic granule
NK4= natural killer cell protein 4
NKG5=granulysin
EBI3
TCR alpha
DAG kinase
HLA class II region expressed gene KE4
MHC class II DR beta
SERPINB1=Leukocyte elastase inhibitor
MIP-1 delta
FGF-13
STIM1=Stromal interaction molecule 1
VEGF
CD62 P selectin
GALECTIN 1
GALECTIN 1
N-MYC
DAP-1
53BP1=p53 binding protein

 

PBMC in vivo  

FNA 1 dose

FNA 4 doses

Responder FNA 1 dose

Responder FNA 4 doses

102

68

 7 March, 2001 7 May, 2001 7 June, 2001

>4    >3    >2   1   >2  >3   >4    

**

**

**

*

*

*
*

(a)

(b)



co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2002/3/7/research/0035.13

Figure 8 (see legend on the next page)
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Figure 8 (see figure on the previous page)
Schematic representation of the hypothesized chain of events that follows high-dose IL-2 administration deduced by serial gene profiling of PBMC and of
FNA of melanoma metastases. Administration of IL-2 first affects leukocytes in the peripheral circulation where the IL-2 receptor is immediately
upregulated on key effector mononuclear cells (lymphocytes, monocytes and NK cells). Lymphocytes and NK cells directly respond to IL-2 by releasing
IFN-�, whereas monocytes upregulate CD64, a typical marker of phagocytic activity, the receptor for the inflammatory cytokine IL-1RI, and most
probably begin to release IL-1�/� in a stimulatory autocrine feedback loop. Further amplification of the biological effects of IL-1 is achieved by the ability
of IL-1 to upregulate receptor expression for itself, IL-2R, IFN�R and GM-CSF/IL-3/IL-5R. The circulating pro-inflammatory cytokines IL-6 and IFN-�
further increase monocyte activation by triggering the release of MCP-3 and MCP-1 and/or inducing monocyte mobilization to the tumor
microenvironment. Macrophages expressing IL-1RI and IFN�R that reach the tumor microenvironment, along with resident macrophages, release
additional chemokines and cytokines (MCP-3, MIP-1� and �, MIG, PARC/MCP-4, IL-8), affecting the trafficking and/or activation of monocytes
themselves, lymphocytes/NK cells, dendritic cells and fibroblasts, which in turn can release inflammatory factors. Migration to the tumor
microenvironment is also reflected by the active transcription of molecules involved in adhesion of mononuclear cells (CD62L selectin) to vascular
endothelial cells (V-CAM). In addition, upregulation of mRNA expression for the cytolytic granule proteins calgranulin/grancalcin and NKG5 underlies the
induction of a cytotoxic response by monocytes/macrophages and NK cells, respectively. The net effect of the IL-2-induced inflammatory cascade in the
tumor microenvironment is the dominant expression of IFN-�-dependent genes (MHC class II, HSP70, MxA, MxB) and/or IFN-� regulatory genes (IRF-1,
IF1616, GBP1 interferon inducible, IEF protein).
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In vivo studies
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Stimulation of PBMC with IL-2 and separation of
single leukocyte subsets
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Direct separation of neutrophils from normal donor
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Permeability assay
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Differential stimulation of PBMC with IL-2 for
supernatant collection
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Exposure of HUVEC to supernatant obtained from
PBMC stimulated with IL-2
%�'
����������7����
!�(����	,���
8'��
!����$�3-�����	)$3

����5�������6� (���>���!�-A���@
�
���
����
!�������(��
��

�������
����(��1H������):DB�(������5"�����6����>DN�����BK

��- (��� >� �2� �(�
�� ����7�����
� :2A3-2:� ��� �(� *+
���� �����

7�((
�� @��� �!!
!� ��� 
���� (����� ��� ���
� ��
� �!�
�
��� �
��

�������
�����!�������
�*+��(��������������'��7
�'�
'���3

��������!
����7
!�7
��@2

Probe preparation and hybridization to microarrays
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Microarray analysis tools
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Additional data files
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