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Abstract
Cytokines play an important role in the immune system, and abnormalities in their production have
been found in many human diseases. Interleukin-21 (IL-21), a type I cytokine produced by activated
T cells, has diverse effects on the immune system, but its ability to induce production of other
cytokines is not well delineated. Furthermore, the signaling pathway underlying its action is poorly
understood. Here we have evaluated IL-21-induced cytokine production in human monocytes and
U937 leukemia cells. We found that IL-21 induces upregulation of a variety of cytokines from
multiple cytokine families. We also found that IL-21 triggers rapid activation of ERK1/2.
Neutralizing antibody to the IL-21R prevented both IL-21-induced cytokine production and IL-21-
induced activation of ERK1/2. Inhibition of ERK1/2 activity by the ERK-selective inhibitor U0126
reverses the ability of IL-21 to upregulate cytokine production, suggesting that IL-21-induced
cytokine production is dependent on ERK1/2 activation.
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1. Introduction
Cytokines are essential for growth, survival, differentiation, and normal immune function.
IL-21 is produced by CD4+-activated T cells, and has significant homology to members of the
Type I cytokine family, i.e. IL-2, IL-4, and IL-15. In concert with CD3-specific antibody, it
stimulates proliferation of CD4+ T cells (1). IL-21 promotes proliferation of CD8+ T cells in
a synergistic manner with IL-7, and augments their antitumor activity (2–4). IL-21 promotes
the growth and expansion of T cells, serves as an apoptotic agent in B cells, and inhibits
dendritic cell maturation (5–9). In B cells, it promotes the production of IgG in cooperation
with IL-4 (10), and induces their differentiation to plasma cells (11). IL-21 activates cytotoxic
and antitumor activities of NK cells as well as induces their differentiation from progenitor
cells (12,13).
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IL-21 has been reported to enhance IFN-γ and IL-13 production in NKT cells (14), and IL-17
production in T helper cells (15). Whether it induces the production of cytokines in the Type
I family has not been thoroughly investigated, although at least one report (14) has indicated
that IL-21 induces the production of IL-4. Here we utilized cytokine arrays and cytokine ELISA
to investigate IL-21-induced cytokine production in human monocytes and U937 leukemia
cells. We observed that stimulation of U937 leukemia cells and human monocytes with IL-21
resulted in both cytokine (GM-CSF, IL-1, IL-2, IL-7, IL-15, IFN-γ, and TGF-β) and chemokine
(IL-8, RANTES, MIP-1α, Eotaxin, IP-10) production. In both cell types, IL-21 stimulated rapid
activation of ERK1/2. Both cytokine production and ERK1/2 activation were completely
inhibited by the use of an IL-21R neutralizing antibody. Inhibition of ERK activity with the
ERK1/2-selective inhibitor U0126 led to significant reversal of IL-21-induced cytokine
production, indicating the involvement of ERK1/2 in the induction of cytokine production by
IL-21.

2. Materials and Methods
2.1 Leukemia Cells and Reagents

U937 leukemia cells (myeloid monocytic leukemia cell line) were purchased from American
Type Culture Collection and cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) containing 50 U per ml each of penicillin and streptomycin. The cultures
were maintained in an incubator enriched with 5% CO2. FBS was obtained from Atlanta
Biologicals (Atlanta, GA). Recombinant IL-21 was purchased from R & D Systems
(Minneapolis, MN). According to the manufacturer, the cytokine was purified by sequential
chromatography, and sterilized by filtration. The endotoxin level was less than 5.7 × 10− 2 pg /
ml, as determined by the limulus amebocyte lysate (LAL) method. This method utilizes an
aqueous extract of blood cells (amebocytes) from the horseshoe crab (Limulus polyphemus)
which reacts with bacterial endotoxin, and can be measured with a chromogenic assay. Optimal
dosage of IL-21 (50 ng/ml) used in this study was determined by preliminary dose response
experiments conducted using U937 cells (data not shown). In those experiments, 50 ng/ml
IL-21 was just as effective as 100 ng/ml IL-21 in activating protein tyrosine phosphorylation.

2.2 Isolation of Monocytes
Whole blood was obtained from anonymous healthy donors at the New York Blood Center
(Long Island City, NY) and separated into fractions using Ficoll-Percoll gradient (GE Health
Care, Piscataway, N.J.) centrifugation at 400 × g for 40 min at 20° C. White blood cells were
harvested and suspended in RPMI 1640 medium supplemented with 10% FBS, 100 µg of
streptomycin per ml, and 100 U of penicillin per ml. The white blood cells were layered onto
6-well plates and allowed to adhere at 37° C for 90 minutes. Nonadherent cells were then
removed and adherent cells (monocytes) were incubated in complete medium.

2.3 Western Blotting
U937 cells or human monocytes (80 × 106 cells) were incubated with orthovanadate (5mM)
for 30 minutes, and then either untreated or stimulated with IL-21 (50 ng/mL) over time up to
60 minutes. At the end of the period, 100 µg of lysate protein from each sample were
resuspended in SDS-gel sample buffer, separated by SDS PAGE, and transferred to a
nitrocellulose membrane. The membrane was immunoblotted in blocking buffer containing
anti-phospho ERK1/2 antibody (1:1000 dilution) (Upstate, Charlotttesville, VA) for 1 hour
and washed in Tris buffered saline with 0.1% Tween 20 (TBST) for 15 minutes at room
temperature, with changes in buffer every 5 minutes. The membrane was exposed to
horseradish peroxidase (HRP) goat anti-rabbit secondary antibody (Amersham, Piscataway,
NJ) for 1 hour and developed with supersignal CL-HRP detection reagent (Pierce, Rockford,
IL). To assess loading, the membrane was stripped by incubation in 0.1 N HCl for 5 minutes
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and re-probed for total ERK (1:1000 dilution) (Upstate) as a loading control. This experiment
was also conducted using 100 ng/ml IL-21 (data not shown).

2.4 Measurement of ERK Activity
The enzymatic activity of ERK was measured using a kit from Assay Designs (Ann Arbor,
MI). Briefly, U937 cells or human monocytes (40 × 106 cells) were incubated with
orthovanadate (5mM) for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/ml)
over time. In some experiments, cells were pretreated with a neutralizing antibody to the IL-21R
(1 µg/ml) (Novus Biologicals, Littleton, CO) prior to stimulation with IL-21. The neutralizing
antibody was developed against amino acids 65–80 and 505–521 of human IL-21R (16). The
cells were then lysed using cell lysis buffer, and protein concentration was determined by using
the Coomassie Plus Protein Assay Kit (Pierce, Rockford, IL). Ten micrograms of protein from
each sample were used in the ERK activity assay. A positive control was performed using a
Jurkat cell lysate stimulated with phorbol 12-myristate 13-acetate (PMA). A negative control
was performed using assay buffer containing protease inhibitors and dimethyl sulfoxide
(DMSO). Anti-phospho ERK IgG and HRP conjugated goat anti-rabbit IgG were used for
detection. The absorbance, indicative of ERK1/2 activation, was measured at 450 nm with a
microplate reader. These experiments were performed at least three times. This experiment
was also conducted using 100 ng/ml IL-21 (data not shown).

2.5 Cytokine Antibody/Protein Arrays
U937 cells or human monocytes (30 × 106 cells) were incubated with orthovanadate (5mM)
for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/ml) for 6 hours. In some
experiments, cells were pre-incubated with 10 µM U0126, an ERK-1/2 selective inhibitor
(Calbiochem, San Diego, CA), for 30 min prior to stimulation with IL-21. The cells were
separated from the supernatant by centrifugation. The supernatants (2 ml) from each sample
were incubated with the cytokine/chemokine antibody array (Panomics, Inc., Fremont, CA)
for two hours before development, using streptavidin-HRP for detection as indicated in the kit.

2.6 Enzyme-linked immunosorbant assay (ELISA)
U937 cells and human monocytes (30 × 106) were incubated with orthovanadate (5mM) for
30 minutes, and either untreated or stimulated with IL-21 (50 ng/ml) for 2, 6, 12, or 24 hours.
To determine whether ERK1/2 mediates the effects of IL-21 on cytokine production, the cells
were pre-incubated with 10 µM U0126 for 30 min in some experiments prior to stimulation
with IL-21. In order to ascertain that induction of cytokine production was the result of IL-21/
IL-21R signaling, in some experiments cells were also pretreated with a neutralizing antibody
to the IL-21R (1 µg/ml). The cells were separated from the supernatant by centrifugation. The
levels of IFN-γ, IL-2, IL-15, RANTES, and IL-8 in the supernatants of monocytes and U937
cells were measured using ELISA kits purchased from RayBiotech (Norcross, GA). Reactions
were measured at 450 nm using a microplate reader. For each assay, a standard curve was
constructed and used to determine concentrations (pg/ml) of cytokine.

2.7 Statistics
Data are presented as means of three experiments ± standard deviation. Comparison between
groups was analyzed by the Student’s t test or one-way or two-way ANOVA. Differences were
considered to be significant at p < 0.05.
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3. Results
3.1 IL-21 induces increase in cytokine and chemokine production

We employed ELISA-based cytokine assays to assess the levels of some cytokines (IL-2, IL-15,
and IFN-γ) and chemokines (IL-8 and RANTES) in the cell supernatants and after stimulation
with IL-21 for various times (Figure 1). Maximum levels of cytokine and chemokine
production were found at 6 hours after treatment with IL-21. ELISA-based measurements
showed that IL-2 levels in supernatants of monocytes increased from (200 ± 10 pg/ml) to (1400
± 145 pg/ml) after 6 hr stimulation by IL-21. In U937 cells, IL-2 levels increased from (180 ±
13 pg/ml) to (900 ± 45 pg/ml) after stimulation with IL-21 for 6 hours (Figure 1A and 1B). In
contrast, ELISA measurements showed that IL-21 induced differential induction of IL-15
production. In monocytes, IL-21 induced considerable IL-15 production, from (275 ± 13 pg/
ml) to (1550 ± 74 pg/ml) in 6 hours. IL-21 stimulation led to a decline in IL-15 production
from (152 ± 9 pg/ml) to (36 ± 5 pg/ml) in U937 leukemia cells (Figure 1A and 1B). IFN-γ
levels increased in supernatants of monocytes by 133%, from (1180 ± 76 pg/ml) to (4200 ±
200 pg/ml) in response to IL-21. In U937 cells, IL-21 stimulation increases IFN-γ production
from (1145 ± 53 pg/ml) to (8000 ± 110 pg/ml) in 6 hours (Figure 1A and 1B).

We also assessed the levels of chemokines in the supernatants of these cells after IL-21
stimulation by measuring the levels of IL-8 and RANTES. In monocytes, levels of IL-8
increased from (76 ± 6 pg/ml) to a maximum of (1170 ± 107 pg/ml) after IL-21 stimulation
for 6 hours, while in U937 cells, it increased from (70 ± 9 pg/ml) to (1213 ± 76 pg/ml) after
stimulation with IL-21 (Figure 1C and 1D). In monocytes, RANTES levels increased from
(105 ± 15 pg/ml) to (1200 ± 82 pg/ml) after IL-21 stimulation. In U937 cells, RANTES levels
increased from (87 ± 13 pg/ml) to (572 ± 67 pg/ml) after stimulation with IL-21 for 6 hours
(Figure 1C and 1D).

To validate the results in Figure 1, cytokine antibody/protein arrays (Panomics, Inc.) were used
to investigate the effects of IL-21 on cytokine and chemokine production in human monocytes
and U937 leukemia cells. As shown in Figure 2A, there were substantial increases in cytokine
production in IL-21 treated monocytes. This stimulatory effect followed the order
IL-7>IL-15>IL-2>IL-1>IFN-γ > TGF-β > GM-CSF. Similarly, expression of several cytokines
was also significantly upregulated by IL-21 in U937 leukemia cells (Figure 2B); the stimulatory
effect followed the order IFN-γ> IL-2>IL-7>GM-CSF>TGF-β> IL-1>IL-15. Secretion of
several chemokines was also significantly upregulated by IL-21 in human monocytes in the
following order; IL-8>RANTES>IP-10>MIP-1α> Eotaxin (Figure 2C), and in U937 cells in
the following order; IP-10>RANTES>Eotaxin>IL-8>MIP-1α (Figure 2D). The cytokine/
chemokine array results for IL-2, IL-15, IFN-γ, IL-8, and RANTES confirm the ELISA
measurement levels of these cytokines.

3.2 IL-21 induces rapid increases phosphorylation of ERK1/2
We were interested in the mechanism by which IL-21 induced cytokine/chemokine expression.
In recent reports, ERK has been shown to play a role in cytokine regulation (17–19). To
determine whether ERK1/2 mediated the induction of cytokine production by IL-21, we
examined the effects of IL-21 on ERK activity. Western blot analyses show that IL-21
stimulated phosphorylation of ERK1/2 in human monocytes within 2 minutes and reached a
plateau level of approximately 2.7-fold by 15 minutes (Figure 3A). In U937 cells, the phospho-
ERK-1/2 level increased to 2.2 fold within 2 minutes and reached a plateau level of
approximately 2.9-fold in 30 minutes (Figure 3B). Additional evidence for ERK1/2 activation
by IL-21 was also provided by the use of ELISA in both monocytes and U937 cells. ELISA
results show that ERK1/2 phosphoprotein levels increased in IL-21 treated U937 cells, and
occurred rapidly in monocytes (Figure 3C and 3D). These results provide strong evidence that
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both ERK1 and 2 are activated by IL-21 in both monocytes and U937 leukemia cells. Taken
together with the Western blot data, these results show that IL-21 induces activation of ERK-1
and ERK-2 in both monocytes and U937 cells.

3.3 Neutralization of the IL-21R prevents IL-21 induction of ERK1/2 activation and cytokine/
chemokine production

To specifically implicate IL-21 in the observed effects, cells were pretreated with a neutralizing
IL-21R antibody before the addition of IL-21 in order to block the interaction of IL-21 with
its receptor. As shown in Figure 4, pretreatment of cells with a neutralizing antibody to the
IL-21R prior to stimulation with IL-21 completely reversed the stimulatory effect of IL-21 on
cytokine and chemokine production. The inhibition of the stimulatory effect of IL-21 by the
IL-21R neutralizing antibody suggests that the induction of cytokine production was the direct
result of IL-21/IL-21R signaling. The data in Figure 5 also shows that neutralization of the
IL-21R reverses the ability of IL-21 to stimulate ERK1/2 activation. This experiment was also
conducted with an antibody to neutralize the IL-21 ligand, and similar results were found (data
not shown). These data confirm that ERK1/2 plays a role in IL-21/IL-21R signaling.

3.4 Inhibition of ERK1/2 activity reverses IL-21-induced cytokine and chemokine production
Pretreatment of cells with the ERK-1/2 inhibitor (U0126) prior to stimulation with IL-21
significantly reversed the stimulatory effect of IL-21 on cytokine/chemokine production
(Figure 6). The inhibition of the stimulatory effect of IL-21 by U0126 suggests that ERK
mediates partial regulation of IL-21-induced cytokine production. Even though IL-21 also
upregulates chemokine production in monocytes and U937 leukemia cells, inhibition of
ERK1/2 reversed the ability of IL-21 to stimulate chemokine production. This data indicates
that ERK1/2 plays a role in the observed IL-21-induced effects.

4. Discussion
In this study, we have presented evidence that IL-21 significantly induced the production of
several cytokines (GM-CSF, IL-1, IL-2, IL-7, IL-15, IFN-γ, and TGF-β) and chemokines (IL-8,
RANTES, MIP-1α, Eotaxin, IP-10) in leukemia cells and human monocytes. We have also
shown that IL-21 activates ERK1/2 in these cells. Both cytokine production and ERK1/2
activation are completely blocked by a neutralizing antibody to the IL-21R, suggesting that the
effects of IL-21 reported here are mediated by IL-21/IL-21R signaling. We have also provided
evidence that the inhibition of ERK1/2 activity by U0126 abrogates the IL-21-induced cytokine
and chemokine production. However, this inhibition by U0126 does not completely ablate the
cytokine production induced by IL-21, which suggests that other signaling pathway(s) may be
involved. In a study by de Totero et al. (20), the authors observed IL-21-induced activation of
the JAK/STAT pathway in chronic lymphocytic leukemia cells. Preliminary results in our
laboratory also suggest the involvement of JAK2 in IL-21-induced cytokine production.
Perhaps the JAK/STAT pathway may also be involved in IL-21-induced cytokine production,
but its role requires more investigation.

Many if not all of the chemokines/cytokines studied here are important in the immune system.
For example, IL-2 is effective in immunotherapy for many cancers, through the stimulation of
immune response, activation of effector T cells, and increasing the cytotoxic activity of NK
cells (21,22). IL-15 also appears to be a likely candidate for immunotherapy in that it promotes
NK cell maturation and increases the survival of memory CD8+ T cells (22). IL-21 stimulation
of U937 leukemia cells also induced the production of TGF-β, a regulator of cell growth and
differentiation in many cell types including regulatory T cells, which improves immune
response and regulation in cancer patients (23,24). GM-CSF, a colony stimulating factor, is a
potent stimulator of specific cell-mediated cytotoxicity against autologous tumor targets and
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its presence in the microenvironment gives long-lasting anti-tumor immunity (25). IL-7 is
known to be important for proliferation during certain stages of normal B-cell maturation
(26). IFN-γ has been reported to exhibit negative regulatory effects on the growth of leukemic
cells and to mediate the inhibitory actions of other cytokines (27). IP-10, interferon-gamma
inducible protein 10, promotes natural killer and T-cell migration, and is a regulator of T-cell
and bone marrow progenitor cell maturation (28,29). By stimulating the production of these
cytokines, IL-21 could influence immune response, NK cell maturation and cytotoxicity, and
hematopoiesis.

Our data also show that IL-21 stimulation induced the production of IL-1, IL-8, MIP-1α,
RANTES, and eotaxin. Both IL-1 and IL-8, pro-inflammatory cytokines, are involved in
immune defense against infection (30,31). MIP-1α, another pro-inflammatory cytokine, has
the ability to promote growth inhibition to evade the development of hematological diseases
(32). RANTES has been found to induce proliferation of NK cells and promote innate immune
response (33). Interestingly, eotaxin has been reported to inhibit tumor growth (34). All of
these findings suggest the potential role of IL-21 as a possible therapeutic agent for leukemia,
and provide evidence in support of the notion that IL-21 could potentially alter immune
response via cytokine regulation (35–38).

Abnormal cytokine signaling and production are hallmarks of leukemia, and contribute to
aberrant growth, survival, and resistance to chemotheraphy. It remains possible that the
upregulatory effect of IL-21 on cytokine production in U937 leukemia cells may be relevant
to the mechanisms that underlie the possible therapies to treat B-cell malignancies, since many
of the cytokines induced by IL-21 treatment are involved in inflammatory and growth
responses.

In conclusion, IL-21 promotes cytokine production in both monocytes and leukemia cells. Here
we show that in both leukemia cells and human monocytes, IL-21 stimulates rapid activation
of ERK-1/2. The inhibition of ERK by an ERK1/2 inhibitor, U0126, leads to marked significant
reversal of cytokine production by IL-21. These current findings implicate the involvement of
ERK1/2 in the induction of cytokine production by IL-21, however, the data do not rule out
the involvement of other signaling pathways such as the JAK/STAT pathway in this process.
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Figure 1. Time course analysis of IL-21-induced cytokine and chemokine production
Human monocytes (1A, 1C) or U937 cells (1B, 1D) (30 × 106 cells) were incubated with
orthovanadate (5mM) for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/
mL) at 0, 2, 6, 12, and 24 hours. IL-2, IL-15, IFN-γ, IL-8, and RANTES concentrations were
measured in the supernatants from each sample by ELISA. Data represents the mean ± SD of
three experiments. (A) * Monocytes P < 0.05, (B) * U937 cells P < 0.05, (C) * Monocytes P
< 0.001, (D) * U937 cells P < 0.05.
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Figure 2. IL-21 induces upregulation of cytokine and chemokine production
Human monocytes (2A, 2C) or U937 cells (2B, 2D) (30 × 106 cells) were incubated with
orthovanadate (5mM) for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/
mL) for 6 hours. Supernatants from each sample were incubated with the cytokine/chemokine
antibody array for two hours before development using streptavidin-HRP solution. Data
represents the mean ± SD of three experiments. (A, C) * Monocytes P < 0.05, (B, D) * U937
P < 0.01.
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Figure 3. IL-21 stimulates ERK phosphorylation
Human monocytes (3A) or U937 cells (3B) (80 ×106) were incubated with orthovandate (5mM)
for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/ml) over a time course.
Total cell lysates (100 μg protein) were analyzed by SDS PAGE and immunoblotted using an
anti-phospho-ERK1/2 Ab. The membranes were stripped and re-probed for total ERK as a
loading control. The bands were scanned by Digital Image Analyzer and ERK1/2
phosphoprotein levels in each time point were normalized with total ERK levels. Fold changes
were calculated by comparing the p-ERK1/2:ERK ratio in each time point with the ratio in the
untreated samples. Each blot is a representative of repeated and reproducible experiments.
Human monocytes (3C) or U937 cells (3D) (50 × 106) were incubated with orthovanadate
(5mM) for 30 minutes, and untreated or stimulated with IL-21 (50 ng/ml) over a time course.
An immunometric ELISA assay was used to monitor ERK activation. A positive control using
a Jurkat cell lysate stimulated with PMA and negative control using assay buffer containing
protease inhibitors and DMSO were performed to validity the assay (data not shown). Data
represents mean ± SD of three experiments. (C) * Monocytes P < 0.001, (D) * U937 P < 0.001.
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Figure 4. IL-21 induction of cytokine and chemokine production is inhibited by neutralization of
the IL-21R
Human monocytes (4A) or U937 cells (4B) (30 × 106 cells) were incubated with orthovanadate
(5mM) for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/mL) for 6 hours.
In some experiments, cells were pretreated with an antibody to neutralize the IL-21R (1 µg/
ml). IL-2, IL-15, IFN-γ, IL-8, and RANTES concentrations were measured in the supernatants
from each sample by ELISA. Data represents the mean ± SD of three experiments. (A) *
Monocytes P < 0.002 (B) * U937 cells P < 0.003
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Figure 5. ERK phosphorylation inhibited by neutralization of the IL-21R
Human monocytes (5A) or U937 cells (5B) (50 × 106) were incubated with orthovanadate
(5mM) for 30 minutes, and untreated or stimulated with IL-21 (50 ng/ml) over a time course.
In some experiments, cells were pretreated with an antibody to neutralize the IL-21R (1 µg/
ml) or to neutralize the IL-21 ligand (3 µg/ml). An immunometric ELISA assay was used to
monitor ERK activation. A positive control was performed using a Jurkat cell lysate stimulated
with PMA. A negative control was performed using assay buffer containing protease inhibitors
and DMSO. Data represents the mean ± SD of three experiments. (A) * Monocytes P < 0.001
(B) * U937 P < 0.001
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Figure 6. U0126 inhibits IL-21-induced upregulation of cytokine and chemokine production
Human monocytes (6A, 6C) or U937 cells (6B, 6D) (30 × 106 cells) were incubated with
orthovanadate (5mM) for 30 minutes, and either untreated or stimulated with IL-21 (50 ng/
mL) for 6 hours. In some of the experiments, the cells were pretreated with 10 µM U0126
(ERK-1/2 inhibitor) for 30 min prior to stimulation with IL-21. In some cases, the cells were
treated with U0126 alone without IL-21. Supernatants from each sample were incubated with
the cytokine/chemokine antibody array for two hours before development using streptavidin-
HRP solution. Data represents the mean ± SD of three experiments. (A) * Monocytes P < 0.001,
(B) * U937 P < 0.05, (C) * Monocytes P < 0.007, (D) * U937 P < 0.001.
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