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ABSTRACT
Natural killer (NK) cells serve a critical role in the immune response against microbes and developing tumors.
We have demonstrated that NK cells produce stimulatory cytokines (e.g., IFN-g) in response to potent
stimulation via immobilized IgG (to engage Fc receptors) and interleukin (IL)-12. CD25 is a component of the
high-affinity IL-2R, which promotes NK cell activation in response to low doses of IL-2 such as those released
by activated T cells. We hypothesized that stimulation of NK cells via IgG and IL-12 would enhance CD25
expression and promote NK cell anti-tumor activity in response to low-dose IL-2. It was confirmed that this
dual stimulation strategy significantly enhanced NK cell CD25 expression compared to unstimulated cells or
cells treated with IgG or IL-12 alone. Dual stimulated NK cells also were more responsive to low-dose IL-2.
Dual stimulated NK cells subsequently treated with low-dose IL-2 (10 pg/mL) displayed enhanced intracellular
signaling as indicated by increased pSTAT5 levels. IFN-g production and cytotoxicity against K562 cells by NK
cells stimulated with low-dose IL-2 was comparable to that of cells treated with high-dose IL-2 (10 ng/mL).
Importantly, cells isolated from head and neck cancer patients receiving the mAb cetuximab and IL-12 on a
clinical trial displayed increased CD25 expression following combination therapy compared to baseline.
Altogether, these findings suggest that FcR and IL-12R co-stimulation induces expression of the high-affinity
IL-2R and promotes NK cell anti-tumor activity.
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Introduction

NK cells are large, granular lymphocytes that are capable of
killing transformed cells without previous sensitization.1 NK
cells have the ability to directly target and kill virally-infected
or transformed cells and also produce an array of stimulatory
cytokines such as IFN-g, MIP-1a, and TNF-a.2 In order to
modulate this robust activity, NK cells express a spectrum of
activating and inhibitory surface receptors, including Fc recep-
tors (FcR), the NKG2D receptor, a variety of killer cell immu-
noglobulin-like receptors (KIR), and multiple cytokine
receptors.3,4 Because NK cells are non-MHC-restricted and
also recognize cells expressing stress-induced ligands such as
MICA/B and ULBPs, they play a vital role in immune surveil-
lance and control of tumor growth and metastasis.5,6 For
instance, it has been shown that in an NK cell-deficient mouse
model, depletion of NK cells diminished natural killing activity
and led to unrestricted tumor cell growth and invasion.7 For
these reasons, it is important to develop strategies to maximize
NK cell activity in the treatment of cancer.

Antibody-dependent cell-mediated cytotoxicity (ADCC) is
an essential NK cell effector function that is achieved via

binding of the NK cell low-affinity FcgRIII (CD16) to the Fc
portion of antibodies (Ab) bound to target cell-specific anti-
gens.8 FcR engagement by monoclonal antibodies (mAb) repre-
sents the dominant mechanism by which the immune system
responds to Ab-coated tumor cells in vivo.9 Moreover, our
group has shown that stimulatory cytokines (e.g., IL-12)
strongly enhance NK cell activity against Ab-coated tumor cells
in vitro, in murine models, and in phase I clinical trials.10-14

Given that other immune cells within the tumor microenviron-
ment are a source of NK cell activating cytokines, it is impor-
tant to investigate how NK cells engage other effector cells and
determine how NK cells respond to mAb and cytokine stimula-
tion in order to combat tumor development and aid in coordi-
nation of the adaptive immune response.

Most NK cells constitutively express a low- or intermediate-
affinity IL-2 receptor (IL-2R); however, upon activation, syn-
thesis of the IL-2Ra chain enables formation of an extremely
sensitive, high-affinity IL-2R at the NK cell surface.15 This
high-affinity receptor is composed of three chains: the gc
(CD132), b (CD122), and a (CD25). While the common g

chain is shared among related cytokine receptors (i.e., IL-4,
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IL-7, IL-9, IL-15, and IL-21); and the b chain is also a compo-
nent of the IL-15 receptor, the a chain is unique to the IL-
2R.16,17 Previous studies have shown that increased CD25
expression leads to robust NK cell activation and proliferation
in response to low-dose IL-2.15 Further, it has been demon-
strated that CD25 expression may be upregulated upon stimu-
lation with cytokines such as IL-12.15,18 Our laboratory has
shown that dual stimulation of NK cells via the FcR and IL-12R
leads to maximal activation of various signaling pathways (e.g.,
JAK/STAT and PI3-K/Akt) and promotes NK cell effector
functions.19 Thus, it was hypothesized that dual stimulation of
NK cells via immobilized IgG and IL-12 would lead to
increased expression of CD25 and ultimately promote NK cell
responsiveness to low-dose IL-2. We now show that dual stim-
ulation of NK cells via immobilized IgG and IL-12 (to engage
Fc and IL-12 receptors, respectively) leads to a significant
increase in CD25 expression, which enhances signaling via the
high affinity IL-2R and facilitates NK cell anti-tumor activity in
response to low-dose IL-2. This increase in NK cell activity and
cytokine production not only has the capacity to mediate tumor
cell destruction, but also may facilitate the recruitment of other
immune effectors to the tumor microenvironment to mount an
optimal anti-tumor response.

Results

CD25 is upregulated in response to FcR and IL-12R dual
stimulation

In order to examine the regulation of CD25 in activated NK
cells, a powerful, clinically-relevant dual-stimulation strategy
was employed to engage NK cell Fc and IL-12 receptors. In this
study, NK cell CD25 expression was measured following stimu-
lation via two pathways: FcR engagement via immobilized IgG,
and IL-12R activation via the prototypic NK cell stimulatory
factor, IL-12. First, NK cells from healthy donors (n D 8) were
cultured in the presence of medium alone, IL-12, immobilized
IgG, or the combination of IgG and IL-12. Following stimula-
tion, the cells were harvested and CD25 expression was evalu-
ated via microarray, Real-Time PCR, immunoblot, and flow
cytometry. In the microarray experiment, CD25 expression was
highest in 7/8 donors following dual-stimulation via immobi-
lized IgG and IL-12 compared to medium or either treatment
condition alone (Fig. 1).

To confirm these findings, Real-Time PCR was performed to
measure CD25 transcript levels. In dual-stimulated cells, CD25
transcript levels were elevated approximately 20-fold compared
to cells cultured in medium alone and 4-fold greater than those
stimulated via IL-12 or IgG alone (Fig. 2A). Next, CD25 expres-
sion at the protein level was examined. Immobilized IgG and
IL-12-stimulated NK cells exhibited the most robust CD25
expression in three separate donors (Fig. 2B). Because CD25
expression on the surface of NK cells enables formation of the
high-affinity IL-2R, it was important to determine the effects of
this stimulation strategy on CD25 surface expression as well.
NK cell surface CD25 expression was markedly upregulated in
dual stimulated cells in comparison to control conditions, while
surface expression of CD122 (IL-2Rb) was not significantly
altered (Fig. 2 C, Supplemental Figure 1). Further, it was shown

that substantial CD25 expression could be observed following
24 hours of FcR and IL-12R stimulation (Fig. 2D). Taken
together, these results confirm that stimulation of NK cell Fc
and IL-12 receptors leads to a significant increase in CD25
expression levels in activated NK cells.

Engagement of Fc and cytokine receptors results
in increased expression of CD25

Previous studies have demonstrated that immune stimulatory
cytokines such as IL-12, IL-15, and IL-18 promote NK cell acti-
vation and induce expression of the high-affinity IL-2R.15,24

Thus, we investigated the impact of NK cell treatment with
cytokines IL-2, IL-12, IL-15, IL-18, and IL-21 alone and in
combination with immobilized IgG on CD25 surface expres-
sion. Across all conditions, dual stimulation with cytokines and
immobilized IgG resulted in enhanced CD25 expression com-
pared to the single cytokine stimuli alone. (Fig. 3) Further, the
most substantial CD25 expression was observed following stim-
ulation via IgG and IL-2, IL-12, or IL-15. Given that numerous
pre-clinical studies and clinical trials have investigated the effi-
cacy of mAb and cytokine combination therapy for the treat-
ment of cancer,13,25 these findings affirm that FcR engagement
coupled with cytokine stimulation may serve as a strategy to
upregulate expression of the high-affinity IL-2R and promote
anti-tumor activity.

FcR and IL-12R dual stimulation alters the expression
of various NK cell surface markers

We next examined the expression of other activating and inhib-
itory NK cell surface markers following exposure to immobi-
lized IgG and IL-12 in order to further characterize the effects
of this treatment strategy. NK cells consistently exhibited a sig-
nificant increase in CD25 expression, as expected (p < 0.0001,
Fig. 4 A). Also, compared to unstimulated cells, activated NK
cells displayed significantly increased expression of NKG2D
and CD69 (p < 0.01 and p < 0.001, respectively, Fig. 4B-C).
However, it was determined that dual stimulation did not sig-
nificantly alter the expression of NK cell inhibitory receptors
CD158 a, or CD158b (also known as KIR2DL1 and KIR2DL2/
L3) (Fig. 4D-E). Thus, NK cells stimulated via immobilized IgG
and IL-12 primarily upregulate expression of CD25 at the cell
surface when activated in this manner.

The IL-2R is the cytokine receptor most affected by FcR
and IL-12R activation

A family of cytokine receptors shares the common g chain,
including the IL-2R, IL-4R, IL-7R, IL-9R, IL-15R, and IL-21R,
and the IL-2Rb chain also is a component of the IL-15R. Given
that dual stimulation significantly increases CD25 expression
to impact the IL-2R, it was thought that perhaps other cytokine
receptors may be affected by this stimulation strategy. Real-
time PCR analysis was performed to examine expression of
different NK cell cytokine receptors at the transcript level fol-
lowing stimulation via immobilized IgG and IL-12. In NK cells
acquired from three healthy donors, it was demonstrated that
though dual stimulation resulted in significantly increased
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IL-2Ra (p < 0.001) and IL-15Ra (p < 0.05) expression, tran-
script levels of the IL-4R, IL-7R, and IL-21R were not substan-
tially altered compared to untreated NK cells (Fig. 5B, C, F).
Conversely, transcript levels of IL-9R were significantly
decreased with dual stimulation (Fig. 5D, p < 0.05).

Upregulation of CD25 enhances NK cell signaling
and effector functions in response to low-dose IL-2

The effects of increased CD25 expression on NK cell respon-
siveness to IL-2 were next investigated. In order to evaluate NK
cell signaling downstream of the IL-2R, phosphorylated STAT5
(pSTAT5) was measured by intracellular flow cytometry.20 NK
cells were cultured in medium alone or in the presence of
immobilized IgG, IL-12, or the combination for 24 h. After
washing and resting to allow cells to return to a state of baseline
activation, NK cells were treated with medium alone or
medium containing low-dose IL-2 (10 pg/mL) or high-dose IL-
2 (10 ng/mL). It was demonstrated that pSTAT5 levels were
negligible in untreated cells; however, stimulation via high dose
(but not low dose) IL-2 resulted in increased pSTAT5. Impor-
tantly, following culture in the presence of immobilized IgG
and IL-12, NK cells were much more responsive to low-dose
IL-2 (compared to cells cultured in medium alone) and
pSTAT5 levels approached that of NK cells stimulated with
high-dose IL-2 (Fig. 6 A, p < 0.05). This response was not
observed in cells pre-treated with immobilized IgG or IL-12
alone. NK cell functional activity also was examined in this sys-
tem via measurement of NK cell cytokine production and lytic
activity. Accordingly, it was shown that dual stimulated NK
cells produced substantially more IFN-g (the prototypic NK

cell cytokine,26) in response to low-dose IL-2 compared to cells
that were not initially cultured in the presence of immobilized
IgG and IL-12 (Fig. 6B). Additionally, dual stimulated NK cells
exhibited increased cytotoxicity against the K562 cell line in
response to low-dose IL-2, as well as increased antibody-depen-
dent cellular cytotoxicity against trastuzumab-coated SK-BR-3
cells (Fig. 6 C-D). As such, it was concluded that increased
expression of CD25 on NK cells not only results in increased
expression of the high-affinity IL-2R but also promotes respon-
siveness to low-dose IL-2 and facilitates IL-2-mediated NK cell
effector functions.

Monoclonal antibody and cytokine combination therapy
enhances CD25 expression in patients with cancer

After determining that dual stimulation of NK cells via immo-
bilized IgG and IL-12 leads to robust CD25 expression and
increased NK cell activity in vitro, it was important to evaluate
whether these findings might translate to the clinical setting.
PBMC were isolated from head and neck cancer patients
enrolled in a clinical trial in which they received cetuximab (an
anti-HER1 mAb) in combination with IL-12 therapy. These
cells were stained for CD56 (to identify NK cells) and CD25 to
evaluate changes in expression prior to and after receiving
mAb and cytokine therapy. Interestingly, in three representa-
tive patients who exhibited extended progression-free survival
(PFS) ranging from 169 to 449 days, NK cell CD25 expression
was elevated in later cycles following combination therapy
compared to baseline (pre-therapy) levels (Fig. 7 A). However,
in patients who did not respond to therapy and were required
to go off-trial with a much shorter PFS (ranging from 53 to 70
days), CD25 expression levels remained stable or even
decreased over the course of treatment (Fig. 7B). Though many
variables must be considered in a human system, and the data
presented are preliminary, these results warrant further in vivo
and prospective clinical studies regarding the role of NK cell
CD25 expression in the immune response to immunotherapy
for cancer.

Discussion

We have demonstrated that dual stimulation of NK cells via Fc
and IL-12 receptors significantly increases CD25 expression,
enhances IL-2-induced signal transduction and elicits robust
NK cell effector functions in response to low-dose IL-2. Our
group has demonstrated previously that the combination of
immobilized IgG and IL-12 serves as a powerful stimulus to
promote NK cell-mediated anti-tumor activity.27 The present
study has investigated the impact of this stimulatory strategy
on NK cell cytokine signaling, specifically via the high-affinity
IL-2R. The data presented herein demonstrates that increased
expression of CD25 enables formation of the high-affinity IL-
2R on the surface of NK cells, increases responsiveness to low-
dose IL-2, and promotes NK cell pro-inflammatory activity.
Since activated NK cells play an important role in the initiation
of an adaptive immune response through production of stimu-
latory cytokines, targeting NK cell Fc and IL-12 receptors may
enhance NK cell-mediated anti-tumor activity via the support
of immune cell crosstalk. Further, the connection between

Figure 1. NK cell CD25 transcript levels are upregulated following dual stimulation
of Fc and IL-12 receptors. Healthy donor human NK cells were purified and cul-
tured in medium alone or in the presence of immobilized IgG, IL-12, or IgG and IL-
12 (n D 8). Following 24 h stimulation, cells were harvested and RNA was isolated,
converted to cRNA, and hybridized to an Affymetrix Genechip, and CD25 expres-
sion levels were evaluated. Each row represents an individual donor, and each col-
umn represents one of the four treatment conditions in the NK cell assay. Relative
hybridization intensities of CD25 expression are shown across all samples, and col-
ors reflect the magnitude of relative expression of CD25. Brighter orange to red
corresponds to higher expression and blue corresponds to lower expression.
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innate and adaptive immunity may be strengthened through
CD25-positive NK cells that are primed to mount an effective
immune response upon exposure to T cell-derived IL-2.

IL-2 is known for its role in the development and differenti-
ation of NK cells as well as in the regulation of NK cell func-
tional activity.17,28 Upon exposure to IL-2, NK cells exhibit
increased cytotoxic activity and enhanced production of cyto-
kines including IFN-g.29 Of note, it has been demonstrated
that CD56bright NK cells express the high-affinity, heterotri-
meric IL-2R; whereas CD56dim NK cells express the intermedi-
ate-affinity IL-2R and upregulate expression of the IL-2Ra
chain only upon activation.30-32 It has been shown in this study,
as well as others, that induction of the high-affinity IL-2R leads

to increased NK cell sensitivity to picomolar doses of IL-2.32

This event not only promotes NK cell activity in response to
therapeutic administration of low-dose IL-2, but also enhances
responsiveness to endogenous IL-2 released by T cells into the
surrounding microenvironment.33,34 For example, Bihl et al.
described a key role for antigen-primed CD4C T cells in pro-
moting NK cell activation, and it was demonstrated that IL-2
secreted by T cells leads to enhanced NK cell IFN-g production
in response to infection with Leishmania major.35 Along those
lines, a study by Horowitz et al. characterized NK cell responses
following rabies virus vaccination and re-challenge.36 It was
shown that NK cells were critical for control of infection fol-
lowing vaccination, and this robust NK cell activity was

Figure 2. Dual stimulation of NK cells via immobilized IgG and IL-12 leads to increased CD25 expression. (A) Healthy donor NK cells cultured in the presence of medium,
IL-12, immobilized IgG, or IgG plus IL-12 were harvested and processed for Real-Time PCR analysis of CD25 (IL-2Ra) transcript levels. Results are given as fold increase in
transcript over baseline (medium). (B) Following stimulation for 24 h, NK cells were harvested, and protein lysates were examined via western blot to detect CD25 expres-
sion. b-actin was used as a loading control. Three representative donors are shown. (C) NK cells cultured in the different treatment conditions were harvested and stained
via flow cytometry to evaluate surface expression of CD56 and CD25. (D) NK cells were cultured in the presence of medium (control) or immobilized IgG plus IL-12, and
were collected at sequential time points (8 h, 12 h, and 24 h) and stained via flow cytometry to evaluate surface expression of CD56 and CD25 over time.
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dependent upon IL-2 released by memory T cells. The impact
of adaptive immune influence on innate immune cell activity
was highlighted in a study by Gasteiger et al. in which depletion
of regulatory T cells (Treg) facilitated NK cell-CD4C T cell
crosstalk to promote NK cell expansion in response to T cell-

derived IL-2.37 Taken together, it may be concluded that stimu-
lation of NK cell Fc and IL-12 receptors could promote NK
cell-mediated anti-tumor activity through upregulation of the
high-affinity IL-2R and may serve as a mechanism to support
NK cell interactions with other immune effector cells.

Figure 3. Various combinations of FcR and cytokine stimulation enhance NK cell CD25 expression. Healthy donor human NK cells were isolated and cultured for 24 h in
medium alone or in the presence of immobilized IgG, IL-2,-12, -15, -18, -21 or the combination of IgG and those cytokines. Cells were harvested and CD25 levels were
examined by flow cytometry.

Figure 4. FcR and IL-12R dual stimulation alters the expression of NK cell surface markers. NK cells were isolated and cultured in medium alone or in the presence of
immobilized IgG, IL-12, or IgG and IL-12. (A) After 24 h, cells were collected and stained via flow cytometry to evaluate surface expression of CD56 and NK cell activation
markers (A) CD25, (B) NKG2D and (C) CD69, or NK cell inhibitory markers (D) CD158 a, or (E) CD158b.
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Given that IL-2 is a potent stimulus for NK cell activation
and proliferation, this cytokine has been used widely as a com-
ponent of cancer immunotherapy. For example, Caligiuri et al.
found that patients with advanced cancer who received pro-
longed infusions of low-dose IL-2 achieved increased circulat-
ing NK cell numbers, particularly within the CD56bright

subset.33 Similarly, in a study of patients with human immuno-
deficiency virus (HIV)-associated malignancies, daily treatment
with IL-2 over a 90-day period resulted in NK cell expansion
and controlled viral burden.38 IL-2 also has been utilized to
stimulate NK cells ex vivo prior to use in adoptive cellular ther-
apy for melanoma and renal cell carcinoma.39 Despite its anti-
tumor effects, it is known that IL-2 may promote the expansion

of regulatory T cell (Treg) populations that inhibit the functions
of tumor-reactive lymphocytes. Nonetheless, a recent study by
Su et al. demonstrated that compared to IL-15 (which does not
bind IL-2Ra, and therefore does not have the same effect on
Treg populations), IL-2 consistently elicited stronger anti-tumor
immune reactivity mediated through the IL-2Ra.40 This effect
was demonstrated in lymphoreplete mice, wherein adoptively
transferred IL-12-conditioned CD8C T cells (Tc1, IL-2Rahi)
from pmel-1 T cell receptor transgenic mice preferentially
expanded in response to treatment with an IL-2/mAbCD25 com-
plex. This increase in T cell activity was shown to be a result of
sustained signaling through the IL-2Ra chain even after
removal of a cytokine stimulus. This was shown to be the result

Figure 5. FcR and IL-12R dual stimulation variably modifies the expression of NK cell cytokine receptors sharing the common g chain. NK cells were isolated and cultured
in medium alone or in the presence of immobilized IgG, IL-12, or IgG and IL-12. After 24 h, cells were collected and processed for Real-Time PCR analysis of various cyto-
kine receptor transcript levels. Results are given as average fold increase in transcript over baseline (medium) for three independent experimental donors. (A) IL-2Ra, (B)
IL-4R, (C) IL-7R, (D) IL-9R (E) IL-15Ra, and (F) IL-21R.
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of IL-2Ra uniquely functioning as an extracellular IL-2 reser-
voir and mediating recycling of IL-2 to the cell surface. Further-
more, it was demonstrated that expression of the high-affinity
IL-2R endowed donor T cells with an enhanced ability to
respond to IL-2/mAb therapy and persist in a lymphoreplete
setting in vivo. Given these findings, the authors called for sub-
sequent investigation to develop methods to enhance IL-2Ra
expression on immune effectors such as T cells and NK cells to
promote IL-2-driven anti-tumor activity.

Though IL-2 effectively promotes immune cell activation,
exogenous administration may lead to substantial toxicities
including nausea, hypotension, pulmonary edema, and leuko-
penia, to name a few.41 Thus, it is critical to determine optimal
strategies to promote immune-mediated anti-tumor activity
while minimizing adverse effects. Studies are underway to
develop more effective IL-2 delivery vectors42 IL-2-Ab com-
plexes called immunocytokines have been developed for tumor
cell-specific targeting of IL-2, such as the huKS-IL2 conjugate
that binds to EpCAMC ovarian cancer cells and is fused to IL-2

to engage and activate NK cells in proximity of the developing
tumor.43 Additional methods include IL-2 structural modifica-
tions to increase IL-2 binding affinity to intermediate affinity
receptors.44 In the current study, it has been demonstrated that
a clinically-proven treatment regimen combining FcR and IL-
12R activators may serve as an alternative, powerful mecha-
nism to upregulate IL-2Ra expression and increase NK cell
responsiveness to IL-2.

The clinical utility of IL-2 as a therapeutic agent has been
investigated in a variety of cancer models, and the importance
of immune cell activation and high-affinity IL-2R induction is
becoming increasingly clear. A few studies have described the
ability of single cytokines and stimulatory cytokine combina-
tions to upregulate NK cell CD25 expression.15,18,24,45 One such
cytokine, IL-12 (first described as the NK cell stimulatory
factor), has been shown to enhance high-affinity IL-2R
expression on the surface of NK cells18 In addition, NK cell
priming with other stimulatory cytokines including IL-15 and
IL-18 leads to increased NK cell activation and enhanced CD25

Figure 6. NK cells pre-treated with immobilized IgG and IL-12 are more responsive to low-dose IL-2. Healthy donor NK cells were purified and cultured in the presence of
medium alone, IL-12, immobilized IgG, or the combination of IgG and IL-12. After 24 hours, cells were collected, washed, and rested. Cells were left untreated (control) or
treated with low dose IL-2 (10 pg/mL) or high dose IL-2 (10 ng/mL). (A) Cells were incubated for 15 minutes and were subsequently stained for pSTAT5 expression via
intracellular flow cytometry. (B) For interferon-gamma analysis, NK cells were incubated in 96-well plates for 24 hours. At the end of the incubation period, culture super-
natants were collected and analyzed by ELISA. Both figures depict the average of 3 independent donors § SEM. (C) The lytic activity of untreated or immobilized IgG and
IL-12 stimulated NK cells incubated with or without low dose IL-2 (10 pg/mL) or high dose IL-2 (10 ng/mL) was then assessed in a standard 4 hr chromium release assay
using K562 tumor cells as targets at a 25:1 effector:target ratio or trastuzumab-coated SK-BR-3 cells at a 6.25:1 effector:target ratio (D). The percentage of lysis was calcu-
lated as previously described the graph depicts the results from one representative donor § SD. � P < 0.05
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expression.15,24). Leong et al. demonstrated that treatment of
human NK cells with the cytokine combination of IL-12, IL-15,
and IL-18 mediated significant increases in surface expression of
the high-affinity IL-2R. Further, following adoptive transfer into
immunodeficient NOD-SCID-gc

¡/¡ mice, cytokine-stimulated
NK cells were more sensitive to exogenous IL-2 therapy as indi-
cated by enhanced proliferation and cytokine production com-
pared to control NK cells that were not subjected to the triple
cytokine pre-stimulation strategy. Of note, knowledge gained
through studying the impact of cytokine therapy for cancer may
be translated to the setting of infectious disease, as studies have
shown that IL-12 and IL-18 function to upregulate CD25 and
enhance NK cell IFN-g production in response to viral and bac-
terial infection as well18,45 On the other hand, the role of mAb
therapy and FcR stimulation in promoting immune cell respon-
siveness to IL-2 is not well understood. In a study by Aneg�on
et al. in the late 1980’s, it was demonstrated that FcR crosslink-
ing led to increased expression of the high-affinity IL-2R on
human NK cells.46 More recent experimentation has indicated
that CD16 engagement leads to upregulation of CD25 and other
NK cell activation markers.47 Our laboratory has demonstrated
previously that stimulatory cytokines (e.g., IL-12) strongly
enhance the NK cell response to FcR engagement mediated by
Ab-coated tumor cells in vitro, in murine models, and in phase
I clinical trials.10,11,14,25 Moreover, in a recent study examining
the gene expression profile of dual-stimulated NK cells

(following FcR and IL-12R engagement), it was determined that
this stimulatory strategy resulted in expression of a unique set
of genes, including genes encoding cytotoxicity receptors, intra-
cellular signaling molecules, and cytokines that serve to mediate
enhanced NK cell-mediated cytotoxicity and promote interac-
tions with other immune cells within an inflammatory tumor
microenvironment.27 These studies provided a rationale for
investigation of FcR activation and cytokine stimulation of NK
cells.

In summary, we have employed a robust stimulation strat-
egy to examine regulation of the high-affinity IL-2R on NK
cells. It has been shown that FcR and IL-12R stimulation leads
to increased CD25 expression and promotes NK cell activity in
response to low-dose IL-2. Given that interactions between
immune cells within the tumor microenvironment play a key
role in cancer immunosurveillance, optimizing NK cell effector
functions will support coordinated anti-tumor activity and
improve the efficacy of anti-cancer therapies.

Materials and methods

Cytokines and antibodies

Recombinant human IL-12 (rhuIL-12) was provided by Genet-
ics Institute, Inc. Polyclonal human IgG (huIgG) was purchased
from Sigma-Aldrich Co. Recombinant human IL-15 and IL-18

Figure 7. Combination therapy with the monoclonal antibody cetuximab and IL-12 induces CD25 expression in patients with head and neck cancer. Patient blood was
drawn at visits pre- and post-therapy (Cetuximab and IL-12 Phase I clinical trial; NCI protocol 8860; local protocol OSU 11010). Cryopreserved patient PBMC were thawed
and analyzed via flow cytometry to measure CD56C NK cell CD25 expression. Bars represent the percent CD25 positive NK cells in total PBMC at baseline and throughout
various cycles (C) of cetuximab and IL-12 therapy (D1 is drawn pre-therapy, D2 after cetuximab administration, and D5 after patient has received cetuximab and IL-12
administration). (A) Three representative patients with extended PFS and elevated CD25 levels following therapy. (B) Three representative patients with short PFS and
low to decreased CD25 levels following therapy. EOT D end of treatment.

e1381813-8 M. C. DUGGAN ET AL.



were purchased from Peprotech, Inc. (Rocky Hill, NJ). Recom-
binant human interleukin-21 (rhuIL-21) was supplied by
ZymoGenetics, Inc. Recombinant human IL-2 (rhuIL-21) was
purchased from the Ohio State Medical Center pharmacy
(Nation Drug Code 65483–116-07). The anti-HER2 mAb tras-
tuzumab was provided by Genentech Inc. (San Francisco, CA).

Isolation of human NK cells

NK cells were isolated from fresh peripheral blood leukopacks
(American Red Cross) by 30 minute incubation with Rosette-
Sep cocktail (Stem Cell Technologies, 15025 C.1), followed by
Ficoll-Hypaque density gradient centrifugation. NK cells were
labeled with a CD56-phycoerythrin Ab (NKH1-RD1, Beckman
Coulter) and checked for purity via flow cytometry. CD56C NK
cells were greater than 95% pure by flow cytometric analysis
(FlowJo). Human NK cells were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated pooled
human AB serum (HAB) (Sigma, H4522), 100 units/mL peni-
cillin, and 100 mg/mL streptomycin (both from Life Technolo-
gies Inc., 15140-122).

In vitro co-stimulation and cytotoxicity assays

For NK cell FcR activation by immobilized IgG, wells of a 96-
well flat-bottom plate were coated with 100 mg/mL of polyclonal
huIgG in PBS overnight at 4 �C. Plates then were washed with
cold PBS, and human NK cells were plated at 2 £ 105 cells/well
supplemented with IL-12 (10 ng/mL), as previously described.10

Control wells consisted of NK cells in medium alone, immobi-
lized IgG alone, or IL-12 alone. Following activation, cells were
harvested and subjected to further analysis to evaluate CD25
expression. For subsequent functional analyses, cells were washed
and rested for 6 hours, then treated with low dose (10 pg/mL) or
high-dose IL-2 (10 ng/mL). 24 hours later, cell-free culture
supernatants were collected and analyzed for IFN-g content by
ELISA (R&D Systems) as previously described.10 or cells were
harvested and intracellular pSTAT5 expression was examined as
described previously.20 For cytotoxicity assays, 51Cr-labeled K562
tumor cells were incubated with NK cells at various effector:tar-
get (E:T) ratios. For ADCC assays, 51Cr-labeled SK-BR-3 cells
treated with 100 mg/mL trastuzumab for 1 hour were incubated
with NK cells at various effector:target (E:T) ratios. Following a
4 hour incubation, supernatants were harvested and percent lysis
was calculated as previously described.21

Preparation of labeled RNA and microarray hybridization

After stimulation of NK cells via immobilized IgG, IL-12, or
both, cellular RNA was obtained from individual donors
(n D 8) and subjected to a cleanup protocol with RNeasy mini
kits (Qiagen), according to the manufacturer’s specifications.
The quality of total RNA was assessed using an Agilent Bioana-
lyzer. cDNA was prepared and subjected to in vitro transcription
in the presence of biotinylated nucleoside triphosphates. The
biotinylated cRNA was fragmented to uniform sizes and the
integrity of labeled cRNA was verified by gel electrophoresis.
The Affymetrix GeneChip expression array U133 A was hybrid-
ized with each prepared cRNA target in duplicate, according to

the manufacturer’s instructions. The raw and processed microar-
ray data has been made publicly available in GEO (GSE63038).

Real-Time PCR

IL-2Ra (CD25) expression values identified via microarray
experiments were validated by Real-Time PCR. Following
RNeasy purification of NK cell lysates from the immobilized IgG
assay, 2 mg of total RNA was reverse transcribed and the result-
ing cDNA was used as a template to measure gene expression by
Real-Time PCR using pre-designed primer/probe sets (Assays
On Demand; Applied Biosystems) according to the manufac-
turer’s recommendations, as previously described.22 Human b-
actin (Applied Biosystems, 4332645) was used as the internal
control in each reaction well. Real-Time PCR data was analyzed
using the ABI PRISM� 7900 Sequence Detection System.

Immunoblot Analysis

CD25 expression in NK cells was examined via immunoblot
analysis. Lysates were prepared from human NK cells as previ-
ously described23 and assayed for the expression of CD25
(Santa Cruz Biotechnology) or b-Actin, as a loading control
(Sigma-Aldrich, A5441).

Flow cytometry
Surface expression of NK cell CD25 was analyzed using an

allophycocyanin-conjugated anti-CD56 mAb (Beckman-Coul-
ter, IM2474U) as well as a phycoerythrin-conjugated anti-
CD25 mAb (BD Biosciences, 341010), as previously
described.13 Other NK cell surface markers including CD69
(PeCy7, 557745), NKG2D (APC, 558071), CD122 (PE, 557323)
CD158 a (FITC, 556062), CD158b (PE, 559785), and CD158
e1/e2 (PE, 556063) were examined (all from BD). The percent-
age of positively staining cells and mean fluorescence intensity
were calculated within the specified cell population. The anti-
pSTAT5 mAb (APC, 612599) used to examine phosphorylation
of STAT5 was purchased from BD, as well.

Statistical analysis

Analyses of NK cell activation marker surface expression and
pSTAT5 levels were performed using a random effects mixed
model and student t-tests, while multiple comparisons were
adjusted by Holm’s method. Statistical analyses were per-
formed using SAS 9.4 software, and the level of statistical signif-
icance was set at 0.05.
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