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Background: Cytokine-induced killer (CIK) cells are ex vivo-expanded immune cells that express NK-cell and T-cell markers and
that are routinely used in the treatment of many cancers. One key advantage of CIK cells is their ability to efficiently traffic to many
solid tumours. Although likely to be mediated by chemokine receptor (CKR) expression, a thorough examination of the
mechanism of tumour targeting has not been previously explored.

Methods: Here, human CIK cell expansions were examined for the level, profile and kinetics of CKR expression.

Results: It was found that CIK cells express a panel of CKRs, with considerable variation between donors. Importantly, CKR levels
dropped considerably beyond 14 days in culture, being significantly reduced by day 28 (the time at which cytolytic activity
peaked). As such, CIK preparations that are used clinically may not have optimal CKR expression. Several approaches were found
to re-stimulate CKR cell-surface levels at these later time points. These approaches also enhanced cytolytic activity in vitro and
were demonstrated to increase both in vivo tumour trafficking and anti-tumour activity in mouse models.

Conclusions: Simple modifications of the CIK expansion protocol could therefore be used to significantly enhance the anti-
tumour effects of this therapy.

An expansion protocol for the production of cytokine-induced
Killer (CIK) cells was initially reported 20 years ago (Schmidt-Wolf
et al, 1993; Lu and Negrin, 1994). However, despite widespread use
in Asia and some promising clinical data targeting haematopoietic
malignancies in the United States (Leemhuis et al, 2005), the
treatment of solid tumours with this immune cell therapy has, to
date, been disappointing (Belin et al, 2013; Zhao et al, 2013). This
is primarily because of the limited cytolytic potential of this
population. However, one of the greatest strengths of CIK-based
therapies over similar cell types, such as LAK cells, is their capacity
to traffic systemically to solid tumours, including residual disease
(Sasaki et al, 1991; Scheffold et al, 2002). This tumour-targeting

potential has been used in several recent pre-clinical reports where
CIK cells have been used in combination with other immuno-
therapies or biological therapies to act as delivery vehicles or
targeting agents, and this may lead to significant improvement in
clinical responses (Thorne et al, 2006; Liu et al, 2013).

However, the basis for the tumour-directed trafficking capacity
of CIK cells is poorly understood at present. It is likely that one
important factor directing CIK cell trafficking would be the
interaction of chemokines released from the tumour microenviron-
ment with chemokine receptors (CKRs) on the CIK cell surface
(Baker et al, 2001). However, a detailed analysis of CKR profiles on
CIK cells has not been reported previously, and the effects of the
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expansion protocol on CKR expression are not known. It is
predicted that a better understanding of the mechanisms used by
CIK cells to traffic to a broad range of tumour types could
ultimately be applied to other adoptive immune cell therapies.

It was discovered that, although a variety of CKRs are expressed
on the surface of CIK cells and considerable donor-to-donor
variability existed, one consistent factor was that CKR levels dropped
during the later stages of the ex vivo expansion protocol. As a result,
the levels of many CKRs were significantly reduced by the time the
cytolytic activity peaked (the time at which CIK cells were typically
reinfused back to patients in clinical settings). This observation
might at least partially explain why CIK cell therapies have been less
effective in clinic than predicted from pre-clinical models.

Approaches to boost cell-surface CKR levels at these later times
were examined, and the effects of these on cytolytic activity and on
in vivo tumour trafficking, as well as anti-tumour effects in mouse
models, were determined.

MATERIALS AND METHODS

Cell lines. Human ovarian cancer cell line UCI-101-luc was a kind
gift from Dr P DiSaia (Fuchtner et al, 1993). HELA-luc cell line
was purchased from ATCC (Manassas, VA, USA) and transfected
with a retrovioral plasmid expressing luciferase. Murine colon
adenocarcinoma cell line MC38 was purchased from ATCC, and
the MC38-luc cell line was derived from MC38 through
transfection with a luciferase expression plasmid.

Human and mouse CIK cell culture. For human CIK cell culture,
peripheral blood lymphocytes were obtained in accordance with
guidelines set forth by the Institutional Review Board as buffy coats
from the Pittsburgh Blood Bank (Pittsburgh, PA, USA). Briefly,
lymphocytes were isolated from buffy coats by Ficol density
gradient centrifugation. Mononuclear cells were cultured in 10%
fetal calf serum/RPMI-1640 with interferon-g (IFN-g, ActImmune)
added at the initiation of culture. OKT3 (Ortho Biotech, Raritan, NJ,
USA) and interleukin-2 (IL-2; Proleukin) were added 24 h later, and
the culture was maintained by the addition of fresh medium with
IL-2 every 3 days. The CIK cells were harvested and assays were
performed at the indicated times.

For mouse CIK cell culture, activated CIK cells were expanded
from spleens of C57BL/6 mice or C57BL/6 GFPþ mice or C57BL/6
CXCR3� /� crossed with C57BL/6 GFPþ . Briefly, splenocytes
were cultured with IFN-g and anti-CD3e antibody for 24 h. After
24 h, IL-2 was added. In the following days, the medium was
changed as needed and fresh 1640 medium with IL-2 was added.

In some cases, additional treatments were applied to the CIK
cells 24 h before their use. This included IL-12, anti-CD3/anti-
CD25-coated beads and high doses of IL-2.

Recombinant human IL-12 was purchased from R&D Systems
(Minneapolis, MN, USA), and the working concentration is
0.01 ng ml� 1.

Human T-Activator CD3/CD28 and mouse T-Activator CD3/
CD28 beads were purchased from Life Technologies (Grand Island,
NY, USA). They were used according to the manufacturer’s
instructions and removed by magnet before using the CIK cells.

Flow cytometry. For human CIK cells, effector (CIK) cells
harvested at different time points were washed, stained with
various monoclonal antibodies for 2–4 h and analysed by flow
cytometry. The following antibodies were used: PE mouse IgG1,
k isotype control, PE mouse IgG2a, k isotype control, anti-CD3
FITC, anti-CD56 APC, anti-CCR4 PE, anti-CCR5 PE, anti-CXCR3
PE, anti-CXCR4 PE and anti-CCR7 PE. All the antibodies except
anti-CCR7 were purchased from BD Pharmigen (Franklin Lakes,
NJ, USA). The CCR7 antibody was purchased from R&D systems.
All the antibodies were used according to the manufacturer’s

directions. Samples were analysed using a CYAN Flow Cytometer
(Dako, Carpinteria, CA, USA), and analysis was with FlowJo
(Treestar Inc., Ashland, OR, USA). In all cases, DAPI staining was
used to determine viability and to gate for live cells.

For mouse CIK cells, the following antibodies were used: mouse
anti-CD3 FITC, mouse anti-CD3 PE, mouse anti-CD3 APC,
mouse anti-CCR5 FITC and mouse anti-CXCR3 PE. All of the
antibodies were purchased from e-Bioscience company (San Diego,
CA, USA). All the antibodies were used according to the
manufacturer’s directions. Samples were analysed using a CYAN
Flow Cytometer (Dako) and analysed with FlowJo.

Cell killing assay. Human and mouse CIK cell cytotoxicity was
measured using a luciferase expression-based CTL assay. For
human CIK cells, effector (CIK) cells were harvested at 14 days, 21
days and 28 days. UCI-101-luc or Hela-luc cells were used as the
target cells. For mouse CIK cells, effector cells were spleen CIK cell
culture harvested at 7 or 14 days. MC38-luc was used as the target
cell line. Effector cells were added to target cells at E : T ratios of
5 : 1, 10 : 1, 20 : 1 and 40 : 1 and left at 37 1C, 5% CO2 for 4 h. Every
condition was repeated in triplicate. After 4 h, luciferin was added
using 2ml per well of a luciferin stock (30 mg ml� 1) and an IVIS200
(Xenogen, caliper life sciences, Hopkintonm, MA, USA) was used
to image and quantify the signal from the plate over B2 min. The
percentage of surviving cells was quantified relative to untreated
target cells (100% survival) or CIK cells only (0% survival).

Transwell assay. Mouse Recombinant IP-10 (BioLegend) was
added into the lower wells of 3.0-mm-pore 96-well Transwell
(Corning, Corning, NY, USA) plates, whereas 500 000 CIK cells
were added into each of the upper wells. These cells were incubated
at 37 1C for 3 h, and the numbers of migrated immune cells were
counted by flow cytometry.

Human CIK expansions (day 28) were untreated or treated with
CD3/CD28 beads for 24 h before addition to the top well of
transwell plates. The indicated chemokines were applied in the
lower wells, and migration (number of cells in lower plate) was
determined by flow cytometry after 24 h.

Mouse models. Female albino C57BL/6 mice were purchased
from Charles River (Wilmington, MA, USA). For biodistribution
studies, C57BL/6 mice were injected s.c. with 200 000 MC38 cells.
When the tumours reached 50–100 mm3, animals were regrouped
and treatment was initiated. Mice were treated via intravenous tail-
vein injection of 1� 107 CIK cells or bead-treated CIK cells. CIK
cells were labelled using cy5.5 NHS ester (Lumiprobe Corporation,
Hallandale, FL, USA) half an hour before injection.

Cy5.5-labelled mCIK cells were imaged using the Fluorescence
Molecular Tomography (FMT) 2500 system (Perkin Elmer) at 24,
48 and 72 h after injection of CIK cells. In some experiments,
tumour volumes were measured as bioluminescence signal (for
MC38-luc tumours; bioluminescence imaged on an IVIS200
(Xenogen)) or by using calipers. In some additional experiments,
mice were killed and GFP signal was examined in tumour sections
ex vivo using an Axiovert fluorescence microscope (Zeiss).

All animal studies were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee.

Statistical analysis. Paired t-test was used to determine statistical
significance, defined as Po0.05.

RESULTS

CIK cells express multiple chemokine receptors on their cell
surface, and there is significant donor-to-donor variation. In
initial studies, multiple CIK preparations were expanded from
buffy coats obtained from healthy donors (n¼ 28) and colorectal
cancer (CRC) patients (n¼ 11). Our previous studies and those of
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other groups (Baker et al, 2001; Marin et al, 2006) have determined
that 6 chemokine receptors are expressed on CIK cells (CCR4,
CCR5, CCR6, CCR7, CXCR3 and CXCR4). In addition, because
CIK cells represent a mix of NK (CD3�CD56þ ), NK-T (CD3þ
CD56þ ) and T cells (CD3þCD56� ), it was important to
determine the relative abundance of CKR on the different cell
lineages.

It was seen (Figure 1A) that, in general, chemokine receptor
levels were higher in T-cell and NK-T-cell populations relative to

NK cells (which is in agreement with previous studies showing that
these populations are more effective at trafficking to the tumour
target (Schmidt-Wolf et al, 1993; Nishimura et al, 2008)). In
addition, CCR5, CXCR3 and CXCR4 were the most highly
expressed chemokines in the CD3þCD56þ population (with
55, 52 and 62% of CD3þCD56þ cells positive for these CKRs,
and 12, 27 and 17% positive for CCR4, CCR6 and CCR7,
respectively). However, differences between the cell lineages and
between healthy and CRC patient donors were rarely significant
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Figure 1. CKR profiles on human CIK cell expansions. (A) Healthy donor (HD; n¼28) and colorectal cancer patient (CRC; n¼11) CIK cells at day
14 were stained for NK (CD56) and T-cell (CD3) markers, as well as the 6 chemokine receptors known to be expressed on CIK cells (CCR4,
CCR5, CCR6, CCR7, CXCR3, CXCR4). Percentages of cells of different cell types (CD3�CD56þ ; CD3þCD56þ ; CD3þCD56� ) positive for
different CKRs are shown. (B) Comparisons of CKRs on CD3þCD56þ CIK cells from HD and CRC (no significant differences seen for any CKR;
N.B. Other differences between these groups include average age (HD¼39 years; CRC¼ 53 years) and sex (HD¼ 29% female; CRC¼45%
female). (C) Differences in CKR profiles in CD3þCD56þ CIK cell populations between donors (for 4 donors) and at different times after expansion
are shown. Individual donors show distinct patterns of CKR profiles, which are gradually reduced over time in culture.
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(Figure 1B), primarily because of the high degree of variability
between individual donors. Several examples of individual CKR
profiles (for CD3þCD56þ populations) are shown for four
different healthy donors in Figure 1C, showing the variability in
CKR profiles between donors. No correlation between age or sex
and CKR profile was observed, and the number of CIK cell samples
was not large enough to determine whether distinct patterns of
CKR profiles were being reproduced.

Surprisingly, the majority of the CIK cell expansions expressed
most or all of the six CKRs examined on the surface of at least
some of the CD3þCD56þ cells. This panel of chemokine
receptors covers a broad spectrum of chemokine targeting patterns,
and it is possible that this is critical in allowing CIK cells to
effectively traffic to multiple different solid tumour types, as has
been observed in pre-clinical models (Scheffold et al, 2002).

However, the considerable variability in the relative percentages
of cells positive for the different CKRs, among CIK cell
preparations from different donors (Figure 1C), may be important
in explaining the inconsistent responses seen in the treatment of
solid tumours. Although there was also some variation in cytolytic
activity of the different CIK cell expansions, this was considerably
less pronounced than that seen for CKR expression levels.

CKR profiles remain relatively constant over the expansion
process, but levels drop after 14 days in culture. To determine
whether this variation in CKR profile was due to donor variability,
variability in the timing of sampling or issues related to the
expansion process (such as timing since last split of the cells, cell
density or numbers in a flask etc.), CIK cells from the same donor
were profiled multiple times during the expansion process (this
was examined for 7 of the healthy donors) (Figures 1C and 2). It
was apparent that variability in CKR profiles primarily existed
between donors, and that the relative expression of different CKRs
for any individual donor remained relatively constant during the
expansion process (Figure 1C).

However, it was also observed that the level of cell-surface
expression of the majority of the CKRs examined dropped during
the course of CIK expansion, peaking at about day 14 in culture
and demonstrating considerable subsequent reduction by day 28.
This was again found to be reproducible for multiple donors
(Figures 1C and 2). This apparent exhaustion of CKR expression
may be important, as CIK reinfusions to patients are typically not
performed until 28 days in culture. This observation may help
explain why CIK cells used against solid tumours in the clinic have
been less effective than expected based on pre-clinical results.

Cytolytic activity of CIK cells peaked at 28 days in culture. To
determine whether the observed loss of CKR after 14 days in
culture correlated with a loss of overall cytolytic activity of the CIK
cells, the same preparations were used in basic CTL assays against
several human tumour cell lines at different times during the
expansion process (Figure 3). It was seen that although CKR cell-
surface levels peaked at day 14, the cytotoxic capability of the cells
did not reach maximum levels until day 28. This disconnect means
that CIK cells used against solid tumours where trafficking of the
cells to the tumour is crucial might be better used after a shorter
expansion period, especially if the CIK cells are being primarily
incorporated as a viral or gene delivery vehicle.

CKR cell-surface expression on CIK cells can be boosted
through the addition of different immunostimulants. To
determine whether it is possible to boost the CKR cell-surface
expression levels at the later time points (28 day expansion), a
series of immune stimulants were added to the CIK preparations at
this time point. These treatments included adding IL-12 or a high
dose of IL-2 for 24 h, or the addition of anti-CD3/anti-CD28-
coated beads to the culture for 24 h. It was observed (Figure 4) that
any of these treatments resulted in some level of re-stimulation of
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CKR expression in at least some CIK cell preparations (when the
3x CKR that showed significant decreases between day 14 and day
28 (CCR5, CCR7 and CXCR3) were examined in CD3þCD56þ
populations). However, the use of anti-CD3/anti-CD28-coated
beads provided the most consistent and significant results with
regard to re-expression of these CKRs. This was further supported
with cell migration assays (Figure 4), demonstrating that anti-CD3/
anti-CD28 beads also markedly enhanced the trafficking of CIK
cells (after 28 days in culture) towards appropriate chemokines,
including CCL5 (that binds CCR5) and CXCL10 (that binds
CXCR3).

The addition of anti-CD3/anti-CD28-coated beads during the
final steps of the expansion protocol therefore provides a possible
approach to enhancing the effectiveness of CIK cells in the clinic.
However, it is important to ensure that this does not reduce the
overall cytotoxic capabilities of the CIK cells. This was therefore
examined (Figure 5). It was seen that the addition of anti-CD3/
anti-CD28-coated beads to the CIK culture did not reduce
cytotoxicity in any of the preparations tested and actually
enhanced the killing in some cases. This modification of the
expansion protocol therefore has the potential to provide an
advantage in both trafficking and tumour killing.

Mouse CIK cell expansions also display CKR ‘exhaustion’
during the expansion profile. CIK cells expanded from mouse
splenocytes have been used as a model of CIK cell therapies for
pre-clinical research (Baker et al, 2001); however, mouse CIK cells
demonstrate a shorter expansion process (with cells becoming
quiescent by day 28, and thus they are typically reinfused at day 14).
It was therefore examined whether mouse CIK cells display
similar reductions in CKR levels as seen with hCIK cells. Indeed,
in a situation analogous to human CIK cells, murine CXCR3
expression levels also dropped over the course of the expansion
process, with CKR expression peaking at earlier times (Figure 6A).
However, there were several key differences in the mouse models;
(i) in general, the mouse CIK cells expressed fewer CKRs on their
surface, with CXCR3 being the only CKR that could be reliably and
reproducibly detected on the cell surface by flow cytometry (N.B.
Our qRT-PCR results indicated that other CKRs are being
expressed in mCIK cells, including CCR5, but it was unclear
whether these were not expressed on the surface or whether
reliable antibodies were not available); (ii) the peak of CKR
expression occurred at around day 7, whereas CTL activity peaked
at day 14 (by which point CXCR3 expression levels were

significantly reduced) (Figure 6A), meaning that the same events
occurred as for human CIK cells, but over a shorter time frame in
the mouse model; (iii) the expansion of different CIK cell
preparations from the same mouse strain produced consistent
CKR profiles, but there was some variation if different strains were
used, again implying that variation in CKR profiles is donor
dependent.

CXCR3 is critical for mCIK trafficking to tumours. To examine
how critical CKR expression is to CIK activity, CIK cells were
expanded from a CXCR3� /� mouse and infused back into wild-
type (C57/BL6) mice bearing s.c. colorectal tumours (MC38). The
CXCR3� /� CIK cells were also labelled with GFP for the easy
identification and quantification of adoptively transferred cells. It
was seen (Figure 6B) that CXCR3 was important for mCIK tumour
trafficking in this model, and that loss of CXCR3 resulted in a
significant reduction in tumour infiltration by the CIK cells and a
loss of anti-tumour activity (Figure 6C). This confirms that CKR
expression is needed for trafficking and thus for in vivo therapeutic
activity of CIK cells.

Boosting CKR levels in mouse models enhances cell trafficking.
To determine whether the addition of immune-stimulating factors
such as anti-CD3/anti-CD28-coated beads can also boost CKR
levels in mouse models, and to examine how this influenced in vivo
activity, mouse CIK cells at 14 days of expansion were treated with
anti-CD3/anti-CD28-coated beads. It was found that CXCR3 levels
were boosted as a result of this treatment (Figure 7A), and that
CTL activity was unaffected (N.B. IL-2 addition was also found to
boost levels of CXCR3 positive cells, but this was not significant,
and thus beads were used for the remainder of the mouse studies).

The in vivo trafficking of anti-CD3/anti-CD28-coated bead-
treated and untreated CIK cells was then examined after systemic
delivery to tumour-bearing mice. It was determined that the use of
the beads to boost CXCR3 levels also resulted in enhanced delivery
of CIK cells to their tumour targets (Figure 7B). This also resulted
in a small but significant increase in anti-tumour activity
(Figure 7C).

DISCUSSION

CIK cells represent an important model system for studying the
trafficking of T cells to tumours as, unlike many vaccine induced
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T-cell populations, they efficiently traffic to both large and small
solid tumours in mouse models(Baker et al, 2001; Thorne et al,
2006). A better understanding of how this trafficking is mediated
will be important for establishing how to optimise CIK therapy, as

well as how to enhance other immunotherapies such as adoptive
T-cell transfer or cancer vaccines. However, such studies are
complicated by the autologous nature of CIK cells, meaning that
no immortalised cell line exists for study.

The importance of cell-signaling pathways induced by binding
of chemokines to chemokine receptors in the directed trafficking of
immune cell populations is well known (Lippitz, 2013), and thus it
is likely that these pathways are involved in CIK cell trafficking,
although there are only limited reports of CKR expression profiles
on CIK cells, especially in a human setting.

Here, we initially incorporated multiple expansions from
different human donors to try to identify specific CKR patterns
in human CIK cell populations. This determined (i) that hCIK cells
express an impressive number of different CKRs. This might be a
necessary requirement for trafficking to multiple different tumour
types that may produce different chemokine profiles, and (ii) that
there is a high degree of variability in the relative numbers of cells
positive for these different CKRs. This appears to be determined by
the donor, as relative levels of CKRs did not vary significantly
during the expansion process. The importance of differences in the
particular chemokine receptor patterns remains to be established.
More in-depth profiling of the chemokines produced by different

80

60

40

20

0
0 10 20 30 40 50

80

100

60

40

20

0

40

50

R
ed

uc
tio

n 
in

 c
el

l v
ia

bi
lit

y 
(%

)

20

30

10

0

0 10 20 30 40 50

PBS

IL2
IL12
Beads

0 10 20 30
Ratio of effector: target

40 50

*

*

Figure 5. Cytotoxicity assay for CIK expansions (28 days) treated with
different immune stimulants as before. No treatment had a negative
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Figure 4. Effects of different immune stimulants at day 28 in culture on
CKR levels. (A) Several of the expansions were treated with different
immune stimulants (IL-12, high-dose IL-2 or exposure to CD3/CD28-
coated beads for 24 h), and the effects on the overall levels (percentage
of positive cells) of the three different CKR that displayed significant
reductions between days 14 and 28 (CCR5, CCR7, CXCR3) were
re-determined by flow cytometry, as described earlier. Fold increase in
the percentages of positive cells relative to untreated controls at the
same time are shown. In all cases, CKR levels were increased, with
CD3/CD28-coated beads producing the most consistent and reliable
increases in all three CKR levels. (B) Cell migration assay. In additional
experiments, CIK expansions (day 28) were treated with CD3/CD28
beads for 24 h before addition to the top well of transwell plates.
The indicated chemokines were applied in the lower wells, and
migration (number of cells in lower plate) was determined by flow
cytometry after 24 h (*Po0.05 for paired t-test comparing percentage
positive with or without treatments).
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tumours and how this correlates with chemokine receptor
profiles on CIK cells and subsequent therapeutic effects will be
needed to determine the clinical importance of different CKR
expression; (iii) the level of CKR expression on hCIK cells peaks
around day 14, and subsequently declines. This is reproducible
among different donors and may be especially important, as CIK
cells are usually infused back into a patient after about 28 days.
This time was shown to correlate with maximum cytotoxic
capability of the CIK cells, but it is clearly sub-optimal for
trafficking. As a result, it is likely that CIK cell therapies could
be tailored in the clinic, with, for example, earlier (day 14)
expansions used when cell trafficking is more important
(such as in combination studies where CIK cells may be used
primarily as a delivery vehicle) and later (day 28) expansions
used when cytolytic activity is critical (such as when treating
leukaemia).

The importance of trafficking in the treatment of solid tumours
was verified in mouse models. It was confirmed that mouse CIK
cells also lost CKR surface expression over time in culture, and that

loss of CKR reduced the trafficking of the cells to the tumour,
leading to a reduction in therapeutic activity.

An alternative approach would be to re-stimulate older CIK
cell expansions to boost CKR expression levels. This was
attempted with a variety of different immune stimulants, with
the most reliable results coming after exposure of older CIK
cultures to anti-CD3/anti-CD28-coated beads. This led to an
increase in the number of cells expressing many different CKRs
within the CIK population, and also an increase in overall
cytolytic capacity. As a result, not only could trafficking be
improved at the times when cytolytic activity was peaking (as we
have demonstrated in mouse tumour models), but also the
variability between CKR levels seen between different hCIK
preparations could be ‘normalised’, leading to more consistent
clinical results.

This approach would require only minor adjustment to the
currently used clinical expansion protocols, and thus clinical
testing would be simple, and appears justified based on these
pre-clinical studies.
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