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Abstract Cytokine-induced killer (CIK) cells are T cell

derived ex vivo expanded cells with both NK and T cell

properties. They exhibit potent anti-tumor efficacy against

various malignancies in preclinical models and have pro-

ven safe and effective in clinical studies. We combined

CIK cell adoptive immunotherapy with IL-12 cytokine

immunotherapy in an immunocompetent preclinical breast

cancer model. Combining CIK cells with IL-12 increased

anti-tumor efficacy in vivo compared to either therapy

alone. Combination led to full tumor remission and long-

term protection in 75% of animals. IL-12 treatment sharply

increased the anti-tumor efficacy of short-term cultured

CIK cells that exhibited no therapeutic effect alone. Bio-

luminescence imaging based in vitro cytotoxicity and in

vivo homing assays revealed that short-term cultured CIK

cells exhibit full cytotoxicity in vitro, but display different

tumor homing properties than fully expanded CIK cells in

vivo. Our data suggest that short-term cultured CIK cells

can be ‘‘educated’’ in vivo, producing fully expanded CIK

cells upon IL-12 administration with anti-tumor efficacy in

a mouse model. Our findings demonstrate the potential to

improve current CIK cell-based immunotherapy by

increasing efficacy and shortening ex vivo expansion time.

This holds promise for a highly efficacious cancer therapy

utilizing synergistic effects of cytokine and cellular

immunotherapy.
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Introduction

Several adoptive cell transfer regimens have emerged as

potential therapeutic options to treat a wide range of

malignancies. Since the initial promise of lymphokine-

activated killer cells (LAK), and tumor-infiltrating lym-

phocytes (TIL), cytokine-induced killer cells (CIK) have

emerged as a foundation of a more potent cellular therapy

and have demonstrated safety and efficacy in clinical trials

[12, 20, 25, 29–34, 42]. CIK cells can be derived from

peripheral blood mononuclear cells from healthy donors

and cancer patients as well as cord blood [1, 18]. They

exhibit a stronger anti-tumor effect than LAK cells in vivo

and overcome the problem of TILs where recovery of

sufficient numbers of cells for therapeutic use is difficult.

After ex vivo expansion with IFN-gamma, anti-CD3, and

IL-2, the enriched human CIK population exhibits NK-like

T cell functions and markers (CD3? CD56? in humans,

CD3? DX5? in mice), and these markers appear to cor-

relate with cytotoxicity. The cytokines used in ex vivo

expansion of CIK cells have long been considered as

therapeutic options themselves. Particularly IL-12 was long

thought to be the most promising anti-tumor cytokine due

to its broad and potent anti-tumor effects in preclinical

models [9, 10]. It was shown that for ex vivo expansion of

CIK cells IL-2 or IL-12 show similar utility, while having

different physiological roles [43, 44].
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IL-12 stimulates a TH1 immune response and presenta-

tion of tumor antigens through upregulation of MHC

molecules. It moreover facilitates IFN-gamma production

and was shown to be anti-angiogenic. However, the clinical

use of IL-12 was hampered by toxicities associated with

cytokine delivery in humans and limited efficacy at toler-

able doses [2, 3, 8, 28, 40]. While alternative strategies of

local IL-12 delivery or expression have been pursued [17,

21, 24, 40], it has been suggested that IL-12 may be most

effective in combination therapy where lower doses can be

applied. Thus, efforts have been reported to combine IL-12

therapy with chemotherapy, vaccination strategies and

additional cytokines [11, 16, 19, 36, 41]. Similarly, cyto-

kine therapy may offer benefits to CIK cell therapy. This

combination may serve to reduce the time required for CIK

expansion, and to enhance the CIK cell activity. The

ex vivo expansion protocol for CIK cells is both labor- and

cost-intensive, and is a concern for routine clinical appli-

cation of CIK cell-based therapies. Moreover, combination

therapies offer the possibility of overcoming the problems

of cancer heterogeneity and resistance to therapy. This has

been shown for CIK cells in combination with oncolytic

viruses where the CIK cells were effectively used to deliver

virus particles into the tumor site, exploiting the tumor

specific homing abilities of CIK cells for intratumoral

delivery [35].

Here, we describe a novel approach of combining IL-12

cytokine therapy with CIK based adoptive immunotherapy,

and demonstrate, in living animals, that this combination

results in a synergistic, anti-tumor effect, and that there are

differences in CIK cell homing properties in the presence

or absence of IL-12. Short-term CIK (stCIK) cell cultures,

and fully expanded CIK cell cultures were tested and the

results suggested that in vivo delivery of the cytokines

could be used for in vivo CIK expansion. We determined

that the stCIK cultures have different activities from those

described for CIK cells, and these differences may com-

plement activity of CIK cells.

Materials and methods

Animals

FVB/N mice were obtained from Charles River Labora-

tories (Wilmington, MA, USA). Generation of the lucif-

erase transgenic mouse line (FVB.luc?) was described

previously [6, 7]. All mice used were littermates or age-

matched (6–12 weeks of age), provided access to water

and food ad libitum, and housed in the Research Animal

Facility at Stanford University. All procedures were

approved by the Animal Care and Use Committee of

Stanford University.

Construction of retroviral vector

Previously described L2G expression cassette [6, 7] was

inserted into the EcoRI site of pMSCVpuro vector (Clon-

tech, Palo Alto, CA, USA), the resulting construct was

named pMSCVpuro.L2G and used to generate ampho-

tropic retrovirus with help of the Phoenix system (kind gift

of G. Nolan, Stanford).

Cell isolation and culture

DB7 tumor cells were originally derived from FVB/

NTg(MMTV-PyVmT Y315F/Y322F) mice and are

described elsewhere [5]. To increase tumor take, the cells

were passaged through FVB/N mice before implantation.

For imaging purposes DB7 cells were transduced with a

retroviral vector expressing a dual function reporter gene

(L2G) comprised of firefly luciferase (fLuc) and green

fluorescent protein (GFP) driven by a hybrid promoter

consisting of the beta-Actin promoter and the CMV

enhancer (CAGS). Transduced cells were screened for

fLuc expression with an IVIS 50 system (Caliper Life

Sciences, Hopkinton, MA, USA) and 25 positive clones

selected and combined to obtain a population representa-

tive of the parental population (DB7luc?). CIK cells were

obtained by ex vivo expansion of splenocytes derived from

donor mice as described in detail previously [4]. Briefly,

splenocytes were treated with IFN-c (R&D Systems,

Minneapolis, MN, USA) for 24 h before transfer to a flask

coated with anti-CD3 antibody (clone 145-2C11, BD

Biosciences, San Jose, CA, USA) and addition of IL-2

(Proleukin, Novartis, East Hanover, NJ, USA). Fresh

medium was added every 2–3 days and cells maintained at

a density of [106/mL for 6 (stCIK) and 14 days (CIK),

respectively.

Anti-tumor efficacy of CIK and IL-12 in vivo

To study the anti-tumor efficacy of CIK cells and IL-12,

FVB/N mice were inoculated with 2.5 9 106 DB7luc?

cells subcutaneously. Tumors were allowed to establish for

2 weeks before 2 9 5 9 106 CIK cells derived from FVB/N

donor mice were injected intravenously (IV) into the tail

vein.

Starting 1 day prior to CIK cell injection tumors were

measured by caliper measurement and in vivo biolumi-

nescence imaging. Subsequent measurements were carried

out daily for the first week and twice weekly thereafter. To

compare tumor growth and remission in response to IL-12,

the mice were given a daily bolus of murine IL-12 [200 ng

(full dose) or 20 ng (1/10) in 500 lL PBS supplemented

with 1% mouse serum] (Peprotech) for 5 days, or five

mock daily intraperitoneal (IP) injections; these treatments
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start on the day of CIK cell injection. Mice whose tumors

were no longer palpable and could not be detected by

bioluminescence imaging were classified as rescued and

monitored for relapse for 4 months. After this time period,

the rescued mice were re-challenged by injection of

DB7luc? tumor cells into the flank opposite to the original

site of inoculation and monitored by in vivo biolumines-

cence imaging.

Survival data was statistically evaluated by log-rank

analysis. Differences in tumor sizes were compared by

Student’s t test. Full results of statistical analysis can be

found in supplemental data.

For imaging, the mice were injected with luciferin

[potassium salt, IP at a dose of 150 lg/kg] 10 min prior to

image acquisition on an IVIS SPECTRUM (Caliper) for

1 min. Analysis of signal intensity was performed using

Living Image software (Caliper).

Flow cytometry

Cells were pelleted (3009g, 5 min) and suspended in

Dulbecco’s PBS containing 1% FBS (FACS buffer).

The cell suspensions were placed on ice and treated with

FITC-a-mouse CD3 (clone 145-2C11, BD Pharmingen),

PE-a-mouse CD49b (clone DX5, BD Biosciences), or

PE-a-mouse NKG2D/CD314 (clone CX5, eBioscience).

Separate samples were stained with FITC-conjugated

hamster IgG1 j, PE-conjugated rat IgM, or PE-conjugated

rat IgG1, j isotype control antibodies to quantitate non-

specific antibody binding. All samples were stained with

1 lg of antibody per 106 cells and incubated on ice for

30 min. The cells were then pelleted, rinsed with FACS

buffer, and analyzed on a BD FACSCalibur flow cytometer

equipped with a 488-nm argon laser. Data analysis was

performed using FlowJo software (Tree Star, Ashland, OR,

USA). At least 10,000 cells were analyzed for each sample,

and cell viability was ascertained by gating the samples on

the basis of forward scatter (to sort by size) and side scatter

(to sort by granularity).

In vitro cytotoxicity assay

Cytotoxicity assays were performed by incubation of CIK

cells with fLuc expressing tumor cells and monitoring

luminescence intensity from surviving cells [35]. The

cytotoxic effect is reflected by a loss of fLuc activity as the

expressing tumor cells are killed. DB7luc? target cells

(104 cells/well) were plated in 96-well plates. Effector cells

were added at different effector-to-target ratios and med-

ium added to total 200 lL. All ratios of cells (including

control wells with tumor only or tumor only pretreated with

1% Triton X-100) were plated in triplicate and incubated

for 6 h in a tissue culture incubator. Luciferin (2 lL,

30 mg/ml, Caliper) was then added to each well and light

output (photons/s/well) measured on an IVIS 50 imaging

system (Caliper). All images were analyzed with Living-

Image analysis software (Caliper) and percent survival

calculated relative to control wells.

In vivo imaging of CIK cell homing and proliferation

To monitor CIK cell proliferation and localization, FVB/N

mice were inoculated with 2.5 9 106 DB7 cells subcuta-

neously. Tumors were allowed to establish for 2 weeks

before 2 9 5 9 106 CIK cells derived from FVB.luc?

donor mice were injected IV. For imaging, the mice were

injected with luciferin and imaged as described above for

5 min; dorsal and ventral views were obtained. Analysis of

signal intensity was performed using Living Image soft-

ware (Caliper). For quantitative comparison of tumor

homing dynamics the light emission [photons/s/region of

interest (ROI)] was measured for the tumor area and an

ROI of the same size in the neck area. The latter was

subtracted from the tumor signal for plotting purposes. To

compare homing and proliferation in response to IL-12,

mice were given daily doses of mIL-12 [200 ng in 500 lL

in PBS supplemented with 1% mouse serum] (Peprotech,

Rocky Hill, NJ, USA), or a mock IP injection, for a period

of 5 day starting on the day of CIK injection.

Results

CIK cell–IL-12 combination therapy leads to complete

tumor remission in 75% of treated animals

We compared the anti-tumor efficacy of CIK cells that

were cultured for the full term of enrichment (14 days) to

CIK cells from short-term cultures (stCIK, enrichment for

6 days) and to freshly isolated splenocytes, both alone and

in combination with IL-12. The highest overall efficacy

was achieved after administration of a combination of CIK

cells with 200 ng of IL-12 for 5 days, as assessed by tumor

regression, animal survival and percentage of mice with

complete remission (Fig. 1a–d). Thirty days post-treat-

ment, none of the mice treated with the IL-12 and CIK

combination, exhibited a tumor size of more than

300 mm3. For comparison, only 70% of animals receiving

stCIK cells or splenocytes in combination with full dose

IL-12 remained under 300 mm3. Mice treated with low

dose IL-12, or splenocytes and stCIK cells alone appeared

to have a slightly accelerated tumor growth as compared to

the PBS treated control group (Fig. 1a, b).

Furthermore, the combination of CIK cells and a full

dose of IL-12 led to complete tumor remission in 75% of

the mice treated compared to a 55% remission rate after
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combining IL-12 with stCIK cells or splenocytes. Neither

one of the cell preparations nor IL-12 alone led to full

remission in more then 10% of the mice tested, matching

the controls (Fig. 1c, d). Mice with full tumor remission

were followed for 4 months, and no relapses observed.

Moreover, re-challenging these mice by injection of a

second dose of the original inoculum of tumor cells did not

lead to tumor formation and 3 weeks after the injection

bioluminescence signals had disappeared completely (Data

not shown), indicating the mice had developed immuno-

logical memory.

IL-12 treatment promotes anti-tumor efficacy of stCIK

populations

While CIK cells in combination with full dose IL-12

exhibited the highest anti-tumor efficacy by multiple cri-

teria (Fig. 1), it was striking that the administration of

IL-12 to mice that received stCIK cells led to efficacy that

was well beyond that observed for IL-12 alone. Since the

stCIK cells exhibited no efficacy in vivo when adminis-

tered alone, the data indicates a synergistic effect of the

two therapies beyond a mere additive effect of IL-12 and

CIK cells. The stCIK cells therefore benefited more from

the combination with IL-12 than CIK cells, suggesting that

an in vivo expansion could be achieved.

Characteristics of CIK cell populations

Flow cytometry analyses of fresh splenocytes, stCIK cells

(day 6 of the ex vivo expansion) and CIK cells (day 14 of

the ex vivo expansion) revealed a maturation gradation.

Granularity and size distribution of the cells (Fig. 3a–c)

indicated decreasing numbers of viable cells (pink region

of interest). Viable cells in full term CIK cells demonstrate

strongly decreased proliferation (Suppl. Fig. 1). Further-

more, compared to splenocytes and stCIK cells, no large

numbers of dividing cells were present in the fully enriched

Fig. 1 Anti-tumor efficacy of IL-12 and CIK cell therapies and their

combinations in vivo. Mice were inoculated with DB7luc? tumor

cells subcutaneously. After tumors had established, CIK cells of

different age were injected intravenously (IV). Tumors were

measured by caliper measurement and in vivo bioluminescence

imaging. To compare tumor growth and remission in response to

IL-12, the mice were given a daily bolus of murine IL-12 [200 ng

(full dose) or 20 ng (1/10)] or mock injections for 5 days (IP) starting

on the day of CIK cell injection. The upper left legend applies to

a–c SC splenocytes, CIK cytokine-induced killer cells (full 14 days

culture), stCIK short-term CIK cells (6 days culture). a Tumor growth

as determined by caliper measurement in response to treatments.

Error bars represent standard error of the mean (SEM), b Kaplan–

Meier plots of animals receiving different treatments. Tumor volume

of 300 mm3 was used as a surrogate endpoint. c Inversed Kaplan–

Meier plots of animals receiving different treatments. Tumor

remission was followed by BLI and animals with no detectable

tumor were classified as rescued (cf. d, where color bar represents

light emission as photons/s/cm2/steradian. Bar maximum is 1.5 9 106

and bar minimum is 2.5 9 107). Rescued animals were monitored for

several months and relapse was never observed. Group sizes (N)

were: PBS (7); IL12 (7); CIK (9); CIK ? IL12 (9); stCIK (8);

stCIK ? IL12 (8); CIK ? 10% IL12 (9); SP (9); SP ? IL12 (9);

10% IL12 (7)
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cultures of CIK cells. While freshly isolated splenocytes

were approximately 55% CD3?, the CIK cell populations

were[95% CD3? after 6 days. The percentages of CD3?/

DX5? and CD3?/NKG2D? cells increased from \1 and

2.5%, respectively, in splenocytes to 12 and 28% after

6 days of enrichment and eventually reached 33 and 47%

in the fully enriched CIK population after 14 days

(Fig. 3a–c, Suppl. Fig. 2).

stCIK cell populations display full in vitro cytotoxicity

after only 6 days of ex vivo expansion

stCIK cells did not exhibit notable anti-tumor efficacy in

vivo (Fig. 1). We were therefore interested in whether this

was due to lacking cytotoxicity or tumor homing abilities.

To test this, we set up an in vitro cytotoxicity assay,

where no homing is necessary to gain close contact to the

tumor cells. In this assay both populations of cells

exhibited dose dependent killing of fLuc labeled DB7

cells reaching about 40% after 16 h at a CIK:tumor cell

ratio of 40:1. This assay demonstrated that the tumor cell

killing ability of stCIK cells matched that of CIK cells as

soon as cell–cell contact is established (Fig. 4). This

suggests that different tumor homing abilities play a role

for the different anti-tumor efficacy of stCIK compared to

CIK cells in vivo.

Homing of stCIK cell populations to the tumor site

is delayed and not exclusive

In order to gain insight into the behavior of CIK cells that

exhibit different anti-tumor efficacies in vivo, but not in

vitro we applied a modified experimental in vivo setup

compared to the efficacy study. In these experiments, mice

were inoculated with parental DB7 tumor cells instead of

DB7luc?. CIK cells were expanded from a fLuc express-

ing donor mouse providing us with a visible tag that

enabled noninvasive studies of homing and proliferation of

these cells after transfer to tumor-bearing mice.

After injection of labeled CIK cells, we observed a

specific accumulation of cells at the tumor site 1–2 days

after injection (Fig. 2). This signal decreased to back-

ground level by day 4. By contrast, after injection of

stCIK into mice, the tumor-associated signal was observed

about 1 day after that of the CIK population and the sig-

nals from mice that received stCIK cells had up to four

times the intensity of that from CIK cells at the tumor site.

In addition, we observed other sites of homing and pro-

liferation after injection of stCIK cells. The strongest

signal, beside the tumor site, was seen in a region corre-

sponding to the spleen. None of the control experiments

showed an increased signal from either the tumor or other

organ sites.

IL-12 treatment enhances stCIK cell proliferation

and persistence at the tumor site, in spleen and lymph

nodes in vivo

Additional experiments demonstrated that intraperitoneally

injected IL-12 did not drastically alter CIK cell homing or

proliferation (Fig. 5). For example, the ventral view

(Fig. 5b) did not show any specific accumulation of labeled

cells while the dorsal view showed tumor-associated

homing not unlike that of CIK cells that did not receive

IL-12. In the latter case the fLuc signals were visible at

the tumor site 1 day post injection and disappeared after

5–6 days. A faint signal seemed to persist at these sites in

mice that received IL-12 (Fig. 5a).

Sharp differences were observed in mice that received a

combination of IL-12 with stCIK cells compared to mice

that received cells only. While in both cases there was a

delay in signal at the tumor site compared to CIK cells

(1 day later without, and 2 day later with IL-12; Fig. 5a),

this signal was stronger and more persistent with IL-12.

Furthermore, signal from lymph nodes and spleen appeared

similarly stronger and prolonged. The most obvious effect

of IL-12 on stCIK populations in vivo however was

apparent in the ventral view (Fig. 5b): Starting on day 3 a

strong signal indicative of cell proliferation was observed

in the abdominal region. This signal was only apparent in

mice that received IL-12 and appeared in close proximity

to the intraperitoneal injection site. The signal peaked on

day 5 and was not detectable after day 7. Similarly to the

dorsal view we observed signals from presumed lymph

Fig. 2 Tumor homing and expansion of stCIK cells compared to CIK

cells in vivo as assessed by in vivo bioluminescence imaging (BLI)

over a 5-day period after cell injection. Light emission was measured

at the shaved tumor site and normalized by subtracting a background

signal from a reference area in the neck area. Selected BLI images are

shown for illustration purposes for day 2 and day 4. Error bars
represent standard deviation
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nodes that appeared around day 9. Based on theses obser-

vations IL-12 influences the homing and expansion patterns

of stCIK cells in vivo.

Discussion

CIK cells alone and in combination with other therapies

have proven both useful and safe [20, 32, 35, 42]. IL-12

showed great initial promise in preclinical models but

exhibited toxicity problems in humans [2, 3, 8–10, 28, 40].

We combined IL-12-based cytokine therapy with CIK cell

therapy to achieve synergistic effects that increase the anti-

tumor efficacy of CIK cells and enable the use of low doses

of IL-12. In patients, this combination therapy might

potentially overcome the issue of high dose toxicity of

IL-12. We furthermore aimed to shorten the ex vivo

expansion process for CIK cells by in vivo education and

expansion of CIK cells to save time and cost for the clinical

translation of CIK cell therapy. We therefore tested this

combination therapy in an immunocompetent mouse model

using subcutaneously implanted mammary carcinoma cells

(DB7) engineered to express firefly luciferase (fLuc) and

CIK cells expanded from syngeneic FVB donor mice. In

this model we tested the anti-tumor efficacy of splenocytes

and CIK cells after different lengths of enrichment time,

both with and without IP delivered IL-12. We further

examined whether we could lower the concentration of

IL-12 in the combination therapy with the goal of clinical

translatability. We followed the average tumor size in mice

of the same groups but also tracked individual responses

using Kaplan–Meier analysis and inverse Kaplan–Meier

analysis (Fig. 1).

Our studies demonstrated that a combination of IL-12

with CIK cells outperformed any other tested treatment

regimen including IL-12 and CIK as single therapies in

terms of tumor regression, complete remissions, and ani-

mal survival rates. Our data do not conclusively demon-

strate whether this effect is additive or synergistic.

However, the two treatments alone did not lead to full

remission in more mice than the control treatment, while

the combination therapy rescued almost 75% of the ani-

mals pointing to a synergistic effect. We observed a clearly

synergistic effect when combining IL-12 with either

splenocytes or stCIK cells: neither of the latter alone

showed any anti-tumor effect, while the combination pro-

vided an enhanced anti-tumor effect beyond that of IL-12

only. While we expected this synergy for stCIK cells, the

Fig. 3 Flow cytometry analysis

revealed phenotypic differences

between CIK cell populations of

different ages. CD3, DX5 and

NKG2D surface expression was

analyzed by flow cytometry. At

least 10,000 cells were analyzed

for each sample, and cell

viability was ascertained by

gating the samples on the basis

of forward scatter (to sort by

size) and side scatter (to sort by

granularity). a Freshly isolated

splenocytes. b Short-term (day

6) CIK population. c CIK cells

at day 14
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results were surprising for the combination of IL-12 and

splenocytes which was only slightly lower (within the

margin of error) than that of stCIK cells plus IL-12. This

can probably be attributed to the broad immunostimulatory

effects of IL-12 including IFN-c release, increased cyto-

toxicity and T cell proliferation. However, it is unlikely

that this observation from the animal model could be

exploited in a clinical setting using freshly isolated PBMCs

because a substantial number of cells needed to be col-

lected from a patient prior to cell transfer.

CIK cell populations undergo a maturation process

during ex vivo expansion, which is evident in the flow

cytometry data presented in Fig. 3 and was studied earlier

[4, 38]. During this process, a heterogeneous population of

splenocytes develops into a more homogenous CIK popu-

lation with the peak of anti-tumor activity at about 14 days

of enrichment. Despite the apparent enrichment of CD3?

DX5? and NKG2D? cells early in this process (Fig. 3)

coinciding with a cytotoxic effect in the co-culture assay

(Fig. 4), there was no measurable anti-tumor effect

observed in mice that received stCIK cells (Fig. 1). Later in

the process (days 6–14) the amount of viable cells

decreases from 50% to about 20% implying that stCIK

cells exhibit considerably more proliferation compared to

more mature CIK cell cultures. This was confirmed by the

proliferative capacity of these cells observed in vivo

(Fig. 5), and is probably crucial for the increased prolif-

erative response and efficacy that we observed after

delivery of IL-12 to mice that received stCIK injections.

We were also interested to find out why stCIK cells showed

no anti-tumor efficacy in vivo yet. Generally, two impor-

tant functional aspects underlie anti-tumor potential in

vivo: first, the ability of CIK cells to kill a tumor cell upon

direct contact, as measured by an in vitro cytotoxicity

assay; second, the ability of CIK cells to home to the tumor

Fig. 4 Comparison of cytotoxicity of CIK populations of different

maturity by luminescence based in vitro cytotoxicity assay. The

cytotoxic effect results in a loss of fLuc activity as the expressing

tumor cells are killed. Percent survival was calculated relative to

control wells. a False color bioluminescence readout reflecting the

number of live tumor cells after 6 h incubation with respective doses

of CIK cells in a representative experiment. b Graphical represen-

tation of data obtained from the experiment in Fig. 4a. Control wells

are shown on far left. Error bars represent standard deviation of

replicates

Fig. 5 Tumor homing and proliferation of fLuc expressing CIK cell

populations of different ages in vivo in response to IL-12. After

tumors had established, CIK cells were injected intravenously (IV).

Mice were given daily doses of mIL-12 or a mock IP injection for a

period of 5 day starting on the day of CIK injection. Each group

consisted of four animals. Images from the same representative

animals are shown over the time course for dorsal and ventral views.

Arrow heads indicate tumor locations. a Dorsal view highlighting

differences in cell homing between stCIK and full term CIK cell

populations. b Ventral view highlighting differences in proliferation

capacity between stCIK and full term CIK cell populations
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site to exert their cytotoxic effect. We therefore assayed the

cytotoxic potential of stCIK and CIK cells in co-culture

with tumor cells and reproducibly noted similar tumor cell

killing abilities for the two cell types (Fig. 4). To assess the

tumor homing of CIK cells we used CIK cells derived from

transgenic donor mice expressing fLuc (CIKluc?). These

cells could be followed in vivo over a period of several

days via bioluminescence imaging [13, 26]. These in vivo

homing experiments showed a trafficking and proliferation

pattern of stCIK cells that is markedly distinct from CIK

cells. The stCIK cells still accumulated at the tumor site,

but with a delay (Fig. 2). These observations indicate that

stCIK populations contain heterogeneous subpopulations

with separated tumor homing, cytotoxic and proliferative

properties, while mature cells appear more homogenous

with respect to trafficking and cytotoxic abilities. In terms

of the propagation of CIK cell cultures, it thus appears that

the second week of ex vivo expansion and cytokine stim-

ulation is crucial for differentiation and/or proliferation of

the CIK effector population which can both home to tumor

sites and kill cancer cells.

Because we observed increased anti-tumor efficacy in

mice that received a combination of IL-12 and stCIK cells,

we were interested whether this is associated with CIK

proliferation or a different homing pattern in vivo. CIK

cells did not show an altered proliferation and homing

pattern when combined with IL-12 injections, while stCIK

cells reacted strongly to IL-12. Most notably, we observed

a strong proliferation of stCIK cells in the peritoneal cav-

ity, a 24 h delayed arrival of cells at the tumor site, and

longer persistence at the tumor site, spleen and lymph

nodes. These data indicate that IL-12 is able to increase the

proliferative capacity of stCIK cells in vivo compared to

unstimulated stCIK cells, which is also supported by the

stimulating effect of IL12 in vitro (Suppl. Fig. 1). Recog-

nizing that stCIK cells lack anti-tumor efficacy in vivo and

that the combination of IL-12 and stCIK leads to vastly

increased efficacy compared to IL-12 alone, we conclude

that our strategy of an education of CIK cells in vivo is

viable. It seems to result in an effector cell population that

combines tumor homing with cytotoxic capacities. How-

ever, it is clear from in vivo imaging of stCIK cells with

and without IL-12 stimulation that abundance of cells in

the mouse and particularly at the tumor site does not

generally correlate with anti-tumor efficacy. In this context,

it is striking that we observed a delayed arrival or expan-

sion of cells from stCIK populations after IL-12 stimula-

tion. A possible explanation is that those cells differentiate

elsewhere after IL-12 stimulation and get to the tumor site

later in a more mature state with cytotoxic abilities.

The exact phenotype and role of different cell types in

the enriched CIK population remains to be fully described.

In humans it was demonstrated that CD3? CD56? double

positive populations (corresponding to CD3? DX5? in

mice) are associated with anti-tumor efficacy in vivo [4,

38]. It has been reported that the majority of these cells in

CIK populations are not derived from the initial CD3?

CD56? subpopulation, which actually expands poorly

under CIK culture conditions, but rather from CD4?

CD8? T cells which acquire CD3? CD56? expression only

after activation [22]. Terminally differentiated effector

CD3? CD56? T cell populations are known to possess

potent cytotoxicity but have low proliferative capacity

[27, 39]. On the other hand, CD3? CD56- cells, repre-

senting early effector T cells, exhibit reduced cytotoxicity

but a higher capacity to proliferate, home to lymph nodes

and persist in vivo, which is what we observed after

injection of stCIK cells (Figs. 2, 5) [14]. Based on these

findings, an effective strategy may be to inject combina-

tions of CIK and stCIK cells in combination with IL-12 in

order to achieve a longer lasting and thus more robust anti-

tumor effect. Additional studies are needed to further

characterize surface marker expression and functionality of

the one, or several, effector cell types in CIK populations.

For the work presented here, it seems of particular rele-

vance to characterize the CIK cell subpopulation that

possess cytotoxic and tumor homing abilities, along with

the subpopulation of stCIK cells that gives rise to these

cells in vitro and in vivo after IL-12 stimulation. Com-

parison of immune cells recovered from the tumor site and

peritoneal cavity after IL-12 stimulation may help refine

the cell surface markers that define the effector population.

While it has been shown that the cytotoxicity of CIK cells

is largely mediated by recognition of stress-related ligands

through the NKG2D receptor and is dependent on perforin,

less details are known about the mechanisms and mole-

cules involved in tumor homing [37, 38]. Several chemo-

kine receptors and selectins have been shown to play a role

in homing of CIK cells to the tumor site [23, 26]. More-

over, the secretion of chemokines to attract more immune-

effector cells like granulocytes, monocytes, and NK-cells

could be a mechanism of action of CIK cells beside direct

interaction and lysis of tumor targets [15, 23].

In summary, we report that combination of IL-12 with

CIK cells led to a strongly increased anti-tumor efficacy in

a mouse model compared to either therapy alone and holds

promise for a highly efficacious cancer therapy utilizing

synergistic effects. Even otherwise ineffective stCIK cells

benefited from the IL-12 treatment and exhibited strong

anti-tumor effects. The data presented here indicate that the

combination of adoptive cellular immunotherapy with

cytokine therapy can be exploited to shorten ex vivo cul-

tivation procedures through education and expansion of

therapeutically active cells in vivo. In the future, the

addition of IL-2 to this combination or engineering CIK

cells to express their cytokines (as attempted for IL-2 [32])
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might hold promise for further increased efficacy and

utility since it could allow a reduction of the doses of the

individual cytokines.
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