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Cytokine-induced killer (CIK) cells raised interest for use 
in cellular antitumor therapy due to their capability to 
recognize and destroy autologous tumor cells in a HLA-
independent fashion. The antitumor attack of CIK cells, 
predominantly consisting of terminally differentiated 
CD8+CD56+ cells, can be improved by redirecting by 
a chimeric antigen receptor (CAR) that recognizes the 
tumor cell and triggers CIK cell activation. The require-
ments for CIK cell activation were, however, so far less 
explored and are likely to be different from those of 
“younger” T cells. We revealed that CD28 and OX40 CARs 
produced higher interferon- secretion as compared with 
the first-generation ζ-CAR; CD28-ζ and the third-gener-
ation CD28-ζ–OX40 CAR, however, performed similar in 
modulating most CIK cell effector functions. Compared 
with the CD28-ζ CAR, however, the CD28-ζ–OX40 CAR 
accelerated terminal maturation of CD56+ CIK cells 
producing high frequencies in activation-induced cell 
death (AICD) and reduced antitumor efficiency in vivo. 
Consequently, CD28-ζ CAR CIK cells of CD56− pheno-
type were superior in redirected tumor cell elimination. 
CAR-mediated CIK cell activation also increased antigen-
independent target cell lysis; the CD28-ζ CAR was more 
efficient than the CD28-ζ–OX40 CAR. Translated into 
therapeutic strategies, CAR-redirected CIK cells benefit 
from CD28 costimulation; “super-costimulation” by the 
CD28-ζ–OX40 CAR, however, performed less in antit-
umor efficacy due to increased AICD.
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publication 15 October 2013. doi:10.1038/mt.2013.192

INTRODUCTION
Cytokine-induced killer (CIK) cells are generated ex vivo from 
peripheral blood mononuclear cells by propagating in the pres-
ence of interferon-γ (IFN-), an agonistic anti-CD3 monoclonal 
antibody (mAb) and interleukin-2 (IL-2).1 Upon 2–3 weeks of 
culture, the expanded cells express natural-killer cell markers to 
a variable extent in addition to classical T-cell markers, express in 
high numbers the CD3+CD56+ phenotype, and resemble tumor 

infiltrating lymphocytes.2 CIK cells have an extraordinary cyto-
lytic potential, recognize and destroy autologous tumor cells in a 
HLA-independent fashion, proliferate more rapidly than tumor 
infiltrating lymphocytes and lymphokine-activated T killer cells, 
and preferentially migrate into the periphery.3 Due to these prop-
erties, CIK cells are of particular interest for their use in cell ther-
apy of malignant diseases. The antitumor efficacy of CIK cells is 
moreover underlined by the observation that adoptive transfer 
of CIK cells improved short-term, but not long-term, survival of 
patients.4 The short-term effect may be due to the short survival of 
CIK cells, because those cells are predominantly composed of ter-
minally differentiated T (TEMRA) cells5, which are prone to spon-
taneous apoptosis3, substantially limiting the long-term  efficacy in 
the fight against cancer.

Recent clinical trials impressively demonstrate the antitu-
mor activity of adoptively transferred T cells with redirected 
 specificity.6,7 The strategy is based on ex vivo engineering T cells 
with an antibody-derived chimeric antigen receptor (CAR), 
which in contrast to the T-cell receptor, consists of one polypep-
tide chain with an extracellular single-chain fragment of variable 
region (scFv) antibody for binding and the intracellular CD3ζ 
chain for T-cell activation. By using an antibody-like targeting 
chimeric receptor, engineered T cells can be redirected toward 
nearly every epitope on the target cell surface for which an anti-
body is available. The therapeutic efficacy of such CAR T cells 
is, however, often limited by inefficient cytolysis or short-term 
persistence after adoptive transfer.8–10 Costimulation provided by 
a CD28 signaling domain in a second-generation CAR substan-
tially improved the efficacy of redirected T cells in an antitumor 
attack; other costimuli differentially modulate the T-cell effector 
functions in a specific fashion.11 Combined costimulation by the 
so-called third-generation CAR with early CD28 and late costim-
ulation by OX40 or 4-1BB promotes T-effector memory cell dif-
ferentiation and protects the cells from apoptosis.12

The observations provide the rationale to take advantage of 
CAR-provided costimulatory signals to counteract activation-
induced cell death (AICD) and to improve the antitumor activ-
ity of CIK cells. The requirements of CIK cells to prevent AICD 
are, however, so far poorly understood; in particular, no com-
parative analysis was performed to dissect the impact of different 
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costimuli in sustaining the CAR-redirected CIK cell antitumor 
attack. We addressed the issue in a thoroughly controlled situa-
tion by engineering CIK cells with first-, second-, and third-gen-
eration CARs of the same format and with the same specificity 
for the carcinoembryonic antigen (CEA). The CAR harbors either 
a CD28-ζ or a combined CD28-ζ–OX40 intracellular signaling 
domain. Upon CAR stimulation, CIK cells acquired a CD56+ 
phenotype, which was most rapidly induced by OX40 and less 
induced by CD28 costimulation or even without costimulation, 
and entered apoptosis which could not be prevented by OX40 
or CD28. Consequently, the CD28-ζ CAR was superior to the 
“super-stimulatory” CD28-ζ–OX40 CAR, and CD28-ζ CIK cells 
with CD56− phenotype showed more robust CAR-mediated and 
CAR-independent tumor cell lysis.

RESULTS
CAR-redirected CIK cells show antigen-specific tumor 
cell killing
CIK cells were derived ex vivo from peripheral blood lymphocytes 
by stimulation with IFN-, anti-CD3 antibody and propagated in 
the presence of IL-2 as described.1 These cells displayed a mixed 
T–natural-killer cell phenotype and were predominantly composed 
of CD8+ T cells which express CD56 in 10–70% of the cells. Since 
CIK cells attack tumor cells in a major histocompatibility complex-
unrestricted, antigen-independent fashion,1,13 we asked in a thor-
oughly controlled side-by-side comparison how tumor cell killing is 
improved when CIK cells are redirected in an antigen-specific fash-
ion by a CAR. Peripheral blood T cells were activated by anti-CD3/
CD28 and IL-2 stimulation for comparison. CIK cells and stimu-
lated T cells from the same donor were engineered with a CD28-ζ 
signaling CAR with specificity for CEA. The CAR was expressed 
with similar efficiencies in T cells and CIK cells (Supplementary 
Figure S1). CAR-mediated activation was monitored by recording 
secreted cytokines and target cell killing upon coincubation with 
CEA+ and CEA− tumor cells. As summarized in Figure 1, both 
T cells and CIK cells were specifically redirected against CEA+ 
tumor cells producing efficient tumor cell killing; CAR-redirected 
CIK cells lysed target cells more efficiently than CAR T cells. CEA− 
Colo320 cells were not attacked by CIK or T cells demonstrating the 
antigen specificity of the targeting CAR. Although the killing activ-
ity was substantially different, CIK cells secreted the same amount 
of IFN-γ as did T cells but produced less amounts of IL-2.

CD28 and OX40 costimulation increased cellular 
activation of CIK cells and IFN- secretion
We explored the impact of CAR signaling on specific tumor cell 
killing and IFN-γ secretion of redirected CIK cells. CIK cells 
were induced in vitro and engineered to express the ζ, CD28-ζ 
and CD28-ζ–OX40 CAR, respectively, each redirecting CIK cells 
toward CEA+ tumor cells. As summarized in Figure 2, engi-
neered CIK cells with either CAR lysed CEA+ target cells in a 
dose-dependent fashion, but not CEA− cells. The CD28-ζ CAR 
was slightly more effective in redirecting CIK cell killing than the 
ζ or CD28-ζ–OX40 CAR (Figures 2a,b). Improved target cell 
lysis was not due to impaired signaling because the CD28-ζ CAR 
induced higher IFN-γ secretion than the ζ-CAR (Figure 2a) but 
was less efficient than the CD28-ζ–OX40 CAR (Figure 2b).

Combined CD28–OX40 costimulation accelerates 
maturation to CD56+ CIK cells that are prone 
to apoptosis and cannot be rescued by OX40 
costimulation
CD56+ cells in the CIK cell population may represent terminally 
differentiated T cells which accumulate to high numbers. To 
address this issue, we isolated CD8+CD56+ CIK cells and stimu-
lated these cells via CD3 in the presence of IL-2 for additional 7 
days. CD56+ CIK cells were predominantly of CD62L−CD45RO− 
phenotype, which is also indicative for terminally differentiated 
T cells (Figure 3a). By contrast, CD8+CD56− CIK cells were 
mainly composed of CD45RO+ and comprise a substantial num-
ber of CD62L+ cells indicating less-matured cells. As matured T 
cells, including CD62L− effector memory T cells, benefit in sur-
vival by a third-generation CAR with combined CD28 and OX40 
stimulation,12 we asked whether CIK cells may also benefit from 
CD28-ζ–OX40 CAR signaling. We engineered CIK cells from 
healthy donors to express the anti-CEA CAR with ζ, CD28-ζ, 
and CD28-ζ–OX40 endodomains and stimulated engineered 
cells by their CAR utilizing a CAR-specific anti-idiotypic mAb. 
As summarized in Figure 3b, CAR-mediated CIK cell activation 

Figure 1 Chimeric antigen receptor (CAR)-redirected activation of 
T cells and cytokine-induced killer (CIK) cells. T cells and CIK cells 
from the same healthy donor were engineered with a carcinoembryonic 
antigen (CEA)-specific CD28-ζ CAR and coincubated (2.5 × 103 − 2 × 104 
cells/well) for 48 hours with CEA+ LS 174T and CEA− Colo320 target 
cells (2 × 104 cells/well), respectively. Cytolysis was determined by an 
XTT-based colorimetric assay and culture supernatants were analyzed 
for interferon- (IFN-γ) and interleukin-2 (IL-2) by enzyme-linked immu-
nosorbent assay. Numbers represent mean values of triplicates ± SD. A 
representative assay is shown. Statistical analyses were performed using 
Student’s t-test. *P < 0.05.
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produced CD56 upregulation that was significantly enhanced by 
CD28-ζ–OX40 CAR with the additional OX40 costimulation as 
compared with the CD28-ζ CAR. CD56 upregulation was specifi-
cally enhanced by OX40 costimulation because CD28 costimula-
tion has no impact on CD56 expression as compared with ζ-CAR 
signaling only. To rule out that the observed differences were due 
to different CAR expression, we compared the expression of the 
first-generation with the second- and third-generation CARs 
in several CIK cell batches (n = 6). The density of the CD28-ζ 
CAR and the CD28-ζ-OX40 CAR on the cell surface was simi-
lar, but significantly higher than that of the ζ CAR. The number 

of CAR-engineered CIK cells was, however, the same indicating 
that the observed differences between CD28-ζ and CD28-ζ-OX40 
CAR CIKs were unlikely due to a potentially different CAR 
expression (Supplementary Figure S2). Taken together, com-
bined CD28–OX40 costimulation increased the number of CIK 
cells with a CD56+ phenotype of terminally differentiated cells.

We asked whether CD28–OX40 costimulation also protects 
CD56+ CIK cell from AICD and apoptosis. We engineered CD56− 
and CD56+ subset CIK cells with the CD28-ζ and CD28-ζ–OX40 
CAR, and stimulated these cells by the CAR-specific anti-idiotypic 
mAb. Annexin V staining revealed that CAR-induced apoptosis of 
CD56+ CIK cells was substantially higher than those of CD56− 
cells (Figure 3c) irrespective of CD28 or combined CD28–OX40 
costimulation by the grafted CAR. CD56− CIK cells, by contrast, 
appeared to be more robust to AICD because the number of 
apoptotic cells after CAR stimulation did not increase substan-
tially. CAR signaling mediated apoptosis of CD56+ cells because 
CD56+ cells without CAR showed no increase in the number of 
apoptotic cells. Taken together, CD28-ζ–OX40 CAR stimulation 
enhanced the number of terminally differentiated CD56+ CIK 
cells but neither CD28 nor OX40 costimulation protected the cells 
from AICD.

Combined CD28–OX40 costimulation decreased the 
antitumor efficacy of CAR-redirected CIK cells in vivo.
We asked whether CARs with different costimulation moieties 
may mediate tumor cell killing by CIK cells in vivo to a different 
extent. To address this issue, we grafted immune-deficient mice 
with CEA+ C15A3 tumor cells. After 7 days, when tumors were 
clearly visible established (2–4 mm in diameter) CD28-ζ- and 
CD28-ζ–OX40 CAR-engineered CIK cells were intravenously 
injected and tumor growth was recorded. Strikingly, only CIK 
cells with the CD28-ζ CAR delayed tumor progression, whereas 
CIK cells with the CD28-ζ–OX40 CAR or nonmodified CIK 
cells did not (Figure 4a). Different homing capacities of the 
engineered CIK cells with the respective CAR into the target tis-
sue may contribute to the effect. To rule this out, we coinjected 
CEA+ tumor cells together with CAR+ CIK cells into immune-
deficient mice and recorded tumor progression. Moreover, 
CAR CIK cells produced substantially better  antitumor cell 
 efficacy in  vivo when redirected by the CD28-ζ CAR than by 
the  CD28-ζ–OX40 CAR (Figure 4b). CD28-ζ CAR-redirected 
CIK cells more efficiently suppressed tumor growth than 
CD28-ζ–OX40 CAR CIK cells, the latter, however, still more 
efficiently than nonmodified CIK cells.

The CD28-ζ and CD28-ζ–OX40 CAR redirected 
purified CD56− and CD56+ CIK cells with similar 
efficiency.
CD28-ζ–OX40 CAR–redirected CIK cells produced efficient 
tumor cell killing in vitro while less antitumor activity in vivo. 
We asked whether the dramatically reduced antitumor activity 
of CD28-ζ–OX40 as compared with CD28-ζ CAR-redirected 
CIK cells is due to the increased number of terminally matured 
CD56+ CIK cells after long-term CD28-ζ–OX40 CAR stimula-
tion. To test the antitumor activity of CD56+ and CD56− CAR 
CIK cells, we engineered CIK cells with the respective CAR and 

Figure 2 ζ, CD28-ζ, and CD28-ζ–OX40 CAR redirected CIK cells effi-
ciently kill tumor cells in vitro. Cytokine-induced killer (CIK) cells were 
engineered with the ζ, CD28-ζ, and CD28-ζ–OX40 CAR, and coculti-
vated (1.25 − 10 × 103 CAR+ cells/well) with CEA+ LS174T or CEA− 
Colo320 tumor cells (each 2 × 104 cells/well) for 48 hours. Cytolysis was 
determined by an XTT-based colorimetric assay and supernatants were 
analyzed for interferon- (IFN-γ) by enzyme-linked immunosorbent assay. 
Side-by-side comparison of (a) ζ and CD28-ζ CAR engineered CIK cells 
and (b) CD28-ζ and CD28-ζ–OX40 engineered CIK cells. Numbers rep-
resent mean values of triplicates ± SD. A representative assay is shown. 
Statistical analyses were performed using Student’s t-test. *P < 0.05. 
CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen.
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isolated the CAR+ CD56+ and CD56− CIK cell subsets to high 
purity; the respective CIK cell subsets without CAR obtained 
from the same batch served as controls (Supplementary Figure 
S3). The CIK cell subsets were coinjected together with CEA+ 
tumor cells into immune-deficient mice and tumor outgrowth 
was recorded (Figure 5a). No differences in the antitumor cell 
efficacy were observed when CD56− CIK cells with CD28-ζ or 
CD28-ζ–OX40 CAR were used; only minor differences between 
the two CARs were recorded when engineered CD56+ CIK cells 
were applied (Figure 5a). We conclude that the different antitu-
mor efficacies are rather due to the CIK cell subsets than due to 
the different CAR signaling moieties. Isolated CIK cell subsets 
were redirected by CD28-ζ and CD28-ζ–OX40 CARs with simi-
lar efficacy. CAR-redirected CD56+ CIK cells were, however, less 
efficient than CD56− CIK cells in tumor cell elimination irre-
spective of the CAR-provided costimulation. As the CD28-ζ–
OX40 CAR promotes maturation of CIK cells toward the CD56+ 
CIK cell subset, which is prone to high frequencies in AICD, 
the antitumor cell efficacy is less compared with CD28-ζ CAR-
redirected CIK cells.

To confirm the results, we screened the tumors for persisting 
T cells. Figure 5b exemplarily demonstrates immune fluorescence 
staining of CD28-ζ CAR-engineered CD56+ and CD56− tumor 
infiltrating T cells. Quantitative recoding (Figure 5c) revealed 
higher numbers of persisting CD56− than CD56+ T cells, which 
is in accordance with the observed differences in the efficacy of 
tumor suppression.

CAR signaling impacts NKG2D-mediated target cell 
lysis by CIK cells
An outstanding property of CIK cells is to lyse tumor cells in 
a HLA-independent fashion14; NKG2D is crucial for this pro-
cess.15 We defined the impact of second- and third-generation 
CAR signaling on NKG2D-mediated, CAR-independent tumor 
cell lysis utilizing Daudi cells as targets. Daudi cells are suscep-
tible to NKG2D-mediated lysis but are not attacked by other nat-
ural-killer cell–associated targeting receptors.16 Of note, Daudi 
cells are not attacked by the engineered anti-CEA CAR cells. We 
modified CIK cells with the CD28-ζ and CD28-ζ–OX40 CAR, 
respectively, isolated CAR CIK cells by cell sorting and stimu-
lated CAR CIK cells by the anti-idiotypic mAb BW2064 for 5–14 
days in the presence of IL-2. Flow cytometric analyses revealed 
upregulated CD56 in CD8+ CIK cells upon CD28-ζ CAR sig-
naling; additional OX40 costimulation by the CD28-ζ–OX40 
CAR moreover increased CD56 expression (Figure 6a). By 
contrast, CD4+ CIK cells showed only minor alterations in the 
CD56 expression after CD28-ζ–OX40 CAR stimulation in this 
period of time. The CD4+:CD8+ T-cell ratio did not substan-
tially change (not shown). CD56 upregulation was dependent 
of CAR stimulation and was not observed in CD8+ or CD4+ 
CIK cells without CAR. We coincubated long-term stimulated 
CAR-engineered CIK cells with Daudi cells and recorded tar-
get cell lysis. As summarized in Figure 6b, CD28-ζ CAR CIK 
cells were more effective in Daudi cell killing than CD28-ζ–
OX40 CAR CIK cells with the additional OX40 costimulation; 

Figure 3 CD56+ cytokine-induced killer (CIK) cells are terminally differentiated T cells that are induced by OX40 costimulation and prone to 
activation-induced cell death. (a) CIK cells were generated as described in Materials and Methods. After 14 days of culture, cells were separated 
into CD56+ and CD56− cells and stained for CD45RO and CD62L, respectively. A representative experiment out of three is shown. (b) CIK cells from 
healthy donors were grafted with the ζ (n = 5), CD28-ζ (n = 12), or CD28-ζ–OX40 CAR (n = 12) and cultivated for 3 days in the presence of the anti-
idiotypic monoclonal antibody (mAb) BW2064 (1 µg/ml) and an antimouse immunoglobulin G1 (IgG1) (0.5 µg/ml) antibody for CAR crosslinking. 
Cells were stained for CD56 and CAR expression and analyzed by flow cytometry. Nonmodified CIK cells were stained for control (n = 4). Numbers 
represent the mean value ± SD. Statistical analyses were performed using Student’s t-test. (c) CIK cells from six healthy donors were engineered with 
the CD28-ζ or CD28-ζ–OX40 CAR and cultivated for 3 days in the presence of the anti-idiotypic mAb BW2064 (1 µg/ml) and an antimouse IgG1 (0.5 
µg/ml) antibody for CAR crosslinking. Cells were stained for CD56 and CAR expression and apoptotic cells were identified by annexin V expression. 
Numbers represent mean value ± SD. P values were determined by Student’s t-test. CAR, chimeric antigen receptor. 
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CAR-stimulated CIK cells were, however, more effective than 
CIK cells without CAR stimulation.

NKG2D was expressed at similar levels on nearly all 
CD8+CD56+ T cells and the majority of CD8+CD56− CIK 
cells; most CD8−CD56− CIK cells, however, lacked NKG2D 
(Figure  7a). As CD28-ζ–OX40 CAR signaling favors the accu-
mulation of CD56+ CIK cells, we asked whether the different 
efficiency in the attack toward Daudi cells upon CAR signaling 
is due to these CIK cell subsets. To record CAR-mediated and 
CAR-independent antitumor activity, CIK cells were engineered 
with the CD28-ζ CAR, sorted for CAR expression, and stimulated 
by their CAR for 21 days by incubation with the anti-idiotypic 
mAb as described earlier. CAR+ CIK cells were further sorted 
into CD4+, CD8+CD56−, and CD8+CD56+ cells (Figure 7b) 
and cytotoxicity against CEA+ LS174T tumor cells, which is CAR 
mediated, and killing of CEA− Daudi cells, which is NKG2D 
mediated, were recorded. CEA− Colo320 tumor cells served 
as additional control for CAR specificity. As summarized in 
Figure 7c, all CAR+ CIK cell subsets killed CEA+ target cells with 
similar efficiency in vitro; CEA− cells were not lysed indicating the 
redirected specificity of the CAR. By contrast, cytolysis of Daudi 
target cells was predominantly mediated by CD8+ CIK cells; both 
CD8+CD56− and CD8+CD56+ CIK cells were equally effective. 
The data indicate that the less-matured CD56− CIK cells medi-
ate HLA-independent target cell killing as effective as the highly 
matured CD56+ CIK cells.

In summary, our data demonstrate that “super-stimulation” of 
CIK cells by a third-generation CAR combining the CD28 early 
and OX40 late costimulation resulted in accelerated maturation 
of cells with a CD56+ phenotype which are prone to AICD and 
which in consequence substantially decreases CAR- and NKG2D-
mediated target cell lysis.

DISCUSSION
Cell therapy with ex vivo-propagated CIK cells has shown to be 
effective in the treatment of malignant diseases due to the HLA-
independent recognition of tumor cells and the high killing capac-
ity. The antitumor activity was further improved by engineering 
the cells with CARs which redirect CIK cells antigen-specifically 
against tumor cells.17–19 Cell therapy with CAR-modified CIK cells 
thereby aims to combine antigen-redirected and antigen-inde-
pendent target cell recognition in the fight against cancer. CAR 
signaling to activate CIK cells upon contact to target cells benefits 
from appropriate costimulation in addition to the CD3ζ signal19 
(see Figure 2) which, however, requires different prerequisites as 
the cells progress in differentiation. This is of particular relevance 
as our in-depth analyses revealed that CIK cells are heterogeneous 
in cell populations and also contain terminally differentiated 
cells with a CD56+ CD62L− CD45RO− TEMRA phenotype (see 
Figure 3). The observation is in accordance with a recent report.5 
We recently demonstrated that CD28 cosignaling in particu-
lar improves secretion of proinflammatory cytokines including 

Figure 4 OX40 costimulation reduced antitumor efficacy of chimeric antigen receptor (CAR)-redirected cytokine-induced killer (CIK) cells. 
(a) Rag−/− common γ-chain−/− mice were engrafted subcutaneously with CEA+ C15A3 tumor cells (1 × 106 cells/mouse). When tumors were clearly 
established (~7 days after injection), CAR-engineered CIK cells were intravenously injected (5 × 106 cells/mouse; 4–7 animals/group). The number of 
CD28-ζ and CD28-ζ–OX40 engineered CIK cells was 16.5 and 19.2%, respectively. (b) Rag−/− common γ-chain−/− mice were coinjected with CEA+ 
C15A3 tumor cells (1 × 106 cells/mouse) and CIK cells with or without CAR (2.5 × 105 cells/mouse; 5–7 animals/group). The numbers of injected T cells 
were adjusted to equal numbers by adding nontransduced CIK cells. Tumor growth was recorded every 2–3 days and the volume was determined 
using a digital caliper. Mean values are shown; area under the curve (AUC) was calculated and P values were determined using Student’s t-test. CEA, 
carcinoembryonic antigen.
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IL-2 and prolongs T-cell survival, whereas OX40 costimulation 
potentiates cytolysis in the absence of IL-2 and improves differ-
entiation and survival of CCR7− and CD62L− effector memory 
cells.12,20,21 As matured CIK cells predominantly exhibit a TEMRA-
like phenotype, we asked whether CIK cells may also benefit from 
extensive costimulation. Combined CD28–OX40 costimulation 
increased the number of CIK cells with the CD56+ phenotype, 
but these cells were more prone to AICD than CD56− cells and 
CD28–OX40 costimulation did not rescue CD56+ CIK cells 
from AICD. By contrast, the CD28 CAR produced less CD56 
expression and a substantially lower number of TEMRA-like 
CIK cells which results in a more robust antitumor response. The 

differences in the CIK cell response are not due to reduced sig-
naling by the CD28-ζ–OX40 CAR because (i) CIK cells stimu-
lated by this CAR produced higher amounts of IFN- than by the 
CD28-ζ CAR and (ii) both CARs redirected CIK cells with similar 
efficiency when sorted CD56− and CD56+ CIK cell subsets were 
used (see Figure 5). There are, however, substantial differences in 
the CAR-induced CIK cell maturation which likely account for 
the observed differences; “super-stimulation” by CD28-ζ–OX40 
produces more CD56+ TEMRA CIK cells with reduced survival 
and antitumor activity. This is in accordance with lower num-
bers of CD56+ CIK persisting in tumor tissues as compared with 
CD56− CIK cells (see Figure 5). Taking this effect into account, 

Figure 5 CD28-ζ and CD28-ζ–OX40 CAR redirect CD56+ and CD56− CIK cells with similar efficiency. (a) Rag−/− common γ-chain−/− mice were 
coinjected with CEA+ C15A3 tumor cells (1 × 106 cells/mouse) and sorted cytokine-induced killer (CIK) cells with or without CAR (2.5 × 105 cells/
mouse; 5–7 animals/group). Tumor volume was recorded every 2–3 days. Mean values are shown; area under the curve (AUC) was calculated and P 
values were determined using Student’s t-test. (b,c) Cryosections of explanted tumors were stained with an Alexa-Fluor 488 conjugated antihuman 
CD3 monoclonal antibody (mAb) and analyzed by confocal microscopy as described in Materials and Methods. (b) A representative tissue sec-
tion of a tumor treated with CD28-ζ CAR CIK cells is shown. (c) The numbers of CD3+ T cells in the tumor tissue were determined as described in 
Material and Methods. P values were determined using Student’s t-test. CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen.
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the CD28-ζ CAR is more efficient in redirecting CIK cells than 
the third-generation CD28-ζ–OX40 CAR. These data moreover 
indicate that the requirements of appropriate costimulation for 
“younger” effector memory T cells differ substantially from those 
of terminally differentiated T cells such as CD56+CIK cells.

CD56+ CIK cells were reported to be the most effective CIK 
cell population in tumor cell elimination; contrary observations, 
however, were also reported.13–15,22,23 In this article, we demon-
strate that CAR-mediated activation improves CAR-independent 
CIK cell recognition of target cells as exemplarily demonstrated 
for killing of Daudi cells; moreover, CIK cells stimulated by the 
CD28-ζ CAR were superior as compared with those stimulated 

by the CD28-ζ–OX40 CAR. CAR+CD56− CIK cells expressed 
NKG2D, the predominant mediator of CIK cell killing,16 to a 
similar extent of that of CD56+ CIK cells; both CIK cell subsets 
were equally efficient in Daudi cell killing in the short term. OX40 
costimulation strongly upregulated CD56 expression producing 
high numbers of TEMRA-like CIK cells which, although highly 
cytolytic, are also highly susceptible to AICD. In the long term, 
the increased rate of apoptosis of CD56+ CIK cells substantially 
reduces the antitumor efficacy as particularly observed upon 
CD28-ζ–OX40 costimulation. Our data are, therefore, not con-
tradictory to reports which describe CD56+ CIK cells as the most 
effective subset in CIK cell therapy.13,22 The apparent discrepancies 

Figure 6 Chimeric antigen receptor (CAR) signaling improves CAR- and HLA-independent lysis of Daudi tumor cells. (a) Cytokine-induced 
killer (CIK) cells were engineered with the CD28-ζ and CD28-ζ–OX40 CAR, and CAR expressing cells were isolated by cell sorting. CAR CIK cells were 
cultivated on plates coated with the CAR-specific anti-idiotypic monoclonal antibody (mAb) BW2064 (1 µg/ml coating concentration). After 5 and 14 
days of culture, cells were stained for CD4, CD8, and CD56 expression and analyzed by flow cytometry. Numbers represent the mean fluorescence 
intensity. (b) Cells that were cultivated for 14 days on anti-idiotypic mAb-coated surfaces were recovered and cocultivated with carboxyfluorescein 
diacetate succinamidyl ester-labeled Daudi cells (2 × 104 cells/well) for 24 hours. Cells were stained with 7-aminoactinomycin D (0.5 µg/ml) and 
the numbers of life and dead cells were determined by flow cytometry. Numbers represent mean values ± SD. P values were determined using the 
Student’s t-test.
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can be explained at least in part by substantial differences in the 
context in which CIK cells are activated. The antigen-independent 
killer-cell–like reactivity is independent of TCR signaling, whereas 
the CAR-redirected activation recruits the TCR-associated acti-
vation machinery of the “conventional” T cells. Terminally 
matured CD56+ CIK cells recognize their targets preferentially in 
a TCR- and antigen-independent fashion, whereas less-matured 

CD56− cells still have high levels of TCR downstream signaling 
molecules in place which can be recruited by CAR signaling. On 
the other hand, accelerated CIK cell maturation and AICD will 
reduce unintended off-target activation and damage to healthy 
tissues. The functional dichotomy of both CIK cell subsets is fur-
thermore supported by a lower alloreactivity of CD56+ CIK cells 
as compared with CD56− CIK cells.22,24

Figure 7 Antigen-redirected and antigen-independent target cell killing is mediated by CAR+ CD56+ and CD56− CIK cells with similar 
efficiency. (a) CD8+CD56−and CD8+CD56+ CIK cells express NKG2D with similar frequency. CIK cells were sorted into CD8+ and CD8− cells and 
analyzed for NKG2D and CD56 expression, respectively. (b) Purified CD28-ζ CAR CIK cells were cultivated for 14 days on anti-idiotypic monoclonal 
antibody-coated plates and sorted into CD4+, CD8+CDC56−, and CD8+CD56+ CIK cells by flow cytometry-based procedures. (c) Fractionated CAR+ 
CIK cells were cocultivated at an effector-to-tumor (E:T) cell ratio of 1:5 with CEA+ LS174T or CEA− Colo 320 tumor cells (each 2.5 x 104 cells/well) or 
at an E:T ratio of 1:1 with carboxyfluorescein diacetate succinamidyl ester-labeled Daudi cells (2.5 x 104 cells/well) for 24 hours. Cytolysis of LS174T 
and Colo 320 cells was determined by an XTT-based colorimetric assay. To determine Daudi cell killing cells were stained with 7-aminoactinomycin 
D (0.5 µg/ml) and the number of life and dead cells was determined by flow cytometry. The assay was performed in triplicate. Numbers represent 
mean values ± SD. CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen; CIK, cytokine-induced killer.
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Taken together, the requirements for activation of both CIK 
cell subsets and their consequences for modulating CIK cell func-
tion are obviously different. While less-matured CD56− CIK cells 
better respond to CAR signaling, which utilizes the TCR signaling 
pathway, terminal maturation- and activation-induced cell death 
are induced resulting in reduced antigen-specific antitumor reac-
tivity. CAR-mediated “super-stimulation” by combined CD28 and 
OX40 costimulation furthermore accelerated maturation of CIK 
cells to CD56+ cells; less costimulation by CD28 only is therefore 
more suitable to prolong the CAR-mediated CIK cell response. 
Accordingly, the signaling requirements of CAR-engineered T 
cells are different from those of engineered CIK cells with limited 
costimulation being best for a sustained antitumor response of 
adoptively transferred CAR CIK cells.

MATERIALS AND METHODS
Cell lines and reagents. 293T cells are human embryonic kidney cells that 
express the SV40 large T antigen.25 The CEA-expressing colon carcinoma cell 
line LS174T (ATCC CCL 188), the CEA-negative cell line Colo320 (ATCC 
CCL 220.1), and the Burkitt’s lymphoma cell line Daudi (ATCC CCL-213) 
were obtained from ATCC (Rockville, MD). The anti-BW431/26 anti-idio-
typic mAb BW2064/36 was described earlier.26 OKT3 (ATCC CRL 8001) is 
a hybridoma cell line that produces the anti-CD3 mAb OKT3. All cell lines 
were cultured in Roswell Park Memorial Institute 1640 medium, 10% (v/v) 
fetal calf serum (all Life Technologies, Paisly, UK). MAbs were affinity puri-
fied from hybridoma supernatants utilizing goat antimouse immunoglobu-
lin G (IgG) 2a and IG1 antibodies, (Southern Biotechnology, Birmingham, 
AL) which were immobilized on N-hydroxy-succinimid-ester -activated 
sepharose (Amersham Biosciences, Freiburg, Germany). The goat antihu-
man IgG antibody and the biotin-, FITC-, or PE-conjugated F(ab′)2 deriva-
tives were purchased from Southern Biotechnology. The anti-CD3-FITC 
or PE mAb UCHT-1 and the anti-CD8-FITC mAb DK25 were purchased 
from Dako (Eching, Germany); the anti-CD8-PECy7 mAb RPA-T8 and the 
anti-CD45RO-FITC mAb UCHL-1 were purchased from BD Pharmingen 
(Heidelberg, Germany); the anti-CD4-PerCP mAb EDU-2, the anti-CD62L-
APC mAb LT-TD180, and the anti-CD56-PE mAb MEM-188 were purchased 
from Immunotools (Friesoythe, Germany); and the anti-NKG2D-APC mAb 
BAT221 was purchased from Miltenyi (Bergisch-Gladbach, Germany). The 
antihuman IFN- mAb NIB42 and the biotinylated antihuman IFN- mAb 
4S.B3, the anti-IL-2 mAb 5344.111 and the biotinylated antihuman IL-2 
B33-2 mAb, were purchased from BD Bioscience (San Diego, CA).

Generation and expression of recombinant anti-CEA CARs. The engineer-
ing of the retroviral expression cassettes for the BW431/26-scFv-Fc-ζ, 
BW431/26-scFv-Fc-CD28-ζ, and the BW431/26-scFv-Fc-CD28-ζ-OX40 
CARs were described in detail.12,27,28 Retroviral transduction of T cells 
with recombinant receptors was described in detail elsewhere25,29 and 
receptor expression was monitored by flow cytometry.

Generation of CIK cells. Peripheral blood lymphocytes were isolated from 
blood of healthy volunteers by density centrifugation. CIK cells were 
induced by cultivation for 24 hours in Roswell Park Memorial Institute 
1640 medium supplemented with 10% (v/v) fetal calf serum and 10 ng/ml 
IFN-γ (Imunkin, Boehringer Ingelheim, Ingelheim, Germany). After 24 
hours, OKT3 antibody (100 ng/ml) and IL-2 (500 U/ml) were added. Cells 
were further cultured for 2–3 weeks and fresh medium with IL-2 (500 U/
ml) was supplemented every 3  days. For comparison, peripheral blood 
lymphocytes were cultivated for 72 hours in the presence of anti-CD3 and 
anti-CD28 mAbs (OKT3, 15E8; 100 ng/ml each) and IL-2 (500 U/ml), 
respectively and propagated in the presence of IL-2 (500 U/ml).

Immunofluorescence analysis and cell sorting. CAR-engineered CIK cells 
and T cells, respectively, were stained with PE- or FITC-conjugated F(ab′)2 

antihuman IgG1 antibodies (0.5 µg/ml) and the FITC- or PE-conjugated 
anti-CD3 mAb and identified by flow cytometry using a FACSCanto 
(Becton Dickinson, Mountain View, CA) cytofluorometer equipped with 
the FACS-Diva research software (Becton Dickinson). To isolate subpopu-
lations, CIK cells were labeled with fluorochrome-conjugated antibodies. 
Cell sorting was performed utilizing a FACSAria (Becton Dickinson) cell 
sorter equipped with the FACS-Diva research software (Becton Dickinson).

CAR-mediated activation of engineered CIK cells. CIK cells were engi-
neered with anti-CEA CARs and cultivated in microtiter plates (Nunc 
Omnitray, Roskilde, Denmark), precoated with purified anti-idiotypic mAb 
BW2064/36 (1 µg/ml), for 5–14 days in the presence of 50 U/ml IL-2. In 
a second set of experiments CAR-engineered CIK or T cells (1.25 × 103 − 
1 × 104 cells/well) were cocultivated for 48 hours in 96-well round bottom 
plates with CEA+ LS174T and CEA− Colo320 tumor cells (each 2.5 × 104 
cells/well). After 48 hours, culture supernatants were analyzed for IFN-γ 
and IL-2 by enzyme-linked immunosorbent assay. Briefly, cytokines in the 
supernatants were bound to the solid phase capture antibodies (each 1 µg/
ml) and detected by the biotinylated detection antibodies (each 0.5 µg/ml). 
The reaction product was visualized by a peroxidase–streptavidin conjugate 
(1:10,000) and ABTS. Specific cytotoxicity of engineered T cells against tar-
get cells was monitored by an 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide (XTT) XTT-based colorimetric assay.30 
Briefly, CAR-engineered T cells were coincubated with tumor cells for 48 
hours. The number of engineered T cells was adjusted to same numbers by 
adding nonmodified T cells. Viability of tumor cells was monitored using the 
“Cell Proliferation Kit II” (Roche Diagnostics, Mannheim, Germany) and 
reduction of XTT to formazane by viable tumor cells was monitored col-
orimetrically. Values were calculated as means of six wells containing tumor 
cells only subtracted by the mean background level of wells containing 
Roswell Park Memorial Institute 1640 medium, 10% (v/v) fetal calf serum. 
Nonspecific formation of formazane due to the presence of effector cells was 
determined from triplicate wells  containing effector cells in same numbers 
as in the corresponding experimental wells. The number of viable tumor 
cells was calculated as follows: viability (%) = [optical density(experimental 
wells − corresponding number of effector cells)]/[optical density(tumor cells 
without effectors−medium)] × 100. Cytotoxicity (%) was defined as 100 – 
viability (%).

Nonspecific lysis of Daudi cells. TCR- and CAR-independent lysis of 
Daudi target cells was determined as follows: CAR CIK cells were isolated 
by cell sorting and cultivated for 15 days on plates that were precoated 
with the anti-idiotypic mAb as described earlier. Daudi cells were labeled 
for 5 min at 4°C with 1.25 µM carboxyfluorescein diacetate succinimidyl 
ester (molecular probes, life technologies, Darmstadt, Germany), washed 
extensively and cocultivated in 96-round-bottom plates (5 × 104/well) 
with CAR-activated CIK cells (5 × 104/well). After 24 hours, cells were 
recovered, stained with 7-aminoactinomycin D (0.5 µg/ml), and analyzed 
by flow cytometry. The cytometer was set to time count for 30 seconds 
and the number of life cells was determined. Viability was calculated as 
follows: viability (%) = (number of life Daudi cells with effector cells)/ 
(number of life Daudi cells without effector cells) × 100. Cytotoxicity (%) 
was defined as 100 – viability (%).

Activation-induced cell death. CAR-engineered T cells (2.5 × 106 total 
cells) were cultivated in the presence of 0.5 µg/ml of the anti-idiotypic 
mAb BW2064 and 0.25 µg/ml of a goat antimouse IgG antibody (Southern 
Biotechnology), respectively. After 72 hours, cells were removed and 
stained for CAR and CD56 expression with a FITC-conjugated F(ab′)2 
antihuman IgG1 (Southern Biotechnology) and PE-conjugated anti-
CD56 antibody (Immunotools, Friesoythe, Germany), respectively. 
Apoptotic cells were recorded by staining with APC-conjugated Annexin 
V (Immunotools) and 7-aminoactinomycin D, respectively. T cells were 
analyzed by flow cytometry and the number of CD56+ CAR+Annexin V+ 
and CD56+CAR−AnnexinV+ cells were determined.
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CAR-mediated suppression of tumor growth. Rag−/− common −/− mice 
(Charles River, Sulzfeld, Germany) (4–8 animals/group) were subcutane-
ously transplanted with CEA+ C15A3 tumor cells (1 × 106 cells/animal) 
and CAR-modified CIK cells (1 × 106/animal). The number of totally 
injected CIK cells was adjusted to same numbers by adding nonmodi-
fied CIK cells. Alternatively, sorted CIK cell populations were applied 
(2.5 × 105/animal). CIK cells without CAR served as the control. Tumor 
growth was recorded every 2–3 days and tumor volumes were deter-
mined. Area under the curve was recorded as described31 and statistical 
significance between groups was determined by Student’s t-test.

Immune histological analyses.  Cryostat sections from tumor tissues 
were fixed with acetone for 10 min at −20°C. Slides were first incubated 
with “Fc receptor block” reagent for 15 minutes, followed by “Background 
Buster” for 30 minutes (both Innovex Biosciences, Richmond, CA) 
to block nonspecific binding. Slides were stained with an Alexa-488-
conjugated anti-CD3 (HIT3A) (Biolegend, London, UK). Specificity of 
staining was assayed by incubation with the respective isotype-matched 
control antibodies. Stained sections were mounted with “Immunoselect” 
Antifading Mounting Medium supplemented with propidium iodide 
for nuclear staining (Dianova, Hamburg, Germany). One slide out of a 
series of tissue sections was routinely stained with haematoxylin–eosin 
(Carl Roth, Karlsruhe, Germany) to confirm histology. Stained sections 
were recorded by laser scan microscopy (Olympus Fluoview FV 1000 
microscope equipped with FV10-ASW 3.0 software; Olympus, Hamburg, 
Germany). Three typical regions of each section were selected and the 
numbers of CD3+ cells and total cells were counted. The percentage of 
CD3+ cells was determined as follows: CD3+ (%) = (number of CD3+ 
cells / number of total cells) × 100.

SUPPLEMENTARY MATERIAL
Figure S1. T cells and CIK cells express the same CAR with similar 
efficacy.
Figure S2. Expression analyses of different CARs in CIK cells.
Figure S3. Isolation of CAR CIK cell subpopulations.
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