
Cancer Immunol Immunother (2007) 56:731–737 

DOI 10.1007/s00262-006-0249-0

SYMPOSIUM PAPER

Costimulation tunes tumor-speciWc activation of redirected 
T cells in adoptive immunotherapy

Andreas Hombach · Hinrich Abken 

Received: 4 September 2006 / Accepted: 24 October 2006 / Published online: 2 December 2006
©  Springer-Verlag 2006

Abstract Redirecting T cell eVector functions towards
pre-deWned target cells represents an attractive con-
cept in the adoptive immunotherapy of malignant
diseases. Our understanding of the mechanisms of T
cell activation and costimulation as well as the design
of recombinant T cell receptors have made major pro-
gress in the last years. Translating recent concepts of T
cell stimulation into recombinant protein design pro-
vides the basis to engineer T cells with both pre-deW-
ned speciWcity and costimulatory capacity in order to
enhance anti-tumor immunity and to break tolerance.
Dual signaling immunoreceptors providing the CD3�
signal simultaneously with an appropriate costimula-
tory signal moreover allows to modulate the quality of
the anti-tumor T cell response in a predicted fashion.
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Introduction

T cells with speciWcity for tumor associated (self-)anti-
gen (TAA) are frequently present in signiWcant numbers

in the peripheral blood of tumor patients and clones of
cytotoxic T lymphocytes (CTLs) with speciWcity for
autologous tumor cells can be derived thereof [1, 2].
These observations have attracted interest in the
elimination of tumor cells by adoptively transferred,
tumor-speciWc T cells. Consequently, tumor inWltrating
lymphocytes (TILs) isolated from biopsy specimens elim-
inate tumor cells upon adoptive transfer demonstrating
their in vivo eVectivity and the feasibility of the strategy.
Isolation of TILs in suYcient numbers and ex vivo propa-
gation without loss of anti-tumor reactivity, however,
turned out to be technically diYcult and labor-intensive.

In this situation, considerable attention has been
drawn to engineer T cells with pre-deWned speciWcity
by recombinant DNA technology. One strategy makes
use of recombinant T cell receptors (TCRs) with deW-
ned speciWcity which are expressed in addition to the
endogenous TCR on the surface of CTLs [3, 4]. An
alternative strategy grafts speciWcity onto the recombi-
nant TCR by fusion with an antibody derived binding
domain. This approach is based on the observation that
the majority of TAAs are deWned by monoclonal anti-
bodies and that immunoglobulins and TCRs exhibit
signiWcant spatial and conformational similarities.
Whereas in early models the variable regions of the
TCR �- and �-chains are replaced by antibody derived
VH and VL regions for antigen binding [5], the concept
became more feasible when Zelig Eshhar and cowork-
ers [6] pioneered the immunoreceptor (“T-body”)
strategy which combines the antigen binding domain of
a “single chain fragment of variable region” (scFv)
antibody directly with the TCR associated intracellular
signaling machinery (for review [7, 8]).

The strategy in targeting T cells towards deWned tar-
get cells by recombinant TCRs or immunoreceptors has
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several advantages over antibody-based therapies. In
particular, the strategy makes use of the autologous cel-
lular defense system represented by eVector cells that
actively migrate to the target cell and penetrate tissues.
In contrast to antibodies, the engineered eVector cells
persist and circulate over long periods of time, i.e. until
up to one year or even longer, amplify by proliferation
upon antigen encounter and interact with numerous
target cells executing their cytolytic attack. Noteworthy,
the immune reaction is supposed to be self-limiting
since engineered T cells that do not interact with their
speciWc antigen are expected to enter apoptosis. One of
the major risks, on the other hand, is represented by an
autonomous ampliWcation of engineered T cells and by
an unwanted auto-immune reaction towards healthy tis-
sues. Whereas these prepresent general advantages and
risks of cell versus antibody based therapies, it is still an
ongoing debate which format of a recombinant TCR is
the most eYcient in T cell activation and with the low-
est risk of unwanted side eVects, e.g., dual versus single
chain TCR, MHC restricted versus unrestricted anti-
body based immunoreceptor. We here focus on
antibody derived immunoreceptors with particular
emphases on the role of costimulation for redirecting
and modulating T cell activation.

The immunoreceptor strategy

The antibody derived recombinant T cell receptor
(immunoreceptor) is designed as a one-polypeptide
chain composed of an extracellular binding and an
intracellular signaling domain (Fig. 1). This design has
several advantages for use in adoptive immunotherapy.
Since the antigen binding domain is derived from an
antibody, recombinant immunoreceptors can be gener-
ated that bind antigen of any chemical composition or
conformation as far as an antibody exists. Indeed,
recombinant immunoreceptors have been designed
that target T cells towards carbohydrate antigens [9,
10]. The signaling moiety is preferentially derived from
the CD3� chain of the TCR/CD3 complex or, alterna-
tively, from the � chain of the high aYnity IgE Fc
receptor (Fc�RI) or from the lck signaling domain. The
immunoreceptor tyrosine activation motifs (ITAMs) of
the signaling domains become phosphorylated upon
receptor crosslinking, thereby serving as speciWc adap-
tors for downstream signaling proteins of the TCR
complex.

When expressed in CTLs, antigen-mediated cross-
linking of the immunoreceptor initiates T cell activa-
tion resulting in proliferation, cytokine secretion, and
speciWc cytolysis of antigen-positive target cells. The

eYciency of T cell activation depends on various
parameters including the density of antigen expression,
the targeted epitope and the position of the epitope
within the antigen (unpublished results), as well as the
density of immunoreceptors on the surface of the eVec-
tor cells. The speciWcity of immunoreceptor mediated
T cell activation is deWned by the binding domain of
the immunoreceptor because (1) T cells without immu-
noreceptor or equipped with an immunoreceptor of
diVerent speciWcity are not activated towards speciWc
antigen-positive target cells, (2) antigen-negative cells
do not drive receptor mediated T cell activation, and
(3) triggered T cell activation can be blocked by an
anti-idiotypic antibody directed towards the scFv
domain of the immunoreceptor.

The feasibility of the strategy was repeatedly dem-
onstrated in numerous in vitro mouse and human
systems, in immunocompromised mice grafted with
allogeneic tumors [9] and most recently in immuno-
competent mice grafted with syngeneic tumors (A.
Hombach, Chmielewski et al., unpublished results) [11,
12]. Noteworthy, T cells equipped with the appropriate
immunoreceptor break tolerance towards autologous
tumor cells in vitro, as repeatedly shown with patient’s
T cells from the peripheral blood and primary human
tumor cells isolated from a biopsy [13, 14].

The majority of immunoreceptors harbor antibody
derived binding domains that recognize antigen

Fig. 1 Schematic diagram depicting the modular composition of
recombinant immunoreceptors. a The antigen binding domain
(scFv) is linked either directly or via a spacer domain, preferen-
tially the CH2CH3 domain of IgG1, to the transmembrane and
intracellular signaling moiety; the latter is preferentially derived
from the CD3� chain of the TCR/CD3 complex. b The primary
signaling domain can be combined in series with a costimulatory
domain within the same polypeptide chain giving rise to a com-
bined, dual signaling immunoreceptor
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independently of the MHC, thereby making immuno-
receptor mediated T cell activation independent of
processed and MHC presented antigens. However,
there are also antibodies raised that recognize their
antigen in the context of MHC. Immunoreceptors
with such type of binding domain, thus, trigger T cell
activation dependently on MHC presentation of
antigen. It is so far not elucidated in detail whether
immunoreceptors with a MHC dependent or an inde-
pendent binding domain are superior in redirecting T
cells in vivo. Some advantages of MHC independent
antigen binding, however, are obvious, including
targeting of unconventional T cell antigens like car-
bohydrates, targeting of cells even when the antigen is
not processed or presented properly in the MHC, and
recruiting of both CD8+ and CD4+ T cells by the same
immunoreceptor [15]. The latter is of clinical rele-
vance since both redirected CD4+ and CD8+ T cells
execute granule-dependent cytolysis of target cells
when appropriately stimulated via immunoreceptor
[16].

CD28 costimulation modulates the immune 
response, but is not primarily required 
for the induction of cytolytic activities 
in pre-activated T cells

Optimal CD8+ T cell activation physiologically
requires two distinct signals. The Wrst is mediated by
MHC class I-restricted, antigen-dependent TCR trig-
gering and the second by antigen-independent costi-
mulation. The latter is provided by a number of surface
receptors, a prototype of which is CD28. CD28 signal-
ing ampliWes the primary T cell response, lowers the
amount of antigen required to achieve full T cell acti-
vation and sustains prolonged polyclonal T cell expan-
sion. The physiological situation is reXected by the
requirement of costimulation to induce optimal activa-
tion of T cells upon immunoreceptor triggering. Naive
T cells stimulated via CD3� signaling immunoreceptor,
in contrast to pre-activated T cells, are not fully acti-
vated and require CD28 costimulation [17, 18]. Once
T cells are fully activated, the CD3� signal is suYcient
to trigger antigen-speciWc cytolysis independently of
CD28 costimulation. This is reXected by the fact that
pre-activated T cells execute cytolysis when stimulated
via the physiological TCR/CD3 complex or via a
recombinant immunoreceptor that harbors the CD3�
signaling domain only.

By recording the T cell eVector functions in detail,
we elucidated [19] that CD28 costimulation obviously
co-modulates the individual eVector functions in diVer-

ent extent. This is obviously a general physiological
phenomenon and not restricted to recombinant immuno-
receptors.

1. CD28 signaling is not required but can enhance
immunoreceptor triggered cytolytic activities;

2. CD28 costimulation is not required for but sub-
stantially increases IFN-� secretion and T cell pro-
liferation; and

3. CD28 costimulation is indispensable for induction
of IL-2 secretion.

Tumor cells can induce antigen-speciWc tolerance or
anergy on the basis of MHC class I-restricted antigen
presentation and simultaneous lack of costimulatory
ligands. Current immunotherapeutic strategies there-
fore aim to provide appropriate costimulatory signals
on eVector T cells to avoid induction of anergy.

Although cytolysis of tumor cells by redirected T
cells is primarily independent of costimulatory signals,
the eYciency of the T cell attack will be highly vari-
able. This is likely to due to the variable expression of
CD28 ligands on tumor cells since secondary functions
that amplify the T cell response, like IL-2 secretion and
T cell proliferation, depend on CD28 costimulation.
IL-2 is moreover assumed to attract a second wave of
antigen-unspeciWc inXammatory cells, e.g., natural killer
cells, thereby locally enhancing the anti-tumor eVect.
Taken together, the anti-tumor reactivity in toto is
thought to beneWt from CD28 costimulation.

CD28 costimulation can be partially substituted by
other costimulatory and adhesion molecules that, in
contrast to CD28, are not restricted to APCs in their
expression. For instance, ICAM-1 (CD54) substan-
tially comodulates target cell lysis mediated by a
recombinant scFv-� chain immunoreceptor [20]. Cor-
respondingly, ICAM-1 signaling without CD28 costi-
mulation results in the induction of IL-2 secretion,
although at low quantities [19]. This example indi-
cates that apart from CD28 costimulation other
molecules expressed on the target cell substantially
modulate the anti-tumor response in a quantitative as
well as qualitative fashion. As a consequence, T cells
redirected by immunoreceptors are co-modulated in
a certain, but not always predictable extent by cost-
imulatory molecules expressed on tumor cells. To
modulate immunoreceptor triggered T cell activation
more precisely and independently of the costimula-
tory ligand on the surface of tumor cells, the costimu-
latory signal needs to be simultaneously present with
the CD3� signal upon antigen engagement. This
requirement resulted in the development of recombi-
nant immunoreceptors with combined CD3� and
CD28 signaling domains.
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Immunoreceptors with dual signaling properties

Based on the impact of CD28 costimulation for immu-
notherapy, several groups aimed to deliver the CD28
signal in addition to the primary immunoreceptor sig-
nal. Alvarez-Vallina and Hawkins [21] generated a T
cell line that simultaneously expresses two recombi-
nant immunoreceptors, one with the CD3� and the
other with the CD28 signaling domain, resulting in
antigen triggered cellular activation and IL-2 secretion.
To avoid coexpression of two diVerent immunorecep-
tor molecules, Finney et al. [22] generated a recombi-
nant receptor molecule that harbors both the CD3�
and CD28 signaling domain integrated into one poly-
peptide chain resulting in enhanced cellular activation
compared to signaling through CD3� alone. A similar
receptor with dual signaling properties was subse-
quently described by our and other groups [22–26].
The design of the dual signaling immunoreceptor is
based on its modular composition. Although the
requirements for the individual receptor modules for
stable receptor expression on the cell surface are yet
not fully understood, functional analyses clearly dem-
onstrate that costimulatory signals can be combined
with the primary CD3� signal into a dual signaling
receptor to modulate T cell eVector functions in a pre-
dictive fashion. This is recently conWrmed by knock-
out of the functional domains of CD28 within the dual
signaling receptor [27].

Stimulation of pre-activated T cells via the com-
bined CD3�-CD28 immunoreceptor results in
increased IFN-� secretion and in secretion of substan-
tial amounts of IL-2 whereas T cells equipped with
the CD3� signaling receptor secrete lower amounts of
IFN-� and do not secrete IL-2. This process does
not require exogenous B7/CD28 costimulation [26].
The speciWc cytolytic capacity, noteworthy, is not dra-
matically altered when T cells are stimulated via the
CD28-CD3� dual signaling compared to the CD3�
immunoreceptor. This is in accordance to previous
observations that T cells stimulated via CD3� immuno-
receptor eliminate target cells with B7 expression
equally eYciently as target cells without B7 [26]. CD28
signaling moieties used so far in combined signaling
immunoreceptors contain both the proliferation induc-
ing and the apoptosis preventing domains. Utilizing
these domains separately and combined with CD3� sig-
naling, either proliferation or survival of activated T
cells is thought to be sustained.

Other signaling domains, such as those of p56lck and
CD4, have been combined with CD3� signaling also,
resulting in improved receptor-mediated activation.
Particularly, CD4-CD3� signaling, CD3�-lck and

CD28-CD3�-lck signaling enhanced ZAP70 phosphor-
ylation and IL-2 secretion and decreased the signaling
threshold of receptor grafted T cells [28]. Because
these combined signaling immunoreceptors have been
analyzed so far only in established T cell lines, their
impact on primary T cells with respect to antigen-trig-
gered cytolysis, proliferation and cytokine secretion
has still to be investigated.

Improved T cell proliferation and survival: other 
costimuli required?

Given the fact that immunoreceptor triggered T cell
activation can be modulated by simultaneous CD28
costimulation, interest arises in combining other mem-
bers of the CD28 family with CD3� into a costimula-
tory immunoreceptor molecule to provide appropriate
costimulation upon antigen binding. The CD28 family
includes in addition the cytotoxic-T-lymphocyte-anti-
gen-4 (CTLA-4, CD152), inducible-costimulator
(ICOS), OX40 (CD134), CD40-ligand (CD40L,
CD154) and programmed-death-1 (PD-1). Although
there is some functional overlap, each member of the
CD28 family has distinct functions, depending on
the nature of the stimuli and the antigenic history of
the lymphocytes. ICOS and OX40 as well as 4-1BB
(CD137) are expressed after CD28 signaling and are
thought to be involved in prolonging the immune
response and in generating T cell memory. In late T
cell activation, OX40-OX40L interactions prolong IL-2
secretion and trigger the generation of memory T cells.
4-1BB signaling increases TCR-induced proliferation,
survival, and cytokine production as well as CTL gen-
eration and tumor rejection.

We therefore generated a panel of combined signal-
ing immunoreceptors that harbor either CD28, OX40
or 4-1BB as costimulatory domain, each in series with
CD3�, and expressed these combined signaling recep-
tors in pre-activated human T cells upon retroviral
gene transfer. Recording the T cell eVector functions in
a comparative setting revealed that immunoreceptor
triggered proliferation is dramatically increased by
CD28, but not by OX40 or 4-1BB costimulation
(Table 1). This is observed for both CD4+ and CD8+ T
cells. Noteworthy, IL-2 secretion is only induced upon
CD28, but not upon OX40 or 4-1BB costimulation
whereas IFN-� secretion is increased by each CD28,
OX40 and 4-1BB costimulation when triggered simul-
taneously to CD3� signaling. The cytolytic activity,
however, is not signiWcantly altered by OX40 or 4-1BB
costimulation compared to a moderate improvement
upon CD28 costimulation. In CD4+ T cells, AICD is
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diminished upon costimulation compared to CD3� sig-
naling only whereas in CD8+ T cells 4-1BB costimula-
tion, but not CD28 and OX40 costimulation, prevents
AICD. Taken together, each costimulus modulates a
distinct pattern of T cell eVector functions in its own
fashion although there is some overlap. In resting T
cells, CD28, ICOS, and OX40, each combined in series
with CD3� into an immunoreceptor, enhanced recep-
tor triggered, antigen speciWc cytolytic activities and
ICOS, OX40, and 4-1BB, respectively, confers self-
suYcient clonal expansion upon antigen encounter and
enhanced cytokine secretion [29].

Will triple-signaling receptors be superior?

Data currently available indicate that the CD3� signal-
ing domain can be combined individually with the
CD28, OX40, and 4-1BB costimulatory domain into
one polypeptide chain in order to speciWcally modulate
T cell eVector functions. Since 4-1BB costimulation
dramatically prevents AICD and, on the other hand,
CD28 sustains T cell proliferation and cytokine secre-
tion, including IL-2, combination of both the CD28 and
4-1BB domain with the CD3� signaling domain may be
advantageous in order to sustain T cell survival and
proliferation in vivo. Accordingly, Michel Sadelain and
coworkers most recently reported that combined CD28
and 4-1BB signaling together with CD3� is superior in
sustaining persistence of redirected T cells in vivo [30].
On the other hand, one-polypeptide chain immuno-
receptors with triple signaling domains are at risk to
recruit ineYciently the signaling molecules that trigger
the downstream phosphorylation cascades. As a conse-
quence, triple-signaling receptors may be unstable on

the surface of T cells. Taken this into account, it
remains to be elucidated whether triple signaling
immunoreceptors in general will be superior in trigger-
ing persistence and function of redirected T cells.

Concluding remarks

It is generally assumed that costimulatory signals oVer
advantages for antigen-speciWc CTLs over strategies
relying exclusively on TCR/CD3� triggering. The major
advantage is that costimulation suppresses inhibitory
and strengthens activating signals thereby tuning T cell
eVector functions. DiVerent types of costimulation
result in diVerent patterns of activation proWles. The
individual costimulatory pathways are therefore worth
to be explored in more detail with respect for use in the
immunoreceptor strategy. For instance, the inhibitory
eVect of TGF-� on redirected T cell proliferation may
be counteracted by CD28 costimulation (Koehler,
KoXer, Hombach, Abken, unpublished). The multiple
pathways by which non-tolerized T cells can be stimu-
lated to inhibit their entry into a tolerant state are
moreover potential candidates to be integrated into
dual or triple signaling immunoreceptors. The combina-
tory use of OX40 and 4-1BB signaling may represent a
promising approach to break immune tolerance and to
increase T cell survival and proliferation in order to
strengthen the anti-tumor response. CD4+ T cells in
particular will be valuable targets to revert tolerance
and to induce a long-lasting, tumor-speciWc memory
since engagement of OX40 during tumor priming
enhances CD4+ T cell memory for tumor antigens [31].

Costimulation through B cell-activating factor
(BAFF) is potentially advantageous for tumor-speciWc

Table 1 Summary of comparative analyses of T cell functions triggered by dual signaling immunoreceptors

Isolated human CD4+ and CD8+ T cells from the peripheral blood were equipped with an anti-CEA immunoreceptor with CD3� sig-
naling domain only or with dual signaling domains by retroviral gene transfer, coincubated with solid phase bound antigen and subjected
to functional analyses of proliferation by BrdU incorporation, cytokine secretion by ELISAs, and activation induced cell death (AICD)
by Xow cytometry. SpeciWc cytotoxicity was recorded by an XTT-based viability assay upon coincubation with antigen expressing tumor
cells. Coincubation with antigen-negative tumor cells and T cells without transduced immunoreceptor served as controls

Proliferation Cytokine secretion Cytolysis Protection 
from AICD

IFN-� IL-2 IL-10

CD4+ T cell
CD3� + + ¡ + ++ +
CD28-CD3� +++ +++ ++ ++ +++ ++
CD3�-OX40 + +++ ¡ (+) ++ +++
4-1BB-CD3� + +++ - (+) ++ +++

CD8+ T cell
CD3� + + ¡ + ++ +
CD28-CD3� +++ +++ ++ ++ +++ +
CD3�-OX40 + +++ ¡ (+) ++ +
4-1BB-CD3� ++ +++ ¡ (+) ++ +++
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T cells that are not suYciently activated due to low
antigen expression levels on tumor cells. This assump-
tion is based on the fact that BAFF induces prolifera-
tion of T cells that are suboptimally stimulated through
their TCR [32]. CD58-CD2 costimulation may alterna-
tively be suitable to increase the overall level of TCR
signaling since CD58-CD2 costimulation of CD4+

memory T cells does not trigger a single distinct
costimulatory pathway, but rather ampliWes several
pathways downstream of the TCR [33].

The success of the immunoreceptor strategy will
require the fulWllment of several criteria in addition to
appropriate costimulation, including low intra- and
inter-malignant lesion heterogeneity, the eVective pen-
etration of the malignant lesions, the persistence of
tumor-speciWc T cells, prevention of AICD or the func-
tional resistance towards regulatory T cells. Abnormal-
ities in the signal transduction pathways, however,
will render costimulation ineVective. Since T cells in
patients with advanced stages of the disease are fre-
quently defective in TCR signaling, the immunorecep-
tor approach will require repeated administration of
“freshly” grafted T cells to substitute burn-out CTLs
and cells that may be anergized. The disadvantage of
repeated administration may be an advantage at the
same time to provide repeatedly new waves of a cellu-
lar immune attack. Independently of the intrinsic sig-
naling defects of T cells, costimulation-independent
tolerance mechanisms, such as HLA-G, IL-10 and
TGF-�, will impair T cell activation severely.

Redirected T cells with new speciWcities when adop-
tively transferred harbor the risk of initiating auto-
immune reactions based on cross-reactivities with
healthy tissues. This was observed in a most recent
clinical trial [34]. Decreasing the threshold for activa-
tion by appropriate costimulation moreover increases
the risk to initiate unwanted T cell activation resulting
in auto-immunity. The trial, on the other hand, clearly
demonstrated that the adoptively transferred T cells
can rapidly be eliminated by steroids thereby limiting
the auto-immune reactions.

T cell homeostasis seems to be of major importance
for the expansion and survival of adoptively trans-
ferred T cells. It may therefore be of beneWt to transfer
engineered T cells into lymphodepleted hosts. Clinical
trials that are implemented in the near future will
address this issue in order to increase the in vivo
eYcacy of a redirected T cell attack.

Despite a number of unresolved questions, modula-
tion of costimulation combined with sensitization to
antigen provides an attractive strategy to provide an
eVective tumor-speciWc T cell response. Clinical trials
will determine whether tuning antigen-speciWc T cell

activation by costimulation can strengthen the anti-
tumor immune attack without increasing the risk of
aggressive auto-immunity.
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