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Abstract
Since the first bone marrow transplantation, adoptive T cell therapy (ACT) has developed over the last 80 years to a highly 
efficient and specific therapy for infections and cancer. Genetic engineering of T cells with antigen-specific receptors now 
provides the possibility of generating highly defined and efficacious T cell products. The high sensitivity of engineered T 
cells towards their targets, however, also bears the risk of severe off-target toxicities. Therefore, different safety strategies 
for engineered T cells have been developed that enable removal of the transferred cells in case of adverse events, control of 
T cell activity or improvement of target selectivity. Receptor avidity is a crucial component in the balance between safety 
and efficacy of T cell products. In clinical trials, T cells equipped with high avidity T cell receptor (TCR)/chimeric antigen 
receptor (CAR) have been mostly used so far because of their faster and better response to antigen recognition. However, 
over-activation can trigger T cell exhaustion/death as well as side effects due to excessive cytokine production. Low avidity 
T cells, on the other hand, are less susceptible to over-activation and could possess better selectivity in case of tumor antigens 
shared with healthy tissues, but complete tumor eradication may not be guaranteed. In this review we describe how ‘optimal’ 
TCR/CAR affinity can increase the safety/efficacy balance of engineered T cells, and discuss simultaneous or sequential 
infusion of high and low avidity receptors as further options for efficacious but safe T cell therapy.
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Abbreviations
ADCC  Antibody-dependent cellular cytotoxicity
CDC  Complement-dependent cytotoxicity
CRES  CAR-related encephalopathy syndrome
CRS  Cytokine-release syndrome

EGFRt  Truncated epidermal growth factor receptor
GvT  Graft-versus-tumor
HSV-TK  Herpes simplex virus thymidine kinase
iCAR   Inhibitory chimeric antigen receptor
iCasp9  Inducible caspase 9
pMHC  Peptide-major histocompatibility complex
TCMp  Central memory precursor T cells

Clinical advancement in adoptive cell 
therapy

Adoptive cell therapy (ACT) refers to the use of immune 
cells for the treatment of human diseases. Immune cells are 
retrieved from a patient or a healthy donor (autologous or 
allogeneic transplantation) and usually manipulated ex vivo 
for antigen-specific selection, expansion and/or introduc-
tion of a specific T cell receptor (TCR) or chimeric antigen 
receptor (CAR) before re-infusion into the patient. Accord-
ing to the extent of such manipulations, we can broadly 
classify the different ACT approaches that already reached 
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the clinic into two categories, based on the use of naturally 
occurring or genetically engineered immune cells.

Naturally occurring, ‘physiological’ T cells

Hematopoietic stem cell transplantation (HSCT) is the first 
example of ACT, with the first bone marrow transfusion 
reported in 1939 [1]. Currently, 45,000–60,000 HSCTs are 
performed worldwide every year [2]. Human leukocyte 
antigen (HLA)-matched transplants occur only in 20–30% 
of cases and, despite a safe profile, a high probability of 
disease relapse has been reported [3]. The use of alternative 
stem cell sources in absence of perfect HLA-matched donors 
(HLA-mismatched, haploidentical and umbilical cord blood 
transplantation) dramatically increased the percentage of 
HSCT treated patients and intrinsically provided a good 
graft-versus-tumor (GvT) effect. However, donor allore-
active T cells triggering GvT are also mainly responsible 
for graft-versus-host disease (GvHD), representing a major 
threat for HSCT patients. To separate these two effects is an 
important challenge for future improvements [4, 5].

Besides GvHD, the onset of life-threatening infections is 
a second main safety issue in HSCT, especially when HSCT 
is combined with donor T cell depletion to reduce the risk 
of GvHD. The time needed for the transplanted stem cells 
to restore a functional immune system generates a temporal 
window during which the patient is strongly immunosup-
pressed. One promising option to provide immune protection 
during this time is the direct infusion of purified virus-spe-
cific T cells [6], for example isolated by peptide-major histo-
compatibility complex (pMHC) multimer staining [7]. Since 
conventional, non-reversible pMHC multimer staining can 
trigger TCR activation, we developed the StrepTamer tech-
nology for the isolation of minimally manipulated, pMHC 
multimer-specific T cells with complete preservation of the 
initial differentiation and functional status [8]. In a recent 
clinical trial, we demonstrated that transfer of cytomegalovi-
rus (CMV)-specific T cells isolated from CMV seropositive 
donors via StrepTamer technology exerts protection from 
CMV infection in immunosuppressed patients following 
allogeneic HSCT [9]. Parallel clinical trials corroborated the 
safety and the clinical benefits of virus-specific T cell infu-
sions also for Epstein–Barr-Virus and adenovirus [10–12]. 
However, the approach is still limited to the setting of HCST 
(when patients are usually lymphopenic anyway) and the 
availability of detectable antigen-specific T cell populations 
from antigen-experienced donors.

The use of naturally occurring antigen-specific T cells 
provided interesting clinical benefits also in cancer therapy. 
Infusion of lymphocytes from marrow donors induced com-
plete remission in patients with hematological relapse after 
HSCT [13]. In metastatic melanoma patients, tumor infil-
trating lymphocyte (TIL) therapy, pioneered by Rosenberg 

and colleagues in 1987 [14], showed astonishing objective 
response rates since the first clinical studies [15–17], with a 
protocol for short-term ex vivo expansion of TILs immedi-
ately applied worldwide [18–20]. Remarkably, despite differ-
ences in the pre-conditioning regimens of patients and in the 
TIL expansion protocols, these clinical trials reported con-
sistent outcomes: a dropout rate and an objective response 
of approx. 38% and 40% of all treated patients, respectively, 
with approx. 9% of complete response on average [18, 19, 
21]. Besides toxicity coming from non-myeloablative chem-
otherapy and high-dose bolus IL-2, treatment was usually 
well tolerated. In addition, TIL treatment did not induce 
any of the severe toxicities reported in melanoma patients 
infused with engineered T cells expressing a high-avidity 
TCR against melanoma antigens (i.e. Melan-A/MART1 or 
gp100) [22], despite the fact that  CD8+ T cells reactive to 
these antigens were frequently found in the TIL fraction. 
These results invigorated further investigations of TIL 
treatment in other tumor settings. Objective responses were 
observed in metastatic ovarian and breast cancers but the 
results are still too preliminary to be conclusive [23, 24].

Engineered T cells

The strong protective activity demonstrated with naturally 
occurring antigen-specific T cells indicates high potency and 
efficacy of ACT. However, transfer of virus-specific T cells 
is limited by their low frequencies in seronegative donors 
and the availability of seropositive donors. In TIL therapy, 
the dropout rate is still high and applications in tumor sub-
sets other than melanoma are at their infancy (tumor accessi-
bility is also often limited); in addition, TILs are of unknown 
composition in terms of TCR specificity and functionality 
with often unpredictable clinical outcome. To make ACT 
broadly applicable, the use of engineered T cells offers two 
main advantages. First, generation of off-the-shelf products 
can be envisioned; second, TCRs/CARs can be pre-clinically 
well-characterized and T cell products with highly defined 
functionality can be produced. In this approach, (currently 
usually autologous) T cells are genetically modified ex vivo 
to express either a specific TCR or a CAR against a desired 
antigen, and are finally re-infused into the patient.

Since the conceptualization and first clinical success of 
CARs in 1989 and 2008 [25, 26], respectively, more than 
1290 clinical trials with CAR-T cells have been conducted 
worldwide. Striking results were reported in patients with 
relapsing, non-responding  CD19+ B cell malignancies for 
which CD19 CAR-T cell treatment showed up to 90% com-
plete remission [27]. This culminated in the first US Food 
and Drug Administration approval of a genetically engi-
neered cell product for the treatment of a human disease 
[28]. The success of CD19 CARs is also attributable to the 
great quality of the CD19 molecule as a target, since CD19 



1703Cancer Immunology, Immunotherapy (2019) 68:1701–1712 

1 3

is widely expressed on tumor cells at high levels and is a B 
cell linage-specific marker. In line with this elitist expres-
sion pattern, B cell aplasia represents the main long-term 
on-target off-tumor side effect of CD19 CAR-T cell ther-
apy, which can be managed by intravenous administration 
of immunoglobulins, similarly to B cell deficiencies due to 
CD19 mutations [29]. Cytokine-release syndrome (CRS) 
and CAR-related encephalopathy syndrome (CRES) are, 
instead, two acute side effects commonly observed in clinical 
trials with CD19 CARs and have already been extensively 
revised [30–32]. Briefly, CRS is a form of systemic inflam-
mation which develops within a few days after cell infusion 
(1–6 days on average with > 95% of CRS events occurring 
within 12 days) and is driven by a storm of cytokines pro-
duced by activated CAR-T cells and host immune cells; 
CRES usually manifests within 1 month with brain tissue 
inflammation, edema and sometimes even necrosis [33]. In 
most cases early therapeutic intervention with corticoster-
oids and/or the anti-IL-6 receptor antibody Tocilizumab, 
according to the grade of side effects, can mitigate CRS 
and CRES [34]. Interestingly, in a dose-escalating clinical 
study at the Fred Hutchinson Cancer Research Center, six 
of seven patients with grade ≥ 4 CRES, with occurrence of 
lethal events, were treated with a dose of CAR-T cells later 
established to be higher than the maximum tolerated dose 
[33]. In the same study, anti-tumor responses were achieved 
with lower CAR-T cells doses, which led to the speculation 
that the most severe toxicities could be avoided in future 
applications by the use of appropriate T cell amounts.

CAR-T cell therapy was not that successful in solid 
tumors so far. First, the tumor microenvironment is often 
highly immunosuppressive and thereby limits T cell func-
tion. To overcome this issue, CAR-T cells have been engi-
neered in an increasingly sophisticated way, e.g. via knock-
out of the inhibitory receptor PD-1 [35] or by additional 
expression of anti-inflammatory cytokines or chemokines for 
T cell recruitment at the tumor site [36, 37]. Although these 
new generation CARs already showed better anti-tumor 
efficacy in pre-clinical models, these studies have not inves-
tigated the potential for long-term adverse effects. Loss-of-
function of PD-1 in T cells, for example, increases the risk 
of lymphomagenesis [38], highlighting how carefully protein 
engineering should be carried on. Second, severe, some-
times fatal, toxicities followed ACT with CARs targeting 
human epidermal growth factor receptor 2 (HER2), carbonic 
anhydrase IX (CAIX) and carcinoembryonic antigen-related 
cell adhesion molecule 5 (CEACAM5) [39–41], commonly 
imputable to on-target off-tumor effects due to the high affin-
ity of CARs. Whether therapeutic efficacy without toxicity 
can be achieved for target antigens with off-tumor expression 
is still an open question.

Similar results have been observed also in ACT with 
TCR-engineered T cells. Half of the patients treated with 

high-avidity MART-1 specific TCRs showed severe toxicity 
due to the disruption of Melan-1-expressing melanocytes 
in skin, ear and eye [22]. Similarly, Zhong and colleagues 
demonstrated how anti-tumor activity and ocular autoim-
munity positively correlate and that both increase accord-
ing to TCR avidity [42]. On the other hand, targeting the 
cancer-testis antigen NY-ESO-1 with T cells expressing an 
affinity-enhanced TCR showed objective clinical responses 
in melanoma and sarcoma patients without appreciable tox-
icity [43]. Some of these inconsistencies could be explained 
by differences in expression and distribution of self-anti-
gens in tumor and normal tissues. However, unpredictable 
severe adverse events occurred as well, in particular with 
affinity-enhanced TCRs, due to cross-reactivity towards dif-
ferent epitopes. Fatal neurotoxicity and cardiotoxicity were 
reported in TCR-based therapies directed against the cancer-
testis antigen MAGE-A3 due to unspecific recognition of 
MAGE-A12 and Titin-derived epitopes, respectively [44, 
45].

Taken together, lessons from clinical trials are  that a 
‘therapeutic window’ for ACTs with engineered T cells 
exists, but the line between efficacy and toxicity can be very 
thin and often hard to predict for individual patients. Thus, 
engineered T cells need to be more controllable in temporal, 
spatial and functional dimensions and the development of 
safety strategies is at least as urgent as the development of 
more functional T cell products.

Safety strategies for ACT with engineered T 
cells

Immunotherapy with engineered T cells is often accompa-
nied by mild to severe toxicities. First safety mechanisms 
aimed at the eradication of the transferred cells as well 
as the development of synthetic pathways for fine tun-
ing T cell activation (Fig. 1a, b). A third, more recently 
introduced option is to use antigen-specific receptors with 
‘optimal’ (rather than highest possible) avidity, meaning 
an avidity that represents the best compromise between 
efficacy and safety (Fig. 1c).

Selective depletion of adoptively transferred 
engineered cells

An efficient safety strategy to intervene in case of adverse 
effects is to specifically ‘kill’ the transferred T cells 
(Fig. 1a). This was first achieved by the introduction of a 
so-called ‘suicide gene’. The herpes simplex virus thymi-
dine kinase (HSV-TK) was the first clinically tested suicide 
gene [46]. It efficiently ablates cycling cells by converting 
the non-toxic prodrug ganciclovir into a toxic antimetabolite 
that interferes with DNA replication [47]. However, due to 
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immunogenicity of the viral TK, TK-expressing T cells can 
be prematurely rejected [48], greatly limiting its applications 
in the clinic [49, 50]. Inducible caspase 9 (iCasp9), on the 
other hand, is non-immunogenic [51]. iCasp9 is composed 
of the intracellular domain of the human pro-apoptotic Cas9 
protein and a human FK506 binding protein which dimerize 
upon administration of the small molecule AP1903, lead-
ing to activation of the mitochondrial apoptotic pathway. 
A single dose of the dimerizing molecule in patients who 
developed GvHD after engineered T cells infusion was able 
to rapidly induce apoptosis of the transferred cells and thus 
terminate GvHD [51].

Antibody-dependent depleting mechanisms are based on 
the recognition of selective surface markers on engineered 
T cells by clinically approved monoclonal antibodies, with 
consequent initiation of antibody-dependent cellular cyto-
toxicity (ADCC) or complement-dependent cytotoxic-
ity (CDC). The truncated epidermal growth factor recep-
tor (EGFRt) is the most promising marker. It contains the 
EGFR extracellular and transmembrane domains, including 
the binding site for the monoclonal antibody Cetuximab, 
but lacks its intracellular domain in order to prevent any 
signaling activation upon antibody binding [52]. We recently 
demonstrated in syngeneic mouse models that Cetuximab 
administration is able to eradicate CD19 CAR-T cells and to 
rescue from B cell aplasia [53]. The clinical benefits of this 

suicide marker are now under investigation in several CAR-T 
cell clinical trials, targeting CD19 (NCT02028455), CD171 
(NCT02311621) and CD123 (NCT02159495).

Cetuximab could, however, lead to off-target effects since 
the expression of non-truncated EGFR is ubiquitous and 
EGFR is upregulated in inflamed tissues. A novel approach 
could be the use of a second CAR-T cell (anti-CAR CAR-T 
cell) able to target therapeutically transferred CAR-T cells 
through the recognition of an additional tag introduced into 
the primary CAR construct. The approach seems worth to 
be investigated also in light of the potentially higher tis-
sue infiltration of the anti-CAR CAR-T cells compared to 
an antibody. Preliminary data generated in our laboratory 
showed successful B cell rescue in mouse models treated 
with a murine, Strep-tagged CD19 CAR upon administra-
tion of a second anti-Strep-tag CAR without tumor relapse 
(unpublished data). For the above-mentioned strategies, 
reverting long-term B cell aplasia in patients with stable 
leukemia remission after CD19 CAR therapy could repre-
sent an immediate clinical application.

Tuning of engineered T cell activity

The efficient and permanent ablation of the infused ACT 
product in case of adverse events leads to non-reversible 
and often premature termination of the therapy. Positive 

Fig. 1  Safety strategies for ACT with engineered T cells. Safety strat-
egies can be categorized into killing of transferred cells (a), tuning 
of engineered T cell activity (b) or improving selectivity of target 
recognition (c). a HSV-TK, iCas9 and EGFRt are three examples of 
safety switches leading to depletion of transferred cells by, respec-
tively, DNA replication termination, apoptosis and ADCC/CDC. b 
Compared to conventional CARs, split CARs are activated only upon 

small molecule-induced dimerization of the antigen binding domain 
and intracellular signaling component, whereas UniCARs can be 
adapted to target any antigen since recognition is driven by bi-specific 
modules. c High avidity CARs can effectively target tumor cells, but 
may also recognize healthy cells with low target antigen expression; 
low avidity CARs may be less efficient in tumor cell killing, but spare 
healthy tissues
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regulation and fine-tuning of T cell activation represents an 
alternative strategy for avoiding this issue (Fig. 1b).

In the synthetic splitting receptor approach, engineered 
T cell activity is regulated by the administration of small 
molecules; thereby, the timing and power of T cell activity 
can be pharmacologically controlled. To achieve this, the 
antigen binding and intracellular signaling components are 
separated and each fused to an additional module, but heter-
odimerize upon small molecule administration. One example 
is the FKBP-FRB module, that assembles in the presence of 
the rapamycin analog AP21967. This small molecule could 
efficiently control the activity of CAR-T cells expressing 
the FKBP-FRB module in vivo and, more importantly, the 
magnitude of the response was dependent on the dosage of 
the heterodimerizing molecule [54].

The combination of CARs and bispecific target modules 
is an alternative design to regulate CAR-T cell activity. In 
this case, the CAR cannot bind directly to the cognate anti-
gen and the engineered T cells are thus inactive. Only the 
presence of a bispecific molecule—specific for both the 
CAR and the target antigen—makes the CAR-T cell func-
tional. The ‘universal’ CAR platform technology [55] is 
one example for the described approach. So-called UniC-
ARs can be armed against different targets by changing the 
bispecific target module. Following this idea, engineered 
human T cells with a UniCAR were redirected against the 
acute myeloid leukemia (AML) antigens CD33 and CD123, 
showing how it is possible to target different antigens subse-
quently as well as simultaneously [55]. This can enhance the 
efficacy of the therapy and reduce the risk for development 
of antigen-loss tumor variants under treatment.

The activities of engineered T cells can also be controlled 
by inhibitory strategies. The Sadelain laboratory developed 
CTLA-4 and PD1-based inhibitory CARs (iCARs) to reduce 
off-target responses during immunotherapy [56]. When the 
iCAR recognizes its antigen expressed on normal cells, 
cytokine secretion, cytotoxicity and proliferation induced 
through the TCR or CAR of the T cell can be selectively 
limited. Thus, the iCAR can inhibit the activating TCRs or 
CARs in an antigen-restricted manner and allows with this 
for the discrimination between target and off-target cells. 
Furthermore, it was shown that this inhibition is only tem-
porary and reversible, maintaining the function of most of 
the engineered T cells for therapy [56].

Finally, the introduction of the TCR/CAR transgene into 
the endogenous TCR locus [57, 58, 59] could be considered 
as a novel approach for the fine-tuning of T cell activation. 
TCR downregulation is a natural inhibitory feedback loop 
preventing overt T cell activation and still, T cells with a 
CAR or TCR placed in the endogenous locus have proven to 
be highly effective in pre-clinical tumor models [57, 58, 59]. 
It will be exciting to use these new technologies in order 

to delineate if natural receptor regulation may also prove 
beneficial in terms of safety.

Improve the specificity of target recognition

The safety of ACT can be improved by increasing the tumor 
selectivity of the engineered T cells. This is particularly 
important since most tumor antigens are not exclusively 
expressed on tumor cells but also shared by host cells, lead-
ing to on-target off-tumor toxicities (Fig. 1c).

An approach to render engineered T cells specific for a 
tumor even in the absence of truly tumor specific antigens is 
by combinatorial antigen recognition. T cells are engineered 
with two different tumor-specific CARs providing either the 
activation or the costimulatory signal. Thus, engineered T 
cells are fully activated only by dual-antigen expressing 
malignant cells but not by single-antigen expressing normal 
cells. This combinatorial antigen recognition was success-
fully tested in different mouse models. Kloss and colleagues 
engineered T cells with two CARs specific for the prostate 
stem cell antigen (PSCA) and the prostate specific mem-
brane antigen (PSMA); T cells co-transduced with both 
CARs efficiently killed PC3 prostate tumor lines expressing 
both antigens sparing tumor cells expressing either antigen 
alone [60]. In a different model, T cells with two CARs 
directed against mesothelin and folate receptor showed only 
weak activity against single positive tumors [61].

In addition, Kim and colleagues recently provided a new 
vision of how to improve target selectivity, by converting 
the canonical myeloid CD33 marker into a leukemia specific 
antigen. With CD33 being expressed also on normal myeloid 
cells, AML patients treated with CD33 CARs experienced 
severe myelosuppression. The ablation of CD33 in the bone 
marrow transplants of the patients generated chimera of 
 CD33+ and  CD33− myeloid cells.  CD33− stem cells resisted 
to CD33 CAR-T cell therapy and were able to regenerate a 
functional myeloid compartment [62].

Finally, modulation of TCR/CAR avidity also represents 
an approach to enhance targeting specificity (Fig. 1c). Target 
antigens are normally expressed at higher levels in tumor 
cells than in healthy tissues; in turn, TCRs/CARs with lower 
avidities should recognize and kill effectively tumor cells 
sparing low-antigen expressing normal cells. This could be 
even more crucial for CARs because of their extremely high 
affinities, with the soluble single-chain variable fragments 
(scFv) being derived from antibodies. Recently, an increas-
ing number of studies using CARs with low affinity scFvs 
confirmed this hypothesis [63–66]. On the other hand, the 
use of a low-affinity Herceptin-based CAR showed a safer 
profile in sarcoma patients but also only modest clinical 
activity [67]. It will be challenging to define optimal avidity 
for each specific clinical setting.
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How to manage acute toxicity

Among the different safety approaches, to our knowledge 
currently only iCas9 and EGFRt are under investigation in 
clinical settings, whereas the general number of clinical 
trials with CAR-T cells is increasing fast. In addition, at 
least for iCas9, complete clearance of the transferred cells 
upon suicide gene activation requires a few days. Especially 
for acute toxicities like CRS and CRES, it is not clear yet 
whether these in vivo depletion kinetics are sufficient to turn 
around life-threatening conditions mediated by engineered 
T cells.

CRS and CRES occurr particularly often in clinical tri-
als with CD19 CAR-T cells. Retrospective analyses of data 
coming from these clinical trials identified risk factors asso-
ciated to CRS/CRES onset [32] (i.e. tumor burden, CAR-T 
cell dose and pre-existing endothelial activation) and, more 
interestingly, a signature of clinical variables which enables 
to identify patients with high risk of developing severe tox-
icities [33]. A more informed and earlier intervention based 
on such risk profiles will likely help in increasing the safety 
profile of engineered T cell therapy. In addition, molecular 
mechanisms behind CRS/CRES were recently unraveled 
attributing monocyte/macrophage-expressed IL-6 and IL-1 
the pivotal role in the onset of these side effects [68, 69]. 
This evidence is further supported by the clinical efficacy 
of the anti-IL-6 receptor antibody Tocilizumab. The two 
studies for the first time modeled CRS in preclinical mouse 
models [68, 69]. Remarkably, the group of Bondanza studied 
direct interactions between human CAR-T cells and human 
immune system in a novel humanized mouse model, with 
efficient human  CD34+ hematopoietic stem cell engraftment 
and human immune system reconstitution [68, 70]. Further 
establishment of preclinical models for the study of ACT-
related toxicities will be of high importance to the field.

T cell receptor avidity

For all of the aforementioned safety problems, the immune 
system has developed natural solutions to find the ‘right’ 
balance between robust protective immune responses on the 
one side, and lack of autoimmunity and immunopathology 
on the other side. Natural T cell responses are composed of 
polyclonal repertoires with the majority of TCRs having low 
avidity against their target antigen. Therefore, exploration of 
low avidity and/or polyclonal transgenic receptor cell thera-
pies may contribute to finding the optimal balance between 
therapeutic efficacy and safety.

In natural T cells, the TCR has a profound impact on 
antigen-specificity, functionality, and even phenotypic and 
proliferative fate. Key determinant is the affinity of the 

TCR to its cognate pMHC. As presence of co-receptors 
and TCR expression levels can influence the quality of 
TCR-pMHC binding, the overall receptor-ligand inter-
action is best described by the term ‘structural avidity’. 
Therefore, we here speak of ‘CAR avidity’ when CAR-T 
cells are considered, although affinity of scFv can be pre-
cisely measured. Antigen sensitivity of T cells is often 
described as ‘functional avidity’ and can be determined by 
antigen concentration-dependent effector functions (e.g. 
cytokine release and/or target cell lysis). The structural 
avidity (i.e. kD = kon-rate/koff-rate of the antigen recep-
tor–ligand interaction) can be accurately quantified by bio-
physical assays such as surface plasmon resonance, which 
is however time-consuming and laborious (sometimes even 
impossible for certain TCRs) as it makes recombinant 
expression of both TCR and pMHC necessary [71]. As 
particularly the  koff-rate seems to determine the overall 
structural avidity of TRCs, assays have been developed 
that enable fast, but also precise and reproducible meas-
urements of TCR-pMHC  koff-rates [72, 73]. TCR koff-rates 
have proven to not only correlate with functional avidity, 
but also indicate the likelihood of in vivo protectivity [72, 
74], even if the exact relationship of these parameters is 
still unclear due to the low number of individual TCRs that 
have so far been investigated side-by-side.

Upon recall infection, selective expansion of T cells with 
high avidity TCRs occurs [75, 76] and during primary infec-
tion, high avidity T cells dominate at the acute phase of the 
infection [77]. TCR avidity-dependent repertoire evolution 
is less well studied in tumor settings, but high avidity TCRs 
also seem to mediate particularly good anti-tumor protection 
[42]. Taken together, these findings could generally speak 
for the therapeutic usage of high avidity receptors—TCR or 
CAR—for adoptive immunotherapy.

However, vast evidence actually exists that the high-
est avidity receptors do not necessarily represent the best 
receptors in terms of functionality, and particularly—as 
introduced above—also in terms of safety. Kalergis and 
colleagues pointed out nearly 20 years ago that an ‘optimal’ 
(rather than ultra-long) dwell-time results in efficient T cell 
activation [78] and many other studies that followed also 
support a kinetic proof-reading model of T cell activation 
with limited signaling that predicts an optimal dissociation 
time for maximum T cell activation [79].

Unique characteristics of low avidity receptors

Low avidity TCRs have an important role in antigen-specific 
immune responses [80, 81]. Zehn and colleagues showed 
that T cells with low avidity TCRs even lead the very early 
phase (day 4 after infection) of the immune response while 
high avidity T cells are still being primed in the lymph 
node before they dominate the immune response shortly 
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afterwards [77]. TCR avidity has also been shown to modu-
late  CD4+ and  CD8+ T cell differentiation [82] in a probabil-
istic manner [83], with low avidity preferentially leading to 
central memory precursor T cells (TCMp) generation at least 
in relative numbers [83, 84].

Two important facets of immune responses derived from 
T cells with TCRs of heterogenous avidities are therefore 
that, first, high and low avidity T cells may be of distinct 
importance during immune responses over time, and sec-
ond, that differential TCR avidity leads to phenotypic diver-
sity. Obviously, the phenotypic state of T cells in turn again 
determines their role during recall or ongoing chronic infec-
tions. Phenotypic imprinting through low avidity receptor-
ligand interaction may have very beneficial consequences 
for therapeutic T cell products in certain clinical settings. 
During chronic antigen exposure, for example, low avidity 
T cells have been reported to be less susceptible to exhaus-
tion and therefore showed improved maintenance of T cell 
responses [85, 86]. TCR avidity-dependent repertoire evolu-
tion during chronic antigen exposure is surprisingly poorly 
understood, and low avidity T cells may regain importance 
particularly when high avidity T cells are driven into exhaus-
tion or replicative senescence [87].

Furthermore, an avidity increase to very high levels may 
actually deteriorate, rather than enhance, in vivo perfor-
mance. It has been shown for TCRs with avidities beyond 
a certain threshold that T cell functionality at best plateaus 
or deteriorates again [42, 79, 88]. TCRs with an overly high 
avidity are usually affinity-enhanced, ‘supraphysiological’ 
TCRs [88]. To what extent high-avidity/low-functionality 
TCRs are present in physiological TCR repertoires remains 
to be investigated. For CAR-T cells already 14 years ago it 
was shown by the Abken group that very high scFv affinity 
does not improve T cell activation, but instead decreases 
selectivity against cells expressing the target HER2 at low 
levels [89]. Furthermore, CAR-T cells targeting CD20 with 
overly high avidity were later shown to proliferate less well 
than avidity-reduced CAR-T cells targeting the same antigen, 
at least in part due to more activation-induced cell death 
upon high avidity receptor-ligand interaction [90].

An important caveat is that many pre-clinical studies used 
(1) unphysiologically high numbers of T cells for in vivo 
experiments, (2) T cells from transgenic mice or virally 
transduced human PBMCs expressing TCRs or CARs con-
stitutively from extrinsic promotors, and (3) usually only 
compare a very limited number of receptors (mostly two). In 
the future, a vast spectrum of receptors specific for the same 
antigen (best re-expressed in a physiological manner [57, 
58]) needs to be investigated. Furthermore, sophisticated 
techniques to monitor avidity-dependent TCR repertoire 
evolution of endogenous populations ex vivo are urgently 
needed, and T cell re-transfer experiments will need to more 
truthfully recapitulate physiological TCR repertoires.

Importantly, low avidity receptors may render cell prod-
ucts safer. The aforementioned decreased selectivity of 
targets with increasing avidity becomes a serious problem 
when self-antigens are targeted, with on-target off-tumor 
toxicities being the main obstacle to clinical success of 
ACT. Preclinical studies support the concept that low-avidity 
TCR/CAR are highly selective in the killing of only tumor 
cells with higher antigen expression. Few clinical studies, 
enrolling an equally low number of patients, investigated 
the therapeutic efficacy of low-avidity engineered T cells so 
far, reporting on a safer profile but also a weak anti-tumor 
response [67]. These data further highlight the difficulty of 
finding ‘optimum avidity’ receptors. What exactly the ‘opti-
mum’ avidity level is may thereby depend significantly on 
the type of antigen targeted (i.e. self or non-self antigen), 
and the antigen load.

‘Optimum’ avidity receptors for future cell therapies

If one antigen-specific receptor is being used, in terms of 
efficacy the avidity should be high enough for proper T cell 
activation and effector function, but not too high so that 
activation-induced cell death and an exhausted or too dif-
ferentiated phenotype are circumvented. Avidity matura-
tion through selection of high avidity TCRs e.g. upon recall 
infection can provide a hint which avidity level is most suit-
able for protection. Of note, this ‘optimum’ avidity should 
have stood the test of millions of years of co-evolution with 
pathogens. As the human immune system has co-evolved 
with pathogens rather than cancer, it is an intriguing ques-
tion to what extent this natural selection of ‘optimum’ TCRs 
can be translated from the infection to the cancer setting. For 
CARs, even less guidance on which avidity will be best can 
be provided through natural selection mechanisms, as scFv 
affinity/CAR avidity will differ significantly from native 
antibody affinity/B cell avidity. As CAR-T cells also do not 
undergo somatic hypermutation, their in vivo population 
dynamics will be better represented by natural T cells that 
also do not change the TCR, but are selected in an evolution-
ary process within the antigen-specific response.

It is teleologically appealing that there should be a good 
reason why natural T cell responses are composed of hetero-
geneous TCR repertoires spanning a wide range of avidities 
for a given antigen (Fig. 2a). The use of multiple receptors 
with different avidities either sequentially or simultaneously 
may therefore also constitute an important consideration for 
the setting of ACT with transgenic receptors (Fig. 2b, c). 
Simultaneous transfer of CARs with different avidities, for 
example, could reduce initial antigen load through relative 
domination of low avidity receptors—but with every dose or 
after resting memory, high avidity receptors would be selec-
tively expanded and ensure robust tumor control (Fig. 2b). In 
absolute numbers, a high avidity TCR-pMHC interaction is 
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likely to lead to more TCMp cells due to the positive effect 
on the expansion of T cells in general, and re-call responses 
robustly enrich for high avidity T cells. Still, a low avidity 
TCR-pMHC interaction can induce functional memory [77]. 
Excitingly, this approach could kill two birds with one stone. 
It is attractive to speculate that with CD19 CARs particularly 
the high antigen load through healthy B cells is an important 
contributor to the high frequency of CRS. In this regard, 
low avidity CD19 CARs may be able to reduce the initial 
antigen load without induction of strong cytokine storms. 
This feature of low avidity CARs enhances safety through 
e.g. milder killing kinetics and should be differentiated from 
improved safety through better selectivity when antigens are 
targeted that are also present on healthy cells at low expres-
sion levels. ACT with receptors of different avidities could 
therefore constitute a balanced approach between protectiv-
ity and safety. Consistent with that is, as one example, the 
evidence that TIL therapy is based on the use of polyclonal 
T cell populations and was not associated with any of the 

severe and lethal toxicities reported in patients treated with 
single high-avidity melanoma antigen-specific engineered 
T cells.

Due to the powerful proliferative capacity of weakly 
differentiated T cells [91], it may prove difficult to titrate 
the amount of high avidity T cells, so that both engraft-
ment of high avidity T cells and domination of low avidity 
T cells is ensured at the same time. The same problem may 
prevent that a ‘balanced’ tumor response (mild initial reac-
tion, strict later control) could be copied by application of 
different dosages of the same avidity receptor. As an alter-
native to the simultaneous transfer, T cells equipped with 
transgenic receptors with different avidities may therefore 
also be applied sequentially (Fig. 2c). By this, initial antigen 
reduction could be provided by low avidity receptors only, 
and higher avidity receptors would be supplied afterwards to 
ensure initial remission and maintenance of tumor control.

Fig. 2  Strategies of using antigen-specific receptors with different 
avidities for immunotherapy. a Natural T cell responses are poly-
clonal and mediated by TCRs of different avidities; while low avidity 
TCRs contribute to primary responses and generate T cell memory, 
selective expansion of high avidity TCRs leads to ‘avidity maturation’ 
of the population as a whole. High avidity TCRs, thus, dominate and 
ensure protection during recall responses. b Simultaneous application 

of CARs with different avidities could ‘re-build’ natural TCR reper-
toires. The infusion of a T cell product with higher doses of low avid-
ity receptors may reduce the initial antigen load with less cytokine 
release, whereas enrichment of high avidity CARs over time would 
ensure robust protection and tumor clearance. c CARs with different 
avidities may be also applied sequentially with a similar effect, but 
may be easier to implement than the approach presented in (b)
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Future perspectives

Clinical results from TIL and CD19 CAR-T cell therapies 
showed how powerful the immune system can be in fight-
ing human disorders. The same power, however, can lead to 
dramatically severe toxicities. With engineered T cells, the 
equilibrium between efficacy and toxicity seems to mainly 
depend on the quality of the target and the TCR/CAR con-
struct. Unfortunately, the number of disease-specific anti-
gens, and in turn of antigen-specific receptors available for 
cell therapy, is still limited. Thus, first priority is the dis-
covery of new targets, in particular in the promising field 
of neo-antigens. In parallel, increasing the safety profile 
of the already available TCR/CAR is crucial. We propose 
that TCRs/CARs with optimal avidity, and simultaneous or 
sequential use high- and low-avidity receptors, could provide 
the ideal balance between efficacy and safety.
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