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1 Summary 

Summary 

Cellular therapies using chimeric antigen receptor (CAR) modified T-cells to eradicate tumor 

cells have been a major breakthrough in the treatment of hematologic malignancies. However, 

there are no measures to control CAR T-cell activity after infusion, which is mostly required 

in cases of CAR T-cell overreaction, e.g. cytokine release syndrome, or in the case of T-cell 

failure, e.g. caused by exhaustion.  

 In our study, we identified the tyrosine kinase inhibitor (TKI) dasatinib (© Sprycel) as 

a suitable agent to steer CAR T-cells in vitro and in vivo. We show that single treatment of 

CD4
+
 and CD8

+
 CAR T-cells with dasatinib conferred either partial or complete inhibition, 

depending on the applied concentration. The blockade was immediate and encompassed spe-

cific lysis, cytokine secretion and proliferation following antigen encounter. The mechanism 

relied on reduced phosphorylation of key kinases in the CAR signaling cascade, which led to 

abrogation of nuclear factor of activated T-cells (NFAT) signaling. Importantly, inhibition 

was fully reversible by dasatinib-withdrawal. In vivo, dasatinib blocked CAR T-cell function 

without impairing the engraftment of CAR T-cells or their subsequent anti-tumor function 

once dasatinib administration was discontinued. We therefore introduce dasatinib as a new 

tool to efficiently block CAR T-cells in vitro and in vivo, with data suggesting that dasatinib 

can be used in a clinical setting to mitigate toxicity after adaptive transfer of CAR-modified 

T-cells and other forms of T-cell based immunotherapy. 

 Additionally we show that intermittent inhibition of CAR T-cells by dasatinib im-

proves the efficacy of CAR T-cell therapy. By pausing T-cells for short periods of time in vi-

vo, upregulation of programmed death protein 1 (PD-1) and subsequent induction of exhaus-

tion was prevented, which increased the expansion of T-cells and the rate of tumor eradica-

tion. Our data therefore suggest that dasatinib can additionally be used to overcome T-cell ex-

haustion that is induced by massive tumor burden and upregulation of inhibitory receptors. 



 

 

2 Zusammenfassung 

Zusammenfassung 

Zelluläre Therapien, die das patienteneigene Immunsystem zur Tumorbekämpfung nutzen, 

gehören zu den großen medizinischen Fortschritten unserer Zeit. T-Zellen, die einen chimären 

Antigen-Rezeptor (CAR) exprimieren, sind dabei in der Lage, entartete Zellen aufzuspüren 

und zu eliminieren. Trotz vielversprechender Erfolge sind zellbasierte Immuntherapien häufig 

von gravierenden Nebenwirkungen wie Zytokinsturm oder neurologischen Ausfallerschei-

nungen begleitet, und es gibt es bis heute keine Möglichkeit, die einmal injizierten Zellen zu 

kontrollieren. Kontrolle ist nicht nur im Falle einer Überreaktion der CAR T-Zellen nötig, 

sondern auch, wenn der Tumor nicht effektiv bekämpft wird. Ein Versagen der CAR T-Zellen 

wird oft mit T-Zell Exhaustion, einer Ermüdung der T-Zellen aufgrund von Überstimulation 

in Verbindung gebracht. 

 In der vorliegenden Studie haben wir den Tyrosinkinase Inhibitor (TKI) Dasatinib als 

möglichen CAR T-Zellen Inhibitor beschrieben und seine hemmenden Eigenschaften in vitro 

und in vivo näher charakterisiert. In vitro war eine einzelne Behandlung von CD4
+
 bzw. CD8

+
 

CAR T-Zellen ausreichend, um – abhängig von der verwendeten Dosis – eine komplette oder 

partielle Hemmung zu bewirken. Die Blockade setzte unmittelbar ein und umfasste alle rele-

vanten Funktionen einschließlich spezifischer Lyse, Freisetzung von Zytokinen und Prolifera-

tion nach Antigen-Kontakt. Der zugrunde liegende Mechanismus basierte auf einer reduzier-

ten Phosphorylierung von Kinasen der CAR-Signal-Kaskade, und verhinderte im weiteren 

Verlauf die Freisetzung des Transkriptionsfaktors nuclear factor of activated T-cells (NFAT). 

Diese Blockade war ohne Einschränkungen reversibel. Auch in vivo konnte eine komplette 

Hemmung der injizierten CAR T-Zellen beobachten werden; gleichzeitig war weder das An-

wachsen noch die nachfolgende Anti-Tumor Funktion nach Absetzen des Medikaments be-

einträchtigt. Aufgrund der in dieser Studie gewonnenen Erkenntnisse schlagen wir Dasatinib 

als neues Werkzeug zur effizienten Blockade von CAR T-Zellen vor. 

 Des Weiteren konnten wir zeigen, dass kurzzeitige Unterbrechungen der T-Zell Akti-

vierung durch Dasatinib einer Ermüdung von T-Zellen entgegen wirken. Dies zeigte sich in 

einer verringerten Expression von programmed death protein 1 (PD-1) auf der Zelloberfläche 

sowie einer verbesserten Anti-Tumor Wirkung. Unsere Daten deuten daher darauf hin, dass 

Dasatinib zusätzlich eingesetzt werden kann, um eine Ermüdung von T-Zellen zu verhindern, 

die durch massive Tumorbelastung und Hochregulation entsprechender Rezeptoren hervorge-

rufen wird.  



 

 

3 Introduction 

1 Introduction 

Despite being a major topic in research, cancer is still the most common illness-related reason 

of death in the western world. For many decades, treatment options have been limited to sur-

gery chemotherapy and radiotherapy. In the 1970s, hematopoietic stem cell based therapies 

were developed to treat hematologic tumors that function due to graft versus leukemia effects 

(1). Since then, the idea to use the immune system to track down tumor cells that are distrib-

uted in the body has been tempting, and many approaches using parts of the adaptive immune 

system have been developed, e.g. antibody-based therapies (2), and adoptive T-cell therapy 

(3). 

 

1.1 CAR T-cells for immunotherapy  

Besides therapies focusing on the use of endogenously tumor specific lymphocytes, adoptive 

immunotherapies involving T-cells engineered to express a chimeric antigen receptor (CAR) 

are under preclinical and clinical investigation. This innovative and highly effective treatment 

gives hope to many patients suffering from advanced chemo- and radiotherapy-refractory ma-

lignancies in hematology and oncology. CARs are synthetic designer receptors, commonly 

comprising an extracellular antigen-binding moiety that binds to a surface molecule or struc-

ture on tumor cells, and an intracellular signaling module that activates and stimulates CAR 

T-cell functions after binding of respective target molecules. Initially introduced in 1989 by 

Eshhar et al. (4, 5), this idea has been pushed forward and improved in the last 15 years 

(Table 1).  

CAR T-cells are generated ex vivo after isolating the desired T-cell subset from pa-

tient’s peripheral blood mononuclear cells (PBMCs), thus making the identification of a 

matching donor obsolete. T-cells are then genetically engineered by inserting a gene cassette 

encoding the  

 

Table 1: Timeline of CAR development  

year event 

1989 First generation CARs (CD3zeta based) (4) 

2002 Second generation CARs (containing CD28 as costimulatory domain) (6) 

2004 Second generation CARs (containing 4-1BB as costimulatory domain) (7) 

2010 First case report of successful CD19-CAR therapy in lymphoma (8) 

2011 First report of successful CD19-CAR therapy in CLL (9) 
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2013 First report of successful CD19-CAR therapy in ALL (10) 

2017 approval of CD19-CAR therapy for pediatric ALL and NHL in the U.S. (11) 

2018 approval of CD19-CAR therapy in the European Union 

CAR by either lentiviral (12) or non-viral gene-transfer resulting in stable genomic integration 

(13). Afterwards, CAR expressing T-cells are enriched and expanded in vitro and eventually 

re-infused to the patient (Figure 1). Clinical proof-of-concept for the efficacy of CAR T-cell 

immunotherapy has been accomplished in hematologic malignancies with CAR T-cells target-

ing CD19 (CD19-CAR T-cells), an antigen expressed on healthy and malignant B-cell in leu-

kemia and lymphoma (14), and recently also with CAR T-cells specific for the B-cell matura-

tion antigen (BCMA) expressed in multiple myeloma (MM) (15). Adoptive transfer of 

CD19-CAR T-cells has induced partial and durable complete responses in patients with acute 

lymphoblastic leukemia (ALL) (16, 17), chronic lymphocytic leukemia (CLL) (18, 19), 

non-Hodgkin lymphoma (NHL) (20), and others (21) . In 2017, two CD19-CAR T-cell prod-

ucts named Kymriah (©Novartis) and Yescarta (©Gilead) have been approved by the Ameri-

can Food and Drug Administration (FDA) for the treatment of relapsed/refractory ALL and 

NHL (11) in the United States, and was approved by the European Medicines Agency (EMA) 

in June 2018 (22). At present, numerous clinical trials with CAR T-cells targeting CD19, 

BCMA and other antigens are ongoing at cancer centers world-wide (23).  

 

1.2 Pharmacokinetics of CAR T-cell products 

CAR T-cells are administered as a single-shot ‘living drug’ treatment. Following intravenous 

(i.v.) administration, CAR T-cells accumulate in target expressing tissues, or home into lym-

phoid organs. They expand upon antigen encounter, and concentration of CAR T-cells in 

blood and tumor bearing compartments rises until peak levels are reached in the second week 

after infusion (19, 24, 25). Afterwards, CAR T-cell concentrations slowly decrease over a pe-

riod of several weeks. As T-cells are capable of developing a memory phenotype, they are 

able to per- 

 

Figure 1: The manufacturing procedure to generate CAR T-cells.  
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To generate patient specific CAR T-cells, the patient undergoes leukapheresis (1). Afterwards, distinct 

T-cell subsets are isolated and activated (2), genetically engineered by either viral or non-viral 

genetransfer (3) and expanded (4), before being re-infused into the same patient (5).  

 

sist for several months to years in patient and can undergo sequential expansion, contraction 

and re-expansion in vivo upon (re-)exposure to their antigen (20, 26–28). With these attrib-

utes, CAR T-cells are fundamentally different from conventional pharmacologic drugs that 

decay with predictable half-life and have to be administered repeatedly in order to sustain the 

therapeutic effect. 

 In order to create a niche and make space for the CAR T-cells, endogenous lympho-

cytes in the patient are depleted by preparative chemotherapy (lymphodepletion) prior to CAR 

T-cell infusion, which improves engraftment and persistence of CAR T-cells. A study evalu-

ating the impact of preconditioning chemotherapy was performed by Turtle et al. in 2016, and 

showed that the peak level of CAR T-cells was reached seven days after injection following 

lymphodepletion with fludarabine (Flu) and cyclophosphamide (Cy), whereas peak concentra-

tion was much lower and delayed in patients receiving Cy only (20). Recent studies further-

more indicate that the efficacy of CAR T-cells is determined by a complex network of im-

mune-players, and modification of tumor environment and other compartments of the immune 

system might further interact with CAR T-cell efficacy.  

In contrast to conventional drugs, there is no clear dose-response relationship in most 

studies on clinical CAR T-cell efficacy (29). Instead, efficacy of tumor eradication corre-

sponds with persistence, which is directly affected by high peak levels of CAR T-cells follow-

ing expansion (19, 30). Single reports further indicate that in some patients, single CAR 

T-cell clones mediate the response, and it thus seems likely to be not the sheer number of 

CAR T-cells at time of injection, but the expansion of responsive clones after stimulation in 

the patient (31).  

In general, the CAR design itself and especially the type of co-stimulation of the CAR 

plays a major role for engraftment and persistence: CAR T-cells harboring a CD28 

co-stimulatory domain showed limited persistence of a few months, whereas CAR T-cells 

containing tumor necrosis factor receptor superfamily member 9 (4-1BB) as 

co-stimulation-domain are able to persist for several years (19, 28, 32). The pharmacokinetic 

of CAR T-cells furthermore depends on several intrinsic and extrinsic factors (19, 26, 33–36): 

Parameters that favor good expansion and long persistence include the use of CD8
+
 T-cells 

with naïve or central memory instead of effector phenotype, and high CAR expression. Using 
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a defined 1:1 ratio of CD4
+
 and CD8

+
 CAR T-cells can help to predict the pharmacokinetics 

and to increase engraftment and persistence after infusion (20). Additionally, the dosing is 

fixed in some trials but adapted to body weight in others. Therefore, CAR T-cell pharmacoki-

netics vary significantly between patients, and defining dosing regimens that lead to con-

sistent efficacy with acceptable toxicity has been challenging (37). So far, control of pharma-

cokinetics is only possible by dose adjustment during dose escalation trials, but is not existent 

for individual patients.  

 

1.3 Acute and chronic side effects of immunotherapies 

Even though CAR T-cell therapy is being appraised as a remarkably potent and highly effec-

tive novel anticancer treatment, there are remaining challenges related to safety. The clinical 

use of CAR T-cells (including CD19-CAR T-cells and BCMA-CAR T-cells) has disclosed a 

number of acute and chronic, potentially life-threatening and in some cases fatal toxicity. 

Thus, the clinical use of CAR T-cells is still limited and restricted to medically fit patients at 

highly specialized cancer centers with in-depth experience in bone marrow transplantation 

and immunotherapy (38–42). 

 A common side effect of CAR T-cell therapy is cytokine release syndrome (CRS), 

which is caused by strong activation of CAR T- and bystander immune-cells and subsequent 

cytokine release. Especially in presence of a large number of tumor cells expressing the re-

spective target antigen, CRS can be overwhelming. In ongoing studies, CRS has been the ma-

jor cause of morbidity and mortality in CAR T-cell therapy. The symptoms are predominantly 

caused by elevated levels of pro-inflammatory cytokines including interferon γ (IFNγ), inter-

leukin 1 (IL-1), interleukin 2 (IL-2) and interleukin 6 (IL-6) (32, 43) and commonly start with 

development of high fever, often within hours to a few days after CAR T-cell transfer. Symp-

toms also include tachycardia/hypotension, hypoxia malaise, fatigue, myalgia, nausea, ano-

rexia and capillary leak and may result in multi-organ failure (42). As control over established 

CRS is difficult, many efforts have been made to predict and prevent the development of CRS 

in patients. Risk factors include a high total dose of CAR T-cells and large tumor burden prior 

to CAR T-cell therapy (32, 35). Additionally, early onset of symptoms during the first three 

days of CAR T-cell therapy can be an indicator for subsequent development of high grade 

CRS (28, 44). A panel of predictive biomarkers including elevated serum levels of IL-6, IFNγ 

and macrophage inflammatory protein 1 (MIP-1) even before visible onset of symptoms may 

help to anticipate the severity of upcoming CRS and thus reduce the morbidity among patients 
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if effective counter measures can be taken (20, 45). This counter measures include supportive 

care, administration of antibodies interfering with the IL-6/IL-6 receptor (IL-6R) interaction 

and corticosteroids. 

 CAR T-cell related encephalopathy syndrome (CRES) is also observed during CAR 

T-cell therapy. The severity of CRES can range from mild symptoms including diminished 

attention, language disturbance, and impaired handwriting to more severe ones such as raised 

intracranial pressure, seizures and motor weakness, unconsciousness and cerebral edema. 

Blockade of the IL-6/IL-6R interaction and administration of corticosteroids can be indicated; 

however, these pharmaceuticals are not always able to improve severe CRES, and fatal cases 

have been reported despite treatment (38, 41).  

 Besides, on-target recognition and elimination of healthy cells in the patient’s body 

that express the respective target antigen is reported, especially when targeting CD19
+
 healthy 

B-cells are depleted, and B-cell aplasia is induced. Depletion of healthy B-cells and thus 

B-cell aplasia is an expected toxicity, and presence of B-cells during therapy is a strong indi-

cator for therapy failure. The lack of B-cells, which will be absent as long as CD19-CAR 

T-cells persist, is counteracted by supplementing γ globulin as replacement therapy in the case 

of infections (46). 

 As novel CARs with altered signaling domains, designs and specificities are continu-

ously being developed, unexpected toxicities may arise. While clinically evaluating new tar-

gets, on-target/off tumor recognition of healthy cells in the patient’s body that also express the 

respective target antigen of the CAR needs to be considered. This is highlighted by a pub-

lished case report describing the death of a patient after receiving ERBB2 specific CAR 

T-cells getting highly activated by target expression in the lung (47). Additionally, tonic sig-

naling and activation of CAR T-cells independent from stimulation with antigen could lead to 

permanent activation of T-cells, and thus may increase the risk of side effects. Especially for 

these cases, the development of effective control mechanisms is of utmost importance. 

 

1.4 Current pharmaceutical strategies to manage side effects 

So far, the mechanisms at hand to deal with upcoming side effects are limited and focus on 

symptomatic treatment and supportive care, e.g. using antipyretics that control fever. Espe-

cially for the treatment of low grade CRS (defined as ≤ grade 2 using the grading system de-

fined by Neelapu et al. (41)), the administration of i.v. fluids or low dose vasopressors is indi-

cated to stabilize the systolic blood pressure. Patients facing CRS ≥ grade 3 need specific 
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monitoring and care at an intensive care unit, and often require substitution of oxygen and 

treatment of upcoming organ toxicities (41, 42). Additionally, there are mainly two strategies 

to manage severe side effects including CRS and CRES, that are applied universally even of it 

is unclear whether they interfere with the respective pathomechanisms. The first one focuses 

on the antibody mediated blockade of the IL-6/IL-6R interaction. IL-6 plays a critical role in 

the development and progression of CRS, and it has been shown that blocking the IL-6/IL-6R 

interaction by antibodies such as Tocilizumab or Siltuximab mitigates CRS in a significant 

proportion of patients (38, 41, 48). However, this intervention does not directly affect CAR 

T-cells as IL-6 itself is predominantly produced by bystander immune cells including mono-

cytes and macrophages getting activated by IFNγ and by tumor cell debris (49–51). In gen-

eral, blockade of the IL-6/IL-6R pathway efficiently improves symptoms of CRS without in-

fluencing efficacy of CAR T-cells. Importantly, CAR T-cell activity itself is not controlled by 

these measures, which is insufficient in many cases.  

 Therefore, as a second option, it is commonly attempted to mitigate CRS or other 

CAR T-cell-mediated side effects through administration of steroids, e.g. dexamethasone, 

with the intention to directly affect T-cell activation. Because steroids are known to be immu-

nosuppressive and can induce apoptosis in T-cells, their use in the context of CAR T-cell 

therapy is controversial, as they may negatively influence the therapeutic effect of CAR 

T-cells. Steroids have been commonly known to affect the gene-expression following T-cell 

activation, and are thus expected to also modulate CAR T-cell effector functions. Additional-

ly, direct effects of glucocorticoids towards early events of signal transduction have been de-

scribed (52). By binding to a membrane bound glucocorticoid receptor, dexamethasone 

changes the submembrane localization of key signaling molecules including the lymphocyte-

specific protein tyrosine kinase (Lck), thus impairing the early phosphorylation events follow-

ing stimulation of the endogenous T-cell receptor (TCR) (52). Thus far, it is not known 

whether this mode of action also plays a role in CAR mediated signaling. Fatal side effects 

that occurred despite administration of IL-6 blockade and steroids further highlight the neces-

sity of additional and more efficient strategies to improve the safety of CAR T-cell therapy. 

 

1.5 Controlling CAR T-cells by design 

1.5.1 CAR design and mode of action  

Clinical activity has been confirmed for a variety of CARs that share a common general struc-

ture containing an antigen-binding domain, a CD3zeta derived signaling domain and a cost-
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imulatory domain, which defines these CARs as second generation in contrast to first genera-

tion CARs using CD3zeta only for signaling (37). Usually, the antigen-binding domain is de-

rived from a monoclonal antibody (mAb) specifically binding the desired antigen, which 

should be tumor specific or limited in its expression to malignant and non-essential healthy 

tissues; e.g. most of CARs targeting CD19 including the ones in clinical application are de-

rived from mAb FMC63 (53). The antigen-recognizing domain is connected to the transmem-

brane domain by a spacer which is highly variable between CARs and depends on accessibil-

ity of epitope (32). All CARs that are currently under evaluation utilize CD3zeta as part of 

their signaling module to induce T-cell activation. This copies the endogenous T-cell receptor 

that uses CD3zeta to induce activation of T-cells after antigen encounter. The downstream 

signaling cascade upon CAR engagement is thus expected to be highly similar to the signaling 

induced by the endogenous TCR. It involves phosphorylation of the kinases Lck, that medi-

ates phosphorylation of CD3zeta and zeta-chain-associated protein kinase 70 (Zap70) and 

thus eventually induces the expression of transcription factors such as NFAT and the nuclear 

factor kappa-light-chain-enhancer of activated B-cells (NF-κB) (55, 56). First generation 

CARs containing only CD3zeta for signaling effectively targeted tumor cells in vitro, but 

showed low engraftment abilities and persistence in patients (57, 58). Thus, co-stimulatory 

domains have been included to promote adequate signaling and function (6, 7). Being second 

generation CARs, the constructs used in the following study additionally contain either 4-1BB 

or CD28 as a co-stimulatory domain. Both co-stimulatory moieties are well described and 

used in clinically approved CAR T-cell products. While 4-1BB promotes an oxidative metab-

olism that favors persistence due to a memory cell phenotype of T-cells, CD28 emphasizes 

the differentiation towards highly functional but short lived effector T-cells (59–61). In con-

trast to endogenous T-cell receptors requiring antigen-induced stimulation and an additional 

costimulatory signal, second generation CARs combine these two signals in one receptor. 

Thus, full activation of CAR T-cells is induced by antigen-recognition alone and is intended 

to not require engagement of additional receptors. Additionally, the CARs used in the follow-

ing study contain a truncated, non-signaling epidermal growth factor receptor (EGFRt) that is 

separately expressed on the cell surface due to a ribosomal skip sequence. By this, it serves as 

a transduction marker and can be used for detection, enrichment and purification of CAR 

T-cells.  

 

1.5.2 Eradication of CAR T-cells as a safety strategy 
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As T-cells have the potential to cause severe damage and side effects, one effort to increase 

safety of CAR T-cell therapy is the inclusion of mechanism that enable quick eradication of 

T-cells if needed. Transduction markers like EGFRt or truncated CD20 (CD20t) can not only 

be used for detection and enrichment, but can also be targeted by antibodies that induce anti-

body-dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) 

to remove CAR T-cells, and thus can serve as depletion markers (62–64). Importantly, deple-

tion markers relying on ADCC or CDC are more effective if the patient’s immune system is 

still functional which is often not the case after intensive chemotherapy that depletes com-

partments of the immune system needed for ADCC or CDC. Alternatively, some CAR T-cell 

products are equipped with suicide genes like inducible caspase 9 (iCasp9) or herpes simplex 

virus thymidine kinase (HSV-TK) that can be triggered to induce apoptosis in CAR T-cells 

independently of the patient’s remaining immune system (65–68). Unfortunately, iCasp9 

works best in CAR T-cells that express high levels of this suicide gene, but is less effective in 

low expressers (69). The use of HSV-TK is also limited, as it has been shown to be immuno-

genic itself and thus causes recognition of modified T-cells by endogenous immune-cells (70).  

 So far, both of the CAR T-cell products that gained clinical approval are not equipped 

with suicide genes or depletion markers. Even though some products in advanced clinical de-

velopment contain EGFRt, physicians hesitate to eliminate CAR T-cells, as they try to avoid 

termination of the therapeutic effect. Complete eradication of CAR T-cells is of particular 

concern because it terminates the anti-tumor effects. Additionally, multiple infusions of CAR 

T-cells are not possible in some patients: Due to the immunogenicity of current CAR con-

structs, patients may develop an immune response and reject CAR T-cells at the time of sec-

ond infusion. Therefore, ongoing preclinical studies try to gain control over CAR T-cells by 

titrating iCasp9 induced depletion of T-cells, thus reducing the amount of active T-cells with-

out complete depletion in order to treat severe side effects such as CRS (69). However, there 

is at present no reported clinical case where iCasp9 or EGFRt have been triggered in the con-

text of CAR T-cell immunotherapy.  

 

1.5.3 ON/OFF switch strategies to control CAR T-cell function 

Due to the lack of precise control over CAR T-cell function after infusion, great efforts have 

been made to improve safety and controllability of CAR T-cells by structural modifications of 

the receptor. Many of these altered designs aim at splitting the signals needed for activation of 

CAR T-cells to two separate molecules. The so called “ON-switch CAR” (Figure 2) does not 
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only rely on the presence of a specific tumor antigen to become activated, but additionally 

requires the presence of a small molecule (Rapamvcin analog AP21957, or Rapalog) that is 

provided externally via injection. Rapalog induces the hetero-dimerization of antigen binding 

and signaling domain, which are expressed by the T-cells as independent molecules (71). Ti-

tration of rapalog controls the function of CAR T-cells, thus it not only regulates killing of 

target cells, 

  

Figure 2: The “ON-switch CAR” introduced by Wu et al. (71).  

The function of “ON-switch” CAR T-cells can be steered by titrating a small molecule needed for 

activation. The single chain variable fragment (scFv) is connected to the costimulatory domain, 

whereas the CD3zeta signaling domain is seperately expressed. The two independently expressed 

molecules contain heterodimerizing domains, that dimerize in the presence of a small molecule, 

resulting in dose-dependend function of CAR T-cells.  

 

but also cytokine secretion and proliferation. As withdrawal of rapalog leads to inactivation of 

T-cells, dynamics of activation are mostly determined by the half-life of rapalog. 

 The split, universal and programmable (SUPRA) CAR offers additional features to 

provide control over CAR T–cell function (72). The SUPRA platform is based on leucine 

zippers, which bind to each other by direct interaction (Figure 3). T-cells are engineered to 

express the so called zipCAR, which contains all signaling domains. The extracellular domain 

of the zipCAR provides a leucine zipper, but no antigen-binding domain. The scFv required 

for target recognition, called zipFv, needs to be administered to the patient by injection. Thus, 

the system offers great flexibility, as the amplitude of T-cell activation can be steered by I) 

changing the affinity of the zipFv-leucine zipper, II) using a scFv with an altered affinity for 

the target antigen, or III) using titrated amounts of zipFv. Additionally, the system can be 

switched off by the administration of competitive zipFv. By binding the activating zipFv with 
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higher affinity, the competitive zipFv neutralizes the activating zipFv and thus prevents fur-

ther T-cell activation. Both SUPRA and ON-Switch CAR T-cells have been successfully test-

ed in mouse models, but remain to be evaluated in patients regarding efficiency and their con-

tribution towards safety. Thus, both of these systems are not available for clinical application. 

 

Figure 3: SUPRA CAR platform introduced by Cho et al. (72).  

The signaling part of CAR (RR ZipCAR) ,expressed by the T-cell, is seperated from the antigen 

binding domain (EE zipFv), which is provided externally and forms a heterodimer with the CAR’s 

signaling domain by interaction of leucing zippers. T-cell function can be titrated or completely 

switched OFF by injecting competive inhibitory scFv binding the activating zipFv with strong, 

medium or weak affinity.  

 

1.6 The influence of dasatinib on unmodified, non-malignant T-cells 

In malignant and healthy cells, signals are transmitted by phosphorylation of kinases that can 

be influenced by TKIs. TKIs are small molecules developed to treat cancer by influencing ki-

nase based signal pathways that are vital for many tumors. The TKI dasatinib functions as an 

antagonist of the fusion protein BCR-ABL commonly expressed in Philadelphia-chromosome 

positive (Ph+) chronic myeloid leukemia (CML) and in about 20% of cases in ALL (73, 74). 

Since 2010, dasatinib is approved as first-line treatment of Ph+ ALL and CML. Besides 

BCR-ABL, dasatinib has been shown to inhibit members of Src-family kinases that are essen-

tial for signal transduction in T-cells, and thus can influence activation and exertion of effec-

tor function of T-cells, including proliferation, cytokine secretion and degranulation at a clini-

cally relevant dose between 1 and 100 nM (75–77). By binding and blocking the adenosine 

triphosphate (ATP) binding sites of the Src family kinase Lck, dasatinib prevents the subse-

quent phosphorylation of the T-cell receptor CD3zeta-chain (77). Indeed, immunosuppression 

and atypical infections have been observed during dasatinib treatment in one ALL (78) and a 
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subset of CML patients (79), suggesting that interference of dasatinib with T-cell functions is 

possible in patients. 

 

 

 

 

1.7 Study objectives and specific aims  

Adoptive immunotherapy with gene-engineered CAR-expressing T-cells is currently causing 

a revolution in cancer medicine. CD19-specific CAR T-cells have recently been clinically ap-

proved for the treatment of B-cell malignancies in children and adults, and numerous CAR 

T-cell products targeting alternative antigens in hematologic and solid tumors are under inves-

tigation. As CAR T-cells are ‘living drugs’ that can undergo substantial amplification in vivo, 

they can confer activity for several months to years after single administration, and patients 

receiving cellular immunotherapies require special monitoring and care. At present, the lack 

of technologies that allow controlling the activation state and function of CAR T-cells after 

infusion causes considerable challenges for the clinical management of patients. As the major-

ity of CAR T-cell products currently employed in clinical trials, including both 

FDA-approved CD19-CAR T-cell products, is not equipped with any safety technology, there 

is a high incidence of clinically relevant toxicities resulting from strong CAR T-cell activation 

in vivo and inability to turn their function OFF if indicated. 

 Thus, the aim of the presented study was to find a tool to exert control over activation 

and effector functions of CAR T-cells in vitro and in vivo. Since T-cell activation involves 

kinase-dependent protein phosphorylation, we hypothesized that the use of kinase inhibitors 

would provide an elegant option to control CAR T-cells. As the TKI dasatinib is known to 

block the phosphorylation of Lck − a key player in the CAR-dependent signaling cascade − 

we focused on dasatinib as the lead candidate to achieve control over CAR T-cell activation 

and, ensuing, effector functions. From this hypothesis we generated the following objectives 

of the study: 

 

(1) To examine if dasatinib prevents effector functions in resting and activated CAR T-cells 

(2) To evaluate molecular consequences of dasatinib-exposure on CAR signaling events. 

(3) To analyze the kinetics of dasatinib-mediated CAR T-cell control  

(4) To validate the suitability of dasatinib as a pharmaceutical safety switch in vivo. 
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To experimentally approach the objectives, we analyzed the effector functions of CAR T-cells 

by assessing elimination of tumor cells, cytokine secretion and proliferation of CAR T-cells 

following antigen encounter in the presence or absence of dasatinib. Initially, experiments 

were performed using a CD19-CAR as it is currently under clinical investigation (80).To 

compare dasatinib-mediated effects between CAR T-cells, we performed dose titration exper-

iments with CAR T-cells derived from CD4
+
 and CD8

+ 
T-cells. To confirm the dosing, we 

tested the effect of dasatinib on CAR T-cells targeting the receptor tyrosine kinase-like orphan 

receptor 1 (ROR1), and evaluated the influence of the costimulatory domain by exchanging 

4-1BB against CD28. To elucidate the molecular mechanism underlying the observed da-

satinib-mediated effects on CAR T-cell activation and functions we studied the phosphoryla-

tion status of Lck, CD3zeta and Zap70, which are the three major players involved in the sig-

nal transduction early after CAR engagement. Additionally, we generated an 

NFAT-responsive reporter gene to trace the consequences of dasatinib treatment on a ge-

nomic level. We recorded the kinetics of re-activation after dasatinib removal and following 

stimulation and assessed fitness and functionality of CAR T-cells after short and long term 

exposure to dasatinib. To ensure the clinical impact of this work, we validated the characteris-

tics and kinetics of dasatinib-mediated control in vivo by performing studies in tumor bearing, 

CAR T-cell treated mice. Here, we analyzed tumor pro- and regression and serum levels of 

human cytokines, as well as presence, proliferation, and activation of CAR T-cells before, 

during and after dasatinib treatment. 
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2 Materials 

2.1 Equipment and consumables 

Name Manufacturer 

25, 75 cm
2
 surface area cell culture flasks Corning, Kaiserslautern 

96 well half-area plates, Corning® Costar® Corning, Kaiserslautern 

96 well plate ,white, flat bottom, Corning® Costar® Corning, Kaiserslautern 

96 well plates, Corning® Costar® U bottom Corning, Kaiserslautern 

48, 12, 24 well plates, Corning® Costar®flat bottom Corning, Kaiserslautern 

Biocoll separating solution Merck, Darmstadt 

Biological safety cabinets, Herasafe™ KS Thermo Fisher, Waltham, MA, 

USA 

Centrifuge tubes, 10, 15, 50 mL Greiner Bio-One, Frickenhausen 

Centrifuge 5415D Eppendorf, Hamburg 

Centrifuge, Heraeus Megafuge 40R Thermo Fisher, Darmstadt 

ChemiDoc MP imaging system BioRad, Munich 

CO
2
 Incubators, Heracell™ 150i and 240i Thermo Fisher, Darmstadt 

Flow cytometer, BD FACSCantoTM II BD Biosciences, Heidelberg 

Flow cytometery tubes, Röhre 5 mL Sarstedt, Nümbrecht 

Gel electrophoresis system, Owl™ Minigel Thermo Fisher, Darmstadt 

Heraeus Fresco17 Centrifuge Thermo Fisher, Darmstadt 

Heraeus Multifuge 3SR+ Centrifuge Thermo Fisher, Darmstadt 

Heat block, neoBlock1 neoLab, Heidelberg 

Hydrospeed, Platewasher TECAN, Männedorf, Switzerland 

Ice maker Scotsman, Vernon Hills, IL, USA 

Incubator Memmert, Schwabach 

Leucosep tubes Greiner Bio-One, Frickenhausen 

MACS separation columns, 25 LS Miltenyi, Bergisch Gladbach 

MAGPIX-Luminex Luminex Corporation, Hertogen-

bosch, The Netherlands 

Microscope, Primo Vert ZEISS, Jena 

MiniPROTEAN
TM

 Tetra System BioRad, Munich 

Multimode multiplate reader, Infinite 200 PRO TECAN, Männedorf, Switzerland 

PCR thermal cycler, Mastercycler, Personal Eppendorf, Hamburg 
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Refrigerator, -4 and -20 °C Liebherr, Bulle, Switzerland 

Rnase free Biosphere plus SafeSeal microtube, 1.5 mL Sarstedt, Nümbrecht 

Shaker Incubator INFORS HT, Basel, Switzerland 

Trans-Blot® Turbo Transfer System Bio-Rad, Munich 

Ultracentrifuge, Sorvall WX80 Thermo Fisher, Darmstadt 

Ultra-low temperature freezer, -80 °C FORMA 900 Thermo Fisher, Darmstadt 

UV transilluminator neoLab, Heidelberg 

Water bath Memmert, Schwabach 

 

2.2 Software  

Software Application manufacturer 

FACSDiva (version 6.1.3) Flow cytometry BD Bioscience, Heidelberg 

FlowJo software (version 

10.2) 

Flow cytometry TreeStar Inc., Ashland, OR, 

USA 

Prism 6 (version 6.01) Graphical/ statistical analysis Graphpad Software, La Jolla, 

CA, USA 

ImageLab (version 5.1) Westernblot analysis BioRad, Munich 

Living Image (version 4.4) Mouse imaging Caliper LifeScience 

i-control (version 3.8.2.0) Absorption, luminescence TECAN, Männedorf, Swit-

zerland 

xPONENT (version 4.2) Cytokine multiplex Luminex Corporation, Herto-

genbosch, The Netherlands 

 

2.3 Chemicals and reagents  

2.3.1 Molecular biology 

Name Manufacturer 

BSA AppliChem, Darmstadt 

ClarityTM Western ECL Subtrate BioRad, Munich 

DCTM Protein Assay Reagent A BioRad, Munich 

DCTM Protein Assay Reagent B BioRad, Munich 

DCTM Protein Assay Reagent S BioRad, Munich 
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LB AGAR Plates with Carbenicillin -100 TEKnova, Hollister, CA, USA 

LB AGAR Plates with Kanamycin TEKnova, Hollister, CA, USA 

LDS Sample Buffer Non Reducing Thermo Fisher, Darmstadt 

Skimmed milk powder Sucofin, Zeven 

NuPAGE Sample Buffer  Invitrogen, Carlsbad, CA, USA 

NuPAGE Sample Reducing Agent Invitrogen, Carlsbad, CA, USA 

PBS-Tween tablets Millipore, Billerica, MA, USA 

Precision Plus Protein Kaleidoscope BioRad, Munich 

RIPA buffer Sigma Life Science, Darmstadt 

TEMED BioRad, Munich 

Trans-Blot Turbo 5X Transferbuffer BioRad, Munich 

Tris/Glycine/SDS buffer, 10X BioRad, Munich 

 

2.3.2 Cellular biology and immunology  

Name Manufacturer 

2-Mercaptoethanol Life Technologies, Darmstadt 

7-AAD BioLegend, Fell 

Anti-biotin MicroBeads Miltenyi, Bergisch Gladbach 

Anti-CD62L MicroBeads Miltenyi, Bergisch Gladbach 

Anti-PE MicroBeads Miltenyi, Bergisch Gladbach 

Biocoll separating solution Biochrom, Berlin 

Cell trace CFSE Life Technologies, Darmstadt 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Steinheim 

D-Luciferin firefly, Potassium Salt Biosynth, Staad, Switzerland 

Dulbecco's Modified Eagle Medium (DMEM) Life Technologies, Darmstadt 

Dulbecco's Phosphate-Buffered Saline (DPBS) Life Technologies, Darmstadt 

Dynabeads® Human T-Activator CD3/CD28 Life Technologies, Darmstadt 

Ethylenediaminetetraacetic acid (EDTA ) 0.5 M Life Technologies, Darmstadt 

Fetal calf serum (FCS) Life Technologies, Darmstadt 

GlutaMax-I 100X Life Technologies, Darmstadt 

Glutamine 200 mM Life Technologies, Darmstadt 

HEPES 1M Life Technologies, Darmstadt 

Human AB Serum Bayerisches Rotes Kreuz 



 

 

18 Materials 

Ionomycin Sigma-Aldrich, Steinheim 

Poly-Ethylon Glycol (PEG300) Sigma-Aldrich, Steinheim 

PE Streptavidin 0.2 mg/mL BioLegend, Fell 

Penicillin/Streptomycin 10,000 U/mL Life Technologies, Darmstadt 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich, Steinheim 

Polybrene (Millipore, 10 mg/mL) Merck, Darmstadt 

Purified Anti-human CD3 (OKT3) Life Technologies, Darmstadt 

Recombinant human IL-2 (PROLEUKIN ® S) Novartis, Basel, Switzerland 

RPMI 1640, GlutaMAX™ Supplement, HEPES Life Technologies, Darmstadt 

Trypan blue Life Technologies, Darmstadt 

 

2.4 Kits from commercial vendors  

Name Manufacturer 

CD4
+
 T-cell isolation Kit, human Miltenyi, Bergisch Gladbach 

CD8
+
 Memory T-cell Isolation Kit, human Miltenyi, Bergisch Gladbach 

Cytokine Human Magnetic 10-Plex Panel Invitrogen, Carlsbad, CA, USA 

ELISA MAX
TM

 Deluxe Set, human IFNγ BioLegend, San Diego, CA, USA 

ELISA MAX
TM

 Deluxe Set, human IL-2 BioLegend, San Diego, CA, USA 

MAGPIX ® Calibration Kit Luminex Corporation, Hertogenbosch, 

The Netherlands 

MAGPIX ® Performance verification Kit Luminex Corporation, Hertogenbosch, 

The Netherlands 

Nucleobind ® Xtra Maxi EF Macherey-Nagel, Düren 

TGX-Stainfree
TM

 Fast Cast
TM

 Acrylamid, 10% BioRad, Munich 

Trans-Blot ® Turbo
TM 

RTA Transferkit LF PVDF BioRad, Munich 

 

2.5 FACS antibodies  

Ligand Clone Conjugation species Manufacturer 

CD3 UCHT1 Pacific blue mouse BD, Heidelberg 

CD4 M-T466 APC mouse Miltenyi, Bergisch Gladbach 

CD4 VIT4 PE-Vio770 mouse Miltenyi, Bergisch Gladbach 

CD8 BW135/80 FITC mouse Miltenyi, Bergisch Gladbach 
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CD8a RPA-T8 PE/cy7 mouse BioLegend, San Diego, USA 

CD19 HIB19 PE/Cy7 mouse BioLegend, San Diego, USA 

CD45 HI30 APC/Cy7 mouse BioLegend, San Diego, USA 

CD45RA HI100 APC mouse BioLegend, San Diego, USA 

CD45RO UCHL1 FITC mouse BioLegend, San Diego, USA 

CD62L DREG-56 PE mouse BioLegend, San Diego, USA 

ROR1 2A2 PE mouse Miltenyi, Bergisch Gladbach 

EGFR C225 unconjugated humanized Merck KGaA, Darmstadt 

EGFR C225 Biotinylated Humanized In-house 

EGFR C225 AlexaFlour Humanized In-house 

Her2/new 4D5-8 unconjugated humanized Roche, Mannheim 

Her2/new 4D5-8 biotinylated humanized In-house 

 

2.6  Westernblot antibodies 

Ligand Clone species Manufacturer 

pSrc fam Y416/Y394 polyclonal rabbit cell signaling, Cambridge, Great Britain 

Lck polyclonal rabbit cell signaling, Cambridge, Great Britain 

pCD247 Y142 K25-407.69 mouse BD, Heidelberg 

CD247 polyclonal rabbit Sigma Aldrich, St. Louis, MO; USA 

pZap70 Y319 65E4 rabbit cell signaling, Cambridge, Great Britain 

Zap70 D1C10 rabbit cell signaling, Cambridge, Great Britain 

b-actin AC-74 mouse Sigma-Aldrich, St. Louis, MO; USA 

anti-mouse-HRP polyclonal goat BioRad, Munich 

anti-rabbit-HRP polyclonal goat BioRad, Munich 

 

2.7 Media  

T-cell medium (TC medium)  

RPMI 1640 medium with 25 mM HEPES and L-Glutamine 500 ml 

Human Serum (heat inactivated at 56 °C 30 min) 50 ml (9%) 

Penicillin/Streptomycin (10,000 U/ml) 5 ml (90 U/ml) 

GlutaMAX Supplement (100x) 5 ml (0.9x) 

2-Mercaptoethanol (50 mM) 0.5 ml (45 µM) 

All ingredients were mixed and sterilized with filter (0.22 µm PES-membrane) 
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Suspension tumor cell medium (STC medium)  

RPMI 1640 medium with 25 mM HEPES and L-Glutamine 500 ml 

Fetal Calf Serum (heat inactivated) 50 ml (9%) 

Penicillin/Streptomycin (10,000 U/ml) 5 ml (90 U/ml) 

GlutaMAX Supplement (100x) 5 ml (0.9x) 

All ingredients were mixed and sterilized with filter (0.22 µm PES-membrane) 

 

Freezing medium  

T-cell medium 25 ml (50%) 

Fetal Calf Serum (heat inactivated) 20 ml (40%) 

DMSO 5 ml (10%) 

 

2.8 Buffer 

MACS buffer  

DPBS 500 ml 

Fetal Calf Serum (heat inactivated) 2.5 ml (0.5%) 

EDTA (0.5 M) 2 ml (2 mM) 

 

FACS buffer 

 

DPBS 500 ml 

Fetal Calf Serum (heat inactivated) 2.5 ml (0.5%) 

EDTA (0.5 M) 2 ml (2 mM) 

Sodium azide (1.5 M) 0.5 ml (1.5 mM) 

 

PBS/EDTA buffer  

DPBS 500 ml 

EDTA (0.5 M) 2 ml (2 mM) 

 

TBS-T buffer  

TRIS Ultra Pure 20 mM 

NaCl 150 mM 

Tween-20 0.1% (v/v) 

Dissolved in dH2O and adjusted to pH 7.4 with HCL 
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Blocking Buffer (milk based)  

Skimmed milk powder (Sucofin) 5% (w/v) 

Dissolved in TBS-T 

 

Blocking Buffer (BSA based)   

Bovine serum albumin  5% (w/v) 

Dissolved in TBS-T 

 

Antibody incubation Buffer (I)   

BSA  5% (w/v) 

Dissolved in TBS-T 

 

Antibody incubation Buffer (II)   

Skimmed milk powder   5% (w/v) 

Dissolved in TBS-T 

 

SDS Running Buffer   

Tris/Glycine/SDS Buffer 10x  100 ml (1x) 

Mixed with 900 ml dH2O 

 

Blotting Buffer   

Transfer Buffer 5x concentrate  200 ml (1x) 

Ethanol absolute  200 ml (20%) 

Mixed with 600 ml dH2O 

 

TAE Buffer   

TRIS-acetate-EDTA (TAE) 50x   20 ml (1x) 

Mixed with 980 ml dH2O 

 

2.9 Pharmaceuticals  

TKI Reconstituted in  concentration company 

Bosutinib  DMSO 10 mM Selleckchem, Munich 

Dasatinib (5 mg) DMSO 10 mM cell signaling, Cambridge, 



 

 

22 Materials 

Great Britain 

Dasatinib (100mg) DMSO 75 mg/ml Selleckchem, Munich 

Dexamethasone DMSO 100 mM Sigma Aldrich, St. Louis, 

USA 

Lapatinib DMSO 10 mM cell signaling, Cambridge, 

Great Britain 

PP-1 inhibitor DMSO 10 mM Selleckchem, Munich 

Saracatinib DMSO 10 mM Selleckchem, Munich 

 

2.10 Cell lines  

The 293T, K562, Raji and RCH-ACV cell lines were obtained from the German Collection of 

Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). K562/ROR1 cells were 

generated by lentiviral transduction with the full-length human ROR1-gene. K562/CD19 cells 

were generated by lentiviral transduction with the full-length human CD19-gene. Each of the 

K562, Raji and RCH-ACV cell lines were transduced with a lentiviral vector encoding a fire-

fly luciferase (ffluc) enhanced green fluorescent protein (GFP) transgene to enable detection 

by flow cytometry (GFP), bioluminescence-based cytotoxicity assays (ffluc), and biolumines-

cence imaging (ffluc) in mice. Each of the cell lines was cultured in Dulbecco’s modified Ea-

gle’s medium supplemented with 10 % fetal calf serum and 100 U/ml penicillin/streptomycin.  

 

2.11 Primary T-cells 

Blood samples were obtained from healthy donors who provided written informed consent to 

participate in research protocols approved by the Institutional Review Board of the Universi-

tätsklinikum Würzburg, Germany (UKW). PBMC were isolated by centrifugation over Fi-

coll-Hypaque (Sigma, St. Louis, MO) and further processed as described in the methods. 

 

2.12 Mice 

The Institutional Animal Care and Use Committee of UKW approved all mouse experiments. 

NOD.Cg-Prkdc
scid

 IL-2rg
tm1Wjl

/SzJ (NSG) mice (female, 6–8 week old) were purchased from 

Charles River. 
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3 Methods 

3.1 Generation of CAR T-cells 

3.1.1 Isolation of T-cell subsets  

PBMC were isolated from peripheral blood of healthy donors using Ficoll density centrifuga-

tion, followed by immunomagnetic bead selection to further select specific T-cell subsets. To 

isolate CD8
+
 central memory T-cells (TCM), a two-step protocol was used: first, untouched 

CD8
+ 

CD45RA
- 
CD45RO

+ 
memory T-cells (that contain both CD62L

+
 central and 

CD62L
- 

effector memory fractions) were isolated by depletion of non-CD8
+ 

T-cells and 

CD8
+ 

CD45RA
+
 T-cells (Miltenyi, CD8

+
 Memory T-cell isolation kit). Second, central 

memory T cells were enriched by using beads binding central memory marker CD62L (Mil-

tenyi, anti-CD62L-beads). CD4
+
 bulk T-cells were isolated using a single step isolation proto-

col (Miltenyi, CD4
+
 T-cell isolation kit, human) based on negative selection, thus by deplet-

ing all cells which are not CD4
+
 T-cells. The purity and yield of all cell fractions was ana-

lyzed by flow cytometry and cell counting. T-cells were cultured in RPMI-1640 supplemented 

with 10% human AB pool serum, 1 % Glutamax, 1 % Penicillin-Streptomycin and 0.1 % 

β-Mercaptoethanol (T-cell medium).  

 

3.1.2 Vector construction 

The construction of epHIV7 lentiviral vectors containing ROR1- or CD19-specific CARs 

with 4-1BB or CD28 costimulatory domain has been described elsewhere (81). All CAR en-

coding vectors contain an antigenspecific scFv, an immunoglobulin G4 (IgG4) hinge region 

and a transmembrane domain which is derived from CD28. Additionally, the vectors com-

prise EGFRt, encoded in the transgene cassette downstream of the CAR, which can be used 

for enrichment and tracking (62). The CAR and EGFRt transgenes are separated by a T2A 

ribosomal skip element, which leads to the expression of two independent proteins during the 

process of translation (Figure 4). 

 A reporter gene vector (Figure 5) was developed out of the epHIV7 lentiviral vector, 

containing wildtype green fluorescent protein (NFAT/GFP(wt)) or a GFP-variant destabilized 

by a mutated version of the residues 422 to 461 of mouse ornithine decarboxylase with an in 

vivo half-life of approximately four hours (NFAT/GFP(d4)). As the GFP is under control of a 

minimal promotor (minP) that gets activated only when NFAT binds to the NFAT re-

sponse elements (-RE), the gene functions as a marker for T-cell activation. A truncated hu-
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man epidermal growth factor receptor 2 (Her2t) was included to enable the enrichment of 

transduced cells. 

 

 

Figure 4: Design of CAR constructs. 

Schematic display of CAR-constructs used in the study. All constructs are second generation CARs 

containing a short IgG4 spacer domain of twelve amino acids, a CD3zeta signaling domain and EGFRt 

as a marker for transduction and for enrichment.  

 

3.1.3 Production of lentivirus 

CAR/EGFRt, ffluc/GFP and NFAT/GFP-encoding lentivirus supernatants were produced in 

293T cells co-transfected with the respective lentiviral vector plasmids and the packaging 

vectors pCHGP-2, pCMV-Rev2 and pCMV-G. In detail, Lenti-X cells were plated at a densi-

ty of 5x10
6
 in 10 cm petri dishes and incubated for six hours to allow the cells to settle. Trans-

fection with the lentiviral and helper plasmids was performed using a calcium phos-

phate-based method (Clontech, Mountain View, CA): The plasmids were diluted in CaCl2 so-

lution, an equal volume of 2x Hepes-buffered saline (HBS) was added, and the mixture incu-

bated for 20 minutes at room temperature, then distributed drop-wise to the Lenti-X plates and 

the plates incubated at 37 °C overnight. The following morning, the cells were washed twice 

with pre-warmed phosphate buffered saline (PBS), and fresh culture medium was added that 

contained 0.6 M sodium butyrate, which has been shown to augment the titer of epHIV7 in 

this system (81, 82). At 24, 48 and 72 hours after transfection, the culture medium (lentivirus 

supernatant) was collected, centrifuged at 2.000 rpm for ten minutes and filtered through a 

0.45 μm low-protein adherence vacuum filter to remove any cellular debris. 

 

 

 

Figure 5: Design of an activation reporter gene. 

Schematic display of NFAT/GFP: GFP is under control of a minimal Promotor (minP), which is 

induced upon binding of NFAT to the NFAT response element (NFAT-RE). 



 

 

25 Methods 

 

After the final collection, all supernatant was pooled, and the lentivirus precipitated with pol-

yethylenglycol (PEG) (ratio of supernatant and PEG = 3:1) during overnight incubation on a 

rocking shaker at 4 °C. The following day, the lentivirus-PEG precipitate was pelleted by cen-

trifugation for 20 minutes at 3000 rpm and 4 °C, re-suspended in serum-free DMEM and an 

ultracentrifugation performed at 24,500 rpm for 90 minutes to yield purified lentivirus. The 

final lentivirus preparation was diluted in 400 μl DMEM, aliquoted and stored at -80 °C for 

titrating and T-cell transductions.  

 

3.1.4 Titration of lentivirus  

For titration, Jurkat cells were plated in a 48-well plate at 2.5x10
5
 cells per well in 250 μl STC 

medium with 5 μg/ml Polybrene that facilitates viral entry into cells. Serial dilutions of lenti-

virus prep (0.5, 1, 2, 5 or 10 μl) were added to consecutive wells and incubated for four hours 

at 37 °C. Following incubation, the culture medium in each well was brought up to 1 ml, the 

cells cultured for another 48 hours, and expression of the transgene analyzed by flow cytome-

try using the EGFRt transduction marker encoded within the lentiviral vector (62). The lenti-

virus titer in transforming units (TU) per μl from data obtained in the linear range of vector 

expression (20 % - 80 %) was calculated using the following equation: 

 

   Cell count at time of transduction x (% positive cells/100) 

Titer (TU/µl) =           Volume of virus added [µl] 

 

3.1.5 Lentiviral transduction of T-cells  

Purified CD8
+
 central memory and CD4

+
 bulk T-cells were activated with anti-CD3/CD28 

beads according to the bead manufacturer’s instructions (Life Technologies), and transduced 

with lentiviral supernatant at a moiety of infection (MOI) of 5. In some experiments, T-cells 

were co-transduced with CAR/EGFRt and NFAT/GFP-encoding lentiviral supernatant. Lenti-

viral transduction was performed on day 1 after bead stimulation by spinoculation. T-cells 

were propagated and maintained in RPMI-1640 with 10 % human serum, GlutaminMAX 

(Life technologies), 100 U/mL penicillin-streptomycin and 50 U/mL IL-2. Trypan blue stain-

ing was performed to quantify viable T-cells. Beads were removed on day 6 and T-cells were 

expanded for 10 to 14 days. 
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3.1.6 Enrichment of CAR transduced T-cells  

Prior to enrichment, transduction efficiency was confirmed by flow cytometry. Flow analysis 

was done on a FACS Canto (Becton Dickinson) and data was analyzed using FlowJo software 

(Treestar). Staining for EGFRt transduction marker was performed with biotinylated an-

ti-EGFR mAb (©Erbitux, BMS) for CAR- expression and anti-Her2t for staining of iCasp or 

NFAT/GFP. Secondary staining was performed with labeled Streptavidin. To purify EGFRt
+
 

T-cells, we used biotinylated anti-EGFR mAb and anti-Biotin microbeads (Miltenyi) for im-

munomagnetic selection.  

 

3.1.7 Antigen dependent expansion  

Following enrichment, the CD19-CAR transduced, i.e. EGFRt
+
 T-cell subset was expanded 

by stimulation with irradiated (8,000 rad) CD19
+
 transformed B-lymphoblastoid tumor cells 

(TM-LCL) at a T-cell: tumor cell ratio of 1:7. T-cells were cultured in T-cell medium sup-

plemented with 50 U/mL recombinant human IL-2 (rhIL-2) on day 1, and then every 48 

hours. At the end of a 7-10 day expansion cycle, the phenotype of the expanded T-cell line 

was confirmed and functional assays performed as described below. 

 

3.1.8 Antigen independent expansion  

Following enrichment, ROR1-CAR transduced, i.e. EGFRt
+
 T-cells were expanded by stimu-

lation with anti-CD3 mAb (OKT3) and irradiated feeder cells as described in the rapid expan-

sion protocol (83). In brief, OKT3 was used at a final concentration of 30 ng/ml, and irradiat-

ed TM-LCL (8,000 rad) were added at a T-cell: TM-LCL ratio of 1:100 and irradiated PBMC 

(3,500 rad) at a T-cell: PBMC ratio of 1:600. Cell cultures were supplemented with 50 U/ml 

of rhIL-2 on day 1. A complete medium change was performed on day 4, and cell cultures 

received fresh medium and 50 U/ml rhIL-2 every 72 hours. The phenotype of expanded 

T-cells was analyzed between day 10 and 14 and functional assays performed as described 

below. 

 

3.2 Immunophenotyping 
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PBMC and T-cell lines were stained with one or more of the following conjugated mAb: 

CD3, CD4, CD8, CD45RA, CD45RO, CD62L, PD-1 and matched isotype controls (BD Bio-

sciences, San Jose, CA). CAR Transduced (i.e. EGFRt
+
) T-cells were detected by staining 

with anti-EGFR antibody (ImClone Systems Inc.) that had been biotinylated in-house 

(EZ-Link™Sulfo-NHS-SS-Biotin, ThermoFisher Scientific, IL; according to the manufactur-

er’s instructions) and streptavidin-PE (BD Biosciences). Staining with 7-AAD (BD Biosci-

ences) was performed for live/dead cell discrimination as directed by the manufacturer. Flow 

analyses were done on a FACS Canto and data analyzed using FlowJo software (Treestar, 

Ashland, OR).  

 

3.3 Functional analysis 

3.3.1 Cytotoxicity assay  

Target cells were stably transduced with ffluc_GFP and incubated in triplicate wells at 

1×10
4
 cells/well with effector T-cells at an effector to target (E:T) ratio of 5:1. D-luciferin 

substrate (Biosynth, Staad, Switzerland) was added to the co-culture to a final concentration 

of 0.15 mg/ml and the decrease in luminescence signal in wells that contained target cells and 

T-cells was measured using a luminometer (Tecan, Männedorf, Switzerland). Specific lysis 

was calculated using the standard formula.  

 

3.3.2 Cytokine secretion assay 

5×10
4
 T-cells were plated in duplicate or triplicate wells with target cells at an E:T ratio of 4:1 

(K562/ROR1, K562/CD19, RCH-ACV), and IFN-γ and IL-2 were measured by enzyme-

linked immunosorbent assay (ELISA), or cytokine panels were measured by multiplex cyto-

kine immunoassay (Luminex) in supernatant removed after 20 hours of incubation. Dasatinib 

was added at concentrations and time points as indicated in the figure legends. Specific cyto-

kine production was calculated by subtracting the amount of cytokines released by unstimu-

lated CAR T-cells from the amount of cytokines released after antigen-specific stimulation. 

The remaining cytokine secretion in % as shown in the diagrams was normalized to CAR 

T-cells in the absence of dasatinib-treatment (100 %).  

 

3.3.3 CFSE proliferation assay  
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T-cells were labeled with 0.2 μM carboxyfluorescein succinimidyl ester (CFSE, Invitrogen), 

washed and plated in duplicate or triplicate wells with irradiated (80 Gy) stimulator cells at an 

E:T ratio of 4:1 (K562/ROR1, K562/CD19 or RCH-ACV). No exogenous cytokines were 

added to the culture medium. Dasatinib was added at concentrations and time points as indi-

cated in the figure legends. After a 72-hour incubation, cells were labeled with anti-CD3 

mAb, and analyzed by flow cytometry to assess cell division of T-cells. The proliferation in-

dex was calculated using FlowJo Software (FlowJo, LLC, Ashland, Oregon, USA), and used 

to determine the “remaining proliferation”, i.e. normalized to the proliferation of CAR T-cells 

in the absence of dasatinib (100 %). 

 

3.3.4 Western blot analysis 

After expansion, T-cells were washed and cultured in absence of exogenous IL-2 for two 

days. Protein was isolated after a 30-minute stimulation of T-cells with RCH-ACV (E:T ratio 

of 4:1) in the absence or presence of 100 nM dasatinib. Western blots were performed under 

reducing conditions using the following antibodies according to the manufacturer’s instruc-

tions: anti-pSrc family Y416 (cell signaling #2101S), anti-Lck (cell signaling #2752S), an-

ti-pCD247 Y142 (CD3zeta, BD #558402), anti-CD247 (Sigma Life science #HPA008750), 

anti-pZap70 Y319 (cell signaling #2717S) and anti-Zap70 (cell signaling #3165S). Staining 

against β-actin (Sigma Aldrich #A5316) was used as a loading control and for normalization. 

Western blots were developed using the ChemiDoc MP imaging system (Biorad, Munich, 

Germany); quantitative analysis of western blots was performed using Image Lab Software 

(Biorad, Munich, Germany).  

 

3.3.5 NFAT reporter assay 

T-cells (co-)expressing the NFAT/ GFP(wt) reporter gene were co-cultured in the presence of 

10 U IL-2 with irradiated (80 Gy) Raji or K562 tumor cells at an E:T ratio of 5:1 or without 

target cells. T-cells and target cells were co-cultured in the absence or in the presence of 

100 nM dasatinib. After 24 hours of co-culture, cells were labeled with anti-CD3 mAb, and 

analyzed by flow cytometry to assess GFP expression in T-cells.  

 

3.3.6 Apoptosis assay 
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CD8
+
 CD19-CAR T-cells were cultured in the presence of 50 U IL-2 either alone or with ir-

radiated (80 Gy) K562/CD19 tumor cells at an E:T ratio of 4:1. Dasatinib was added to a final 

concentration of 100 nM either at the start of the assay or two hours after the start of the as-

say. After 24 hours, co-cultures were labeled with anti-CD8 mAb, 7-AAD and Annexin V ac-

cording to the manufacturer’s instructions (BD Biosciences, Heidelberg, Germany), and ana-

lyzed by flow cytometry to evaluate the amount of apoptotic and dead T-cells. 

 

3.4 Preclinical in vivo experiments  

NOD.Cg-Prkdc
scid

 Il2rg
tm1Wjl

/SzJ (NSG) mice (female, 6–8 week old) were inoculated with 

1×10
6
 Raji/ffluc_GFP tumor cells via tail vein injection (i.v.). Mice were treated with 

5×10
6
 CAR-modified or control untransduced T-cells (CD4:CD8 ratio = 1:1) via tail vein in-

jection (i.v.). Tumor burden and distribution was analyzed by serial bioluminescence imaging 

on an IVIS Lumina imager (Perkin Elmer, Baesweiler, Germany): mice received intraperito-

neal (i.p.) injections of 0.3 mg/g luciferin and images were acquired 10 min after luciferin in-

jection in small binning mode at an acquisition time of 1 s to 1 min to obtain unsaturated im-

ages. Data were analyzed using LivingImage Software (Caliper) and the average radiance (or 

photon flux) analyzed in regions of interest that encompassed the entire body of each individ-

ual mouse. Mice were sacrificed at the end of the experiment and human T-cells in bone mar-

row, peripheral blood and spleen were analyzed by flow cytometry. The presence of human 

cytokines in serum was measured using multiplex cytokine analysis.  

 

3.4.1 Serial injection 

Mice were inoculated with 1×10
6
 Raji/ffluc_GFP tumor cells (i.v.) on day 0. Mice were treat-

ed with either CAR T-cells or control T-cells on day 0. All T-cells expressed the NFAT/GFP 

reporter gene to allow rapid read-outs of their activation state by flow cytometry. In each co-

hort, a subgroup of mice received 0.2 mg dasatinib in 13.3 % DMSO/ 26.6 % PEG/ 60 % PBS 

to create a function OFF phase in T-cells for the indicated period of time. 5x10
6
 T-cells 

(CD4:CD8 1:1) were administered i.v. either three hours after the first injection of dasatinib 

or 72 hours before the first injection of dasatinib, with dasatinib being injected every six hours 

for a total of six to eight dosages. Thereafter, dasatinib administration was discontinued and 

T-cells were allowed to enter a function ON phase. All animals were imaged on indicated 

days to evaluate the development of tumor burden during the OFF and ON phase, and serum 

cytokines were measured frequently. 
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3.4.2 Osmotic pumps 

Mice were inoculated with 1x10
6
 ffluc

+
/GFP

+
 Raji cells on day 0. All animals were imaged on 

day 7 and immediately implanted with osmotic pumps (Alzet, Model 1007d). Pumps were 

loaded with 3.75 mg dasatinib in 50 % DMSO/50 % Glycerol or DMSO/Glycerol only as 

control and primed overnight in 15 ml 0.9 M NaCl at room temperature. The pumps were im-

planted s.c. in the neck of each animal, and mice were additionally treated with rimadyl to re-

duce pain after surgery and observed daily. 5x10
6
 T-cells (CD4:CD8 1:1, CAR or control 

T-cells) were injected on day 8 via tail vain injection. Mice were imaged on day 10, 12, 14, 17 

and 21 to closely control the development of tumor burden during dasatinib administration 

and shortly after withdrawal. Subsequently, mice were imaged once weekly. To analyze the 

level of human cytokines in the serum, blood was drawn on day 10, 12, 17 and 21. 

 

3.4.3 Intermittent injection  

Mice were inoculated with 1x10
6
 ffluc

+
/GFP

+
 Raji cells on day 0. Dasatinib was administered 

by i.p. injection at a dose of 0.1 mg/mouse in 10 %DMSO/90 % DPBS. For analysis of T-cell 

persistence, dasatinib was injected every 24 hours from day 7 until day 11 followed by i.p. 

injection every 36 hours on day 12 and 14 (total seven doses). Serial bioluminescence imag-

ing was performed to determine tumor burden on day 7, 9 and 15, and mice were sacrificed on 

day 15 to analyze the presence of T-cells in bone marrow and spleen. To evaluate the PD-1 

expression on T-cells, mice were treated as described, but received dasatinib on seven con-

secutive days, from day 7 to day 13, and mice were sacrificed on day 14. 

 

3.5 Statistical analysis 

All in vitro experiments were repeated three times with CAR T-cells generated from individu-

al donors unless indicated elsewise. Specific lysis was analyzed using two-way analysis of 

variance (ANOVA) with Sidak’s multiple comparison test. Cytokine secretion was analyzed 

using ordinary one way ANOVA with Holm-Sidak’s multiple comparison test or Krus-

kal-Wallis test with Dunn’s multiple comparison test as indicated in the figure legends. Pro-

liferation, quantification of western blot and apoptosis were analyzed by Kruskal-Wallis test 
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with Dunn’s multiple comparison test. GFP expression following stimulation was analyzed by 

ordinary one-way ANOVA with Holm-Sidak’s multiple comparison test.  

In vivo experiments were repeated once with similar results. Percentages of human T-cells 

and GFP expression were analyzed by two-way ANOVA with Sidak’s multiple comparison 

test, and the change in tumor burden and in vivo cytokine secretion was analyzed by Krus-

kal-Wallis test with Dunn’s multiple comparison test. Data were plotted and analyzed in 

Prism (GraphPad). 
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4 Results 

4.1 Characterization of dasatinib-induced effects on CD19-CAR T-cells  

4.1.1 Dasatinib dose-dependently prevents activation of resting CAR T-cells  

To evaluate the effect of dasatinib on the function of resting CD8
+
 CAR-T-cells, we employed 

a CD19-CAR with 4-1BB co-stimulation (CD19-CAR/4-1BB, Figure 4) that conferred high 

rates of complete remissions in recent clinical trials (26, 54). We enriched CAR-expressing 

T-cells to > 90% purity (Figure 6a) and performed co-culture assays with CD19
+
 target cells 

(K562/CD19) in the presence or absence of dasatinib. To evaluate the influence of dasatinib 

on resting CAR T-cell effector function, we analyzed cytokine secretion, proliferation and 

target cell lysis by CAR T-cells after antigen encounter. Dasatinib was added simultaneously 

with target cells at the beginning of co-culture, with concentrations ranging from 3.125 to 

100 nM. We observed inhibition of specific target cell lysis by CAR T-cells correlating with 

the concentration of dasatinib, and complete blockade of specific lysis was achieved at con-

centrations ≥ 50 nM (Figure 6b). Treatment with 25 nM dasatinib led to partial inhibition with 

delayed and reduced lysis of target cells as compared to untreated CAR T-cells, whereas no 

significant reduction of target cell lysis was observed at concentrations ≤ 12.5 nM.  

We then analyzed the ability of CAR T-cells to secret cytokines. T-cells treated with 

concentrations above 50 nM showed completely inhibited secretion of both IFNγ (Figure 6c) 

and IL-2 (Figure 6d) when stimulated with K562/CD19. Lower levels of dasatinib 

(6.25 nM- 25 nM) in the assay medium dose-dependently reduced the secretion of IFNγ and 

IL-2 by CAR T-cells compared to controls without dasatinib. These results correlate with the 

level of proliferation of CAR T-cells, which was significantly blocked by treatment with 50 or 

100 nM (Figure 6e). In summary, the data show that dasatinib retains resting 

CD8
+
 CD19-CAR/4-1BB T-cells in a function OFF state and prevents the execution of effec-

tor functions in the presence of antigen. 

 

4.1.2 Dasatinib blocks the function of activated CAR T-cells  

In a clinical situation when control over CAR T-cells is desired, a proportion of T-cells would 

not be in a resting but already in an activated state. We therefore sought to determine whether 

dasatinib could block the function of CAR T-cells that were already activated and in the pro-

cess of executing effector functions. To assess this, we activated CAR T-cells with target cells 
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to turn them ON, and then added dasatinib to turn them OFF. CD8
+
 CAR T-cells rapidly 

started 

 

Figure 6: Dasatinib retains resting CD8
+
 CAR T-cells in a function ‘OFF’ state.  

(a) Phenotype of CD8
+
 CD19-CAR/4-1BB T-cells, tEGFR is the transduction marker encoded with 

the CAR transgene. (b-e) CAR T-cells were co-cultured with K562/CD19 in the presence of titrated 

amounts of dasatinib (dasa), which was added at assay start. (b) The percentage of lysed target cells 

was determined in 1-hour intervals over a period of 12 hours (E:T ratio 5:1). (c, d) ELISA for IFNγ 

(c) and IL-2 (d). Left diagrams show data obtained in n = 3 experiments with T-cells from different 

donors, normalized to the amount of cytokines obtained by CAR T-cells in the absence of dasatinib 

(100 %). Right diagrams show optical densitiy (o.d.) values of one representative experiment. (e) 

Proliferation of CAR T-cells 72 hours after stimulation with K562/CD19 target cells. Diagram shows 

data from quantitative analysis of n = 3 independent experiments. Histograms show data from one 

representative experiment. The remaining proliferation was calculated using the proliferation index 

and normalized to the proliferation of CAR T-cells in the absence of dasatinib. Data shown are mean 

values + SD obtained in n = 3 experiments with CD8
+ 

T-cells from different healthy donors with * P ≤ 

0.05, ** P ≤ 0.005 by two-way (b) or one-way ANOVA (c-e, Kruskal-Wallis test).  

d a s a tin ib  [n M ]

IF
N


 [
o

.d
.]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

tim e  [h ]

s
p

e
c

if
ic

 l
y

s
is

 [
%

]

2 4 6 8 1 0 1 2

0

2 0

4 0

6 0

8 0

1 0 0

0  n M

2 5  n M

5 0  n M

1 0 0  n M

1 2 .5  n M

***

d a s a tin ib  [n M ]

re
m

a
in

in
g

IL
-2

 s
e

c
re

ti
o

n
 [

%
]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0 **
**

d a s a tin ib  [n M ]

re
m

a
in

in
g

IF
N


 s
e

c
re

ti
o

n
 [

%
]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0 **
**

d a s a tin ib  [n M ]
re

m
a

in
in

g

p
ro

li
fe

ra
ti

o
n

 [
%

]

0

3
.1

2
5

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0
**

*

a

c e

3 ,1 2 5

6 ,2 5

1 2 ,5

2 5

5 0

1 0 0

0

d a s a  [n M ]

C F S E  (F IT C )
d a s a tin ib  [n M ]

IL
-2

 [
o

.d
.]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0 .0

0 .5

1 .0

1 .5
d

b

tE G F R -A P CC D 8 -F IT C

C
D

3
-p

a
c

.b
lu

e

n
o

rm
a

li
z

e
d

 t
o

 m
o

d
e 9 7 .19 8 .2



 

 

34 Results 

 

lysing target cells in the ON phase. As soon as dasatinib was added to the culture 

(t = +1 hour) target cell lysis stagnated and did not progress further, indicating that the OFF 

state had been induced (Figure 7a). Similarly, addition of dasatinib to activated CD8
+
 CAR 

T-cells interfered with subsequent cytokine secretion and proliferation (Figure 7b, c). Con-

sistent with the mechanism of action revealed earlier, the inhibitory effect of dasatinib began 

to cease once CAR T-cells had progressed beyond a certain point of activation, e.g. if added 

later than three hours after turning CAR T-cells ON, the effect of dasatinib on proliferation 

was low (Figure 7d). 

 

Figure 7: Dasatinib pauses activated CAR T cells in a function OFF state. 

CAR T-cells were treated with 100 nM dasatinib, added either at assay set up, or one, two, three or 

48 hours after stimulation with K562/CD19. (a) Lysis of target cells measured in 1-hour intervals over 

a 10-hour period. Dasatinib (100 nM) was added one hour after assay setup (black squares), in order to 

switch CAR T-cells OFF after the initial ON-phase. For comparison, the diagram shows lysis of target 

cells by untreated CAR T-cells (white circles) and by T-cells that were treated with dasatinib at assay 

set up (black circles). (b,c) Diagram shows the levels of IFNγ (b) and IL-2 (c). Data was normalized to 

the amount of cytokines produced by untreated CAR T-cells (-). CAR T-cells were treated either at the 

beginning (0) or two hours (2) after assay set up. (d) Proliferation was calculated based on the cell 

proliferation-index and normalized to proliferation of untreated CAR T-cells (-). Data shown are mean 
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values ± SD obtained in n = 3 experiments with CD8
+
 T-cells from different healthy donors with 

* P ≤ 0.05, ** P ≤ 0.005 by two-way (a) or one-way ANOVA (b-d, Kruskal-Wallis test).  

4.1.3 Direct effects of dasatinib on target cells 

To exclude that the observed loss of function was caused by dasatinib-mediated eradication of 

target cells, we analyzed the direct effect of dasatinib on the tumor cells lines K562, 

K562/CD19 and Raji. We cultured luciferase expressing tumor cells in the presence and ab-

sence of 100 nM dasatinib and analyzed the change in luminescence over a 20-hour period. 

Treatment with dasatinib did not influence the proliferation and survival of Raji cells, as the 

luminescence signal increased equally in treated and untreated cells over time (Figure 8a). In 

contrast, the luminescence signal of K562 cells decreased over time in the presence of da-

satinib, indicating direct toxic effects of dasatinib towards K562 based cell lines that became 

even more obvious when the survival of tumor cells was calculated in reference to untreat-

ed -cells (Figure 8b). The reduced survival of K562 in the presence of dasatinib can be ex-

plained as, in contrast to Raji cells, K562 cells endogenously express the BCR-ABL fusion 

protein, which is the main target of dasatinib. BCR-ABL provides essential survival signals to 

K562 derived cells, thus, upon blockade, they undergo apoptosis. However, this da-

satinib-mediated effects were much slower than cytolytic effects mediated by CAR T-cells. 

With respect to this observation, specific lysis mediated by CAR T-cells was calculated in 

reference to equally treated untransduced T-cells in all displayed figures.  

 

 

Figure 8: The effects of dasatinib on target cell lines.  

Indicated cell lines were treated with 100 nM dasatinib (+) or not treated (-). (a) The viability of tumor 

cells was assessed every two hours over a 20-hour period by bioluminscence imaging. (b) Survival of 

tumor cells, normalized to BLI of untreated tumor cells. Data shown are mean values ± SD obtained in 

n = 2 independent experiments. 
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4.1.4 TCR stimulation does not bypass the dasatinib induced function OFF 

state  

In most applications, CAR T-cells retain expression of their endogenous TCR which may by-

pass the dasatinib-induced blockade of the CAR. From human leukocyte antigen type A2 pos-

itive (HLA-A2
+
) donors, we generated CD8

+
 CD19-CAR/4-1BB T-cells that recognize the 

cytomegalovirus (CMV) pp65/A2-NLV epitope through their endogenous TCR. We con-

firmed uniform expression of CD19-CAR and CMV-specific TCR by flow cytometry (Figure 

9a). Then, we stimulated T-cells with target cells that expressed either CD19 (K562/CD19) or 

HLA-A2 (pulsed with pp65-NLV peptide, K562/pp65) and assessed cytolytic activity over 

time. In both cases, the addition of dasatinib to the assay medium (concentration ≥ 50 nM) 

completely blocked target cell lysis. In particular, the addition of dasatinib at 50 nM com-

pletely blocked target cell lysis through both CD19-CAR and CMV-specific TCR, even when 

both receptors were engaged concomitantly (Figure 9b-d). Encouragingly, these data show 

that dasatinib is able to confer complete blockade of CAR T-cell function at the dose of 

50 nM, which is similarly effective in preventing CAR and TCR signaling.  

 

4.1.5 Influence of other Src kinase inhibitors on CAR T-cell function 

Tyrosine kinase inhibitors have gained importance for the targeted therapy of a variety of he-

matologic and solid cancers. Many of these inhibitors focusing on the treatment of hematolog-

ic malignancies target Src family kinases essential for the signaling of healthy immunecells. 

To study if Src kinase inhibitors in general are capable to mediate immune-suppressive effects 

as observed with dasatinib, we chose the two newly approved Src kinase inhibitors saracatinib 

and bosutinib and evaluated their ability to inhibit CAR T-cell function. To confirm that se-

lectively blocking Src kinases would be sufficient to mediate T-cell inhibition, we included 

PP1, a highly selective Src kinase inhibitor without clinical approval, to the panel. We ana-

lyzed cytolytic activity of CD8
+
 CD19-CAR/4-1BB T-cells in a 4-hour biolumines-

cence-based cytotoxicity assay against K562/CD19. Src kinase inhibitors were added to the 

assay medium at the beginning of the assay over a 4-log concentration range. 

 The data show that of the three newly tested Src kinase inhibitors, two inhibitors were 

capable of blocking the cytolytic activity of CAR T-cells (Figure 10a): The inhibition of spe-
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cific lysis mediated by PP1 was similar to the one mediated by dasatinib, confirming that se-

lective inhibition of Src kinases is sufficient to induce blockade of CAR T-cell function. At a 

concentration of 10 nM of PP1 in the assay medium, there was a partial inhibition of cytolytic 

 

Figure 9: TCR stimulation does not bypass the function OFF state in dasatinib-treated 

CAR T-cells.  

(a) Phenotype of CD8+ CMV-specific CAR T-cells. (b-d) The diagrams show lysis of K562/pp65 (b), 

K562/CD19 (c) and a 1:1 mix of both tumor cell lines (d) by CMV-specific CD19-CAR T-cells (E:T = 

5:1) over a 12-hour period. Dasatinib was added at assay set up at the indicated concentrations. Data 

shown are mean values ± SD obtained in n = 2 independent experiments.  

 

function of CAR T-cells (62.4 % specific lysis of target cells compared to 82 % specific lysis 

of target cells by untreated CAR T-cells), whereas complete inhibition of cytolytic function 

was achieved at a concentration of ≥ 100 nM of PP1 in the assay medium (< 3 % specific ly-

sis of target cells compared to 82 % specific lysis of target cells by untreated CAR T-cells). 

 Bosutinib showed complete inhibition of specific lysis only at a concentration of 

1000 nM, and no effects were observed for concentration ≤ 100 nM. In contrast, saracatinib 

did not show any effect towards the specific lysis by CAR T-cells. Of note, high levels of bo-

sutinib also had direct effects on the survival of K562 cells during the four-hour assay, which 

was not the case for any of the other tested substances (Figure 10b). In aggregate, these data 
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show that tyrosine kinase inhibitors other than dasatinib can exert an inhibitory effect to CAR 

T-cell functions. However, as dasatinib was the only clinically approved substance out of this 

panel to mitigate efficient control, we focused on dasatinib for the rest of the study. 

 

Figure 10: The effects of a Src kinase inhibitor panel on CAR T-cells. 

(a) cytolytic activity of CD8
+
 CD19-CAR/4-1BB T-cells in the presence of titrated doses (1 – 

1000 nM) of saracatinib, bosutinib, PP1 or dasatinib. The percent specific lysis of antigen-positive 

target cells (K562/CD19, left diagram) and antigen-negative cells (K562, right diagram) compared to 

untransduced control T-cells was determined after four hours of co-culture. (b) Survival of 

K562/CD19 (left diagram) and K562 (right diagram) 4 hours after treatment with titrated amount of 

TKI in the absence of CAR T-cells.  
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4.2 The effects of CAR-design and T-cell origin on inhibition by dasatinib  

Having shown that dasatinib can control execution of effector functions in both resting and 

activated CD19-CAR/4-1BB T-cells, we sought to determine whether dasatinib can be ap-

plied as a general safety tool for CAR T-cells independent of CAR-design. To ensure compa-

rability between CARs, we used a CD19-targeting CAR with CD28 costimulatory domain, 

and a ROR1 targeting CAR with 4-1BB targeting domain (54) of otherwise equal design as 

the initially used CD19-CAR/4-1BB (Figure 4). 

 

4.2.1 Dasatinib-mediated effects are independent of the co-stimulatory domain 

First, we evaluated the influence of the co-stimulatory domain used in the CAR towards da-

satinib-mediated inhibition. As before, complete inhibition of specific lysis was achieved 

when co-cultures were treated with 100 nM dasatinib (Figure 11a). However, treatment with 

50 nM only led to partial inhibition of cytolysis, and lower amounts did not influence specific 

lysis. In contrast to that, cytokine secretion by CD19-CAR/CD28 T-cells was equally sensi-

tive towards dasatinib induced blockade as by T-cells expressing CD19-CAR/4-1BB, thus the 

secretion of IFNγ and IL-2 was significantly blocked in the presence of 50 nM or 100 nM 

(Figure 11b, c), which correlated with a complete suppression of proliferation (Figure 11d) 

following stimulation with K562/CD19. We thus conclude that the blockade of T-cell func-

tion by dasatinib is similar for CARs comprising 4-1BB or CD28 co-stimulatory moieties.  

 

4.2.2 Dasatinib inhibits CAR T-cells targeting ROR1 

To evaluate whether the inhibition of CAR T-cell effector functions is a general principle that 

can be extended to CARs targeting other antigens than CD19, we generated a ROR1-CAR 

with a 4-1BB costimulatory domain (Figure 4). We then performed dose titration assays in 

order to study the effects of dasatinib on the function of ROR1-CAR T-cells. Complete inhi-

bition of specific lysis was achieved when co-cultures where treated with concentrations of 

dasatinib ≥ 25 nM (Figure 12a). Treatment with a concentration of 12.5 nM led to partial in-

hibition as observed by delayed and reduced lysis of target cells when compared to the lysis 

mediated by untreated CAR T-cells.  

ROR1-CAR T-cells treated with concentrations above 50 nM showed completely in-

hibited secretion of IFNγ and IL-2 when stimulated with K562/ROR1 (Figure 12b). When 

compared to untreated CAR T-cells, 6.25 to 25 nM dasatinib in the assay medium led to 



 

 

40 Results 

dose-dependent reduction of cytokines by ROR1-CAR T-cells. These results correlated with 

the level of proliferation of ROR1-CAR T-cells, which was significantly reduced during 

treatment with 50 or 100 nM (Figure 12c). These data show that dasatinib similarly blocks the 

function of CAR T-cells independent of their antigen specificity.  

 

 

Figure 11: Dose titration of dasatinib on CD19-CAR/CD28 T-cells. 

CD8
+
 CAR T-cells were stimulated with K562/CD19 target cells and treated at assay set up with 

dasatinib at the indicated dose. Data shown are mean values ± SD of n = 3 independent experiments 

with T-cells of healthy donors unless indicated otherwise. (a) Specific lysis of target cells (E:T 5:1) 

over time measured in a bioluminescence-based cytotoxicity assay. (b) Secretion of IFNγ (left 

diagram) and IL-2 (right diagram, n = 2), measured in a standard sandwich ELISA on supernatants 

obtained after 20 hours of co-culture (E:T 4:1). (c) Proliferation of CD19-CAR/CD28 T-cells 72 hours 

after stimulation by CFSE dye dilution. The remaining proliferation was calculated based on the cell 

proliferation index and normalized to untreated T-cells. * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005 by 

standard two-way ANOVA (a) or one-way ANOVA (b, c, Kruskal-Wallis test). 

 

 

t im e  [h ]

s
p

e
c

if
ic

 l
y

s
is

 [
%

]

2 4 6 8 1 0

0

2 0

4 0

6 0

8 0

1 0 0

0  n M

1 0 0  n M2 5  n M

5 0  n M

***

**

d a s a tin ib  [n M ]
re

m
a

in
in

g

IF
N


 s
e

c
re

ti
o

n
 [

%
]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0 **
*

d a s a tin ib  [n M ]

re
m

a
in

in
g

IL
-2

 s
e

c
re

ti
o

n
 [

%
]

0

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0

3
.1

2
5

6
.2

5

1
2
.5 2

5
5
0

1
0
0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

d a s a tin ib  [n M ]

re
m

a
in

in
g

p
ro

li
fe

ra
ti

o
n

 [
%

]

*

a b

cd



 

 

41 Results 

 

Figure 12: Dasatinib equally inhibits CAR T-cells targeting ROR1. 

CD8
+ 

CAR T-cells were stimulated with K562/ROR1 target cells. Data shown are mean values ± SD 

of n = 3 independent experiments with T-cells of healthy donors unless indicated otherwise. (a) Target 

cell lysis was determined in 1-hour intervals over a period of ten hours at an E:T ratio of 5:1. (b) 

Secretion of IFNγ (upper diagram) and IL-2 (lower diagram, n = 2) by ELISA was performed on 

supernatants obtained after 20 hours of co-culture (E:T = 4:1). (c) Proliferation of ROR1-CAR T-cells 

was evaluated 72 hours after stimulation. The remaining proliferation (bar diagram) was calculated 

based on the cell proliferation index and normalized to untreated CAR T-cells. Histograms show data 

from one representative experiment. T-cells treated with titrated amounts of dasatinib were compared 

to untreated T-cells using standard two-way ANOVA (a) or one-way ANOVA (Kruskal-Wallis test, b, 

c). * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005.  

 

4.2.3 Dasatinib instantly blocks the function of CD4
+
 CAR T-cells  

CAR-T-cell products in clinical application almost always contain CD8
+
 killer and 

CD4
+ 

helper T-cells. Thus, control over CD8
+
 and CD4

+
 CAR T-cells by dasatinib should be 

achieved with comparable efficacy. The major function of CD4
+
 CAR T-cells is to support the 

CD8
+ 

killer cells by the production and secretion of cytokines. We confirmed that dasatinib 

was also effective with CD4
+
 CAR T-cells by titrating the amount of dasatinib needed to 

block the secretion of cytokines by CD4
+
 CD19/4-1BB CAR T-cells after confirming the 

CD4
+
 CAR T-cell phenotype (Figure 13a).  
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Figure 13: Dasatinib instantly blocks the function of CD4
+
 CAR T-cells in a dose dependent 

manner.  

(a) Phenotype of CD3
+
/CD4

+
 bulk T-cells expressing CD19-CAR/4-1BB. tEGFR is the transduction 

marker encoded with the CAR transgene. Numbers indicate percentages of parental population. 

(b, c) Multiplex analysis of cytokines after stimulation of (b) CD19-CAR/4-1BB and (c) 

CD19-CAR/CD28 T-cells with K562/CD19 (E:T = 4:1) in supernatant that was collected after 

20 hours of co-culture. The concentration of three cytokines (IL-1, IL-10 and tumor necrosis factor 

alpha (TNFα)) was below the detection limit and is therefore not displayed. Results were obtained in 

independent experiments with T-cells from n = 2 healthy donors. T-cells treated with titrated amounts 

of dasatinib were compared to untreated T-cells using two-way ANOVA (non significant (n.s.) > 0.05, 

* P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005,). 
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We found that ≥ 25 nM dasatinib completely abrogated the production of cytokines including 

the granulocyte-macrophage colony-stimulating factor (GM-CSF), IFNγ, IL-2 and IL-8 after 

stimulation with target cells (Figure 13b). Treatment of T-cells below this threshold did not 

significantly impair the secretion of any of the analyzed cytokines. This trend was confirmed 

for the secretion of IL-4, IL-5 and IL-6. The amount of IL-1, IL-10 and TNFα was below de-

tection level even in untreated samples; thus the effect of dasatinib on the secretion of these 

cytokines could not be evaluated. The cytokine levels produced by CD19-CAR/CD28 T-cells 

were equally influenced by the administration of dasatinib, and were completely blocked in 

the presence of ≥ 25 nM (Figure 13c). 
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4.3 The genetic consequences of dasatinib-exposure  

So far, we demonstrated that dasatinib controls effector functions of resting and activated 

CAR T-cells independent of specificity, type of co-stimulation and T-cell origin. To further 

assess transferability, we sought to elucidate the molecular mechanism behind the observed 

blockade of function. As it is known that similar pathways are involved in the signaling fol-

lowing the activation of the endogenous T-cell receptor and CARs using CD3zeta as the ma-

jor signaling domain, and because dasatinib can interact with Lck in non-modified T-cells, we 

initially analyzed the phosphorylation status of key signaling proteins that are directly affect-

ed by Lck. In a second step, we analyzed the consequences of dasatinib on a genetic level. 

 

4.3.1 Dasatinib prevents the phosphorylation of key kinases in the CAR sig-

naling cascade 

We analyzed the phosphorylation state of the CAR-CD3zeta signaling domain and the down-

stream kinases Zap70 at tyrosine 319 (Y319) and Src family at tyrosine 416 (Y416), which 

are known key members of the signaling cascade following T-cell activation. We stimulated 

CAR T-cells with CD19
+
 RCH-ACV (E:T 5:1) for 30 minutes, and indeed observed phos-

phorylation of all three kinases in untreated T-cells. In the presence of 100 nM dasatinib, 

phosphorylation of kinases was inhibited (Figure 14a). Quantitative analysis (Figure 14b) re-

vealed remaining phosphorylation levels of 13 % (CD3zeta), 22 % (Lck) and 12 % (Zap70), 

respectively, when compared to untreated T-cells. 

 

4.3.2 Dasatinib blocks the induction of NFAT 

4.3.2.1 Generation of an activation dependent reporter system  

To determine whether control of CAR T-cells by dasatinib extends to the prevented induction 

of the key transcription factor NFAT, we employed a reporter system that enables detecting 

the activation status of T-cells based on GFP-expression. We designed a gene cassette encod-

ing GFP under the control NFAT-RE (Figure 5). In this reporter, NFAT is transported into the 

nucleus upon T-cell stimulation and thus can bind to NFAT-RE. Thereby it activates the min-

imal promotor (minP), which then drives the expression of GFP, enabling an easy readout of 

activation evaluable by flow cytometry. Her2t was included as a specific transduction marker 

and for enrichment of transduced T-cells by bead based magnetic sorting. To ensure that this 

protein would not provide any signals, the signaling domain was truncated, leaving only the  
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Figure 14: Dasatinib prevents the phosphorylation of key kinases. 

For western blot analysis, CD19-CAR/4-1BB T-cells were stimulated with CD19
+
 RCH-ACV and 

treated with 100 nM dasatinib (+) or not (-). (a) Phosphorylation of CAR-CD3zeta, Lck (Src family) 

and Zap70; data shown from one representative experiment. (b) Quantitative analysis of western blot 

data obtained in n = 3 experiments, normalized to total protein expression. Data are mean values + SD 

analyzed by one-way ANOVA (Kruskal-Wallis test) with * P ≤ 0.05). 

 

membrane-integrating part and the extracellular domain to be displayed on the cell surface. 

Her2t was attached to the cassette using a T2A ribosomal skip sequence. Thus, the transduc-

tion marker will split from the GFP during translation and will be integrated into the cell 

membrane as an independent protein. 

We tested two variants of GFP for the generation of a reporter system. First, we used a 

wildtype GFP (GFP(wt)) with an expression half-life of approximately 24 hours. To get a 

more direct readout of activation, we additionally generated a reporter cassette including a 

destabilized variant of GFP with an expression half-life of four hours (GFP(d4)). CD8
+
 and 

CD4
+
 T-cells were isolated as described in the methods and transfected with the two different 

lentiviral constructs at the same time. As the amount of T-cells that successfully incorporated 

both genes was low (Figure 15), two enrichment steps were performed to generate a T-cell 

product with at least 50 % of cells expressing both genes, which will further be referred to as 

‘double positive’ T-cells (Figure 16).  

 

4.3.2.2 Unspecific stimulation of T-cells induces GFP expression 

To test if the NFAT/GFP cassette was functional, we stimulated NFAT/GFP containing CAR 

T-cells with PMA/ionomycin and determined GFP expression level by flow cytometry. With-
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out stimulation, expression of GFP was low and comparable to untransduced T-cells. Stimula-

tion 

 

Figure 15: Transgene expression after double-transduction of T-cells.  

Expression of the reporter gene cassette (GFP, Her2t) and the CAR (tEGFR) in CD8
+
 T-cells 

(a) before and (b) after 24 hours of stimulation with PMA/ionomycin. Numbers indicate percentage of 

parental gate. Transduction efficancy is shown a reporter gene encompassing a GFP with a half-life of 

approx. 24 hours (NFAT/GFP(wt)) and a variant with half-life of four hours (NFAT/GFP(d4)).  

 

 

Figure 16: Transgene expression after enrichment and stimulation of T-cells.  

Expression of the reporter gene cassette (GFP, Her2t) and the CAR (tEGFR) after enrichment for 

Her2t and EGFRt and expansion. CD8
+
 T-cells were stimulated with PMA/Ionomycin 24 hours prior 

to analysis. Numbers indicate percentage of parental gate. Purity is shown for T-cells expressing a 



 

 

47 Results 

reporter gene encompassing a GFP with a half-life of approximately 24 hours (NFAT/GFP(wt)) and a 

variant with half-life of four hours (NFAT/GFP(d4)).  

of double positive T-cells induced high expression of GFP in both CD8
+ 

(Figure 17a) and 

CD4
+ 

T-cells on day 1 (Figure 17b), that further increased until day 2 after stimulation, when 

expression was highest, and declined towards day 3. No difference was detected in the GFP 

expression of GFP(wt) and GFP(d4).  

 

4.3.2.3 GFP expression following CAR specific stimulation of T-cells 

We went on to characterize the induction and development of GFP expression after antigen 

dependent stimulation. Thus, irradiated CD19
+
 Raji or CD19

-
 K562 (E:T 5:1) were added to 

T-cells once or every 24 hours, and the GFP expression was measured by flow cytometry 

once daily. The activation of T-cells was highly antigen-specific, as no GFP-upregulation was 

observed neither in CD8
+
 nor CD4

+
 cells when co-cultures with antigen lacking target cells. 

Following a single stimulation, CD8
+
 T-cells with GFP(wt) highly expressed GFP on day 1, 

and expression subsequently declined (Figure 18a). Repeated stimulation of T-cells led to 

permanent activation of T-cells, as seen in a stable GFP expression over time, and kinetics 

were similar in CD8
+
 and CD4

+
 T-cells (Figure 18a, b). As there was no difference in the GFP 

expression of wt and d4 (Figure 18c, d) we decided continue with the destabilized GFP(d4) 

variant for subsequent experiments. 

 

 

Figure 17: Antigen independent stimulation of NFAT-reporter CAR T-cells.  

Expression of reporter gene was detected in (a) CD8
+
 and (b) CD4

+
 CAR T-cells once per day by flow 

cytometry and is depicted as mean fluorescence intensity (MFI). MFI is shown for CAR T-cells 

encompassing a reporter gene with GFP(wt) with a half-life of approximately 24 hours or a variant 
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with a half-life of four hours (GFP(d4)). Cells were stimulated either with PMA/ionomycin on day 0, 

or left untreated. Data are mean values obtained in two independent experiments. 

 

Figure 18: Antigen dependent induction of GFP-expression in NFAT-reporter CAR T-cells.  

Expression of reporter gene was detected in (a, b) CD8
+
 and (c, d) CD4

+
 CAR T-cells once per day by 

flow cytometry and is depicted as mean fluorescence intensity (MFI). MFI is shown for CAR T-cells 

encompassing a reporter gene with (a, c) GFP(wt) or (b, d) GFP(d4). T-cells were co-cultures with 

irradiated CD19
+
 Raji cells or CD19

-
 K562 once on day 0 or once daily on day 0, 1 and 2. Data are 

mean values obtained in three independent experiments.  

 

4.3.2.4 Blockade of CAR T-cell activation by dasatinib 

We sought to monitor T-cell activation in the presence of dasatinib by analyzing GFP expres-

sion in NFAT-reporter CAR T-cells. Treatment of CD8
+
 CAR T-cells with 100 nM dasatinib 

led to significant inhibition of GFP-expression 24 hours after stimulation with the CD19
+
 Raji 

cell line, with a GFP-MFI equal to non-stimulated T-cells and significantly reduced compared 

to stimulated untreated CAR T-cells (Figure 19a). When dasatinib and stimulation was re-

peated every 24 hours, the GFP expression remained low (Figure 19b). This block of NFAT 

signaling could also be observed in CD4
+ 

T-cells (Figure 19c, d). These results suggest that 

dasatinib blocks the effector functions of CAR T-cells by inhibiting early phosphorylation 

d a y s

M
F

I 
G

F
P

in
 C

D
8

 G
F

P
(w

t)

0 1 2 3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

d a y s

M
F

I 
G

F
P

in
 C

D
8

 G
F

P
(d

4
)

0 1 2 3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

d a y s

M
F

I 
G

F
P

in
  

C
D

4
 G

F
P

(w
t)

0 1 2 3

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

d a y s

M
F

I 
G

F
P

in
  

C
D

4
 G

F
P

(d
4

)

0 1 2 3

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

R a ji d a ily

R a ji o n c e

K 5 6 2  d a ily

K 5 6 2  o n c e

a b

c d



 

 

49 Results 

events of key signaling kinases, which prevents the induction of transcription factors such as 

NFAT. 

 

Figure 19: Dasatinib inhibits NFAT dependent signaling. 

Induction of NFAT displayed by GFP-expression (MFI) in (a, b) CD8
+
 and (c, d) CD4

+
 CAR T-cells 

during treatment with 100 nM or untreated. T-cells were transduced with an NFAT/GFP(d4) reporter 

gene and stimulated with CD19
+
 Raji or CD19

-
 K562 every 24 hours. (a, c) Reporter gene expression 

after 24 hours. (b, d) Reporter gene expression over time, analysed once daily. (a-d) Data are mean 

values ± SD. obtained in three independent experiments analyzed by (a, c) one-way ANOVA 

(Kruskal-Wallis test) or (b, d) two-way ANOVA with * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005) 

 

4.3.3 Dasatinib prevents subsequent induction of NFAT in activated T-cells 

We employed the NFAT/GFP(d4) reporter system to interrogate the effects of dasatinib on 

activated CAR T-cells on a signaling level and to evaluate if dasatinib-mediated inhibition 

could be sustained over time and during sequential antigen encounter. Thus, we co-cultured 

NFAT-reporter CAR T-cells with Raji cells and treated them with dasatinib one hour after 

beginning of co-culture. Subsequently, target cells and 100 nM dasatinib were added simulta-
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on day 1, and GFP levels decrease until day 3, indicating that further antigen specific stimula-

tion was prevented by dasatinib and cells were maintained in a functional OFF state. This ob-

servation was confirmed in CD8
+
 and CD4

+
 T-cells (Figure 20a, b). 

 

 

Figure 20: Sequential stimulation of CAR T-cells in the presence of dasatinib. 

CD19-CAR/4-1BB T-cells expressing an NFAT/GFP(d4) reporter gene were stimulated with CD19
+
 

Raji lymphoma cells every 24 hours. Dasatinib was added either at assay start (black circles) or one 

hour after assay start (dasa +1h, grey circles), and was then added to the medium every 24 hours. 

Untreated CAR T-cells are included for comparison. The diagrams show reporter gene expression 

obtained in (a) CD8
+
 and (b) CD4

+
 CAR T-cells. Data shown are mean values + SD obtained in (a) 

n = 2 and (b) n = 3 experiments with T-cells from different healthy donors. * P ≤ 0.05, ** P ≤ 0.005, 

*** P ≤ 0.0005 by two-way ANOVA.  
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4.4 Comparison of control exerted by dasatinib and other safety strategies 

In order to evaluate how dasatinib would fit into the range of existing safe strategies, we com-

pared the block of function mediated by dasatinib to currently available safety tools. In clini-

cal trials, steroids are used in the treatment of severe side effects caused by CAR T-cells. We 

therefore investigated the effect of dexamethasone and dasatinib on CAR-T-cell function 

side-by-side. As in some cases transient inhibition of effector functions might not be suffi-

cient, we analyzed whether dasatinib treated CAR T-cells would still be targetable by elimi-

nating safety tools such as iCasp9. 

  

4.4.1 Comparison of dexamethasone and dasatinib on the function of CAR 

T-cells 

Overall, the ability of dexamethasone to inhibit CAR-T-cell function was inferior to dasatinib. 

Simultaneous treatment with dexamethasone and stimulation of CD19-CAR T-cells with tar-

get cells did not show inhibitory effects on specific lysis of target expressing tumor cells 

(Figure 21a, left diagram). As steroids mostly function on a genomic level, we changed the 

treatment schedule and analyzed CAR T-cell performance after 24 hours of pretreatment 

(Figure 21a, right diagram). Significant reduction of specific lysis by CAR T-cells pretreated 

with 100 µM dexamethasone was observed with a mean lysis of 53 % at t = 12 hours when 

compared to untreated T-cells; however, complete blockade as detected during the treatment 

with 100 nM dasatinib could not be achieved in any of the treatment schedules. Neither simul-

taneous treatment nor pre-treatment of CAR T-cells with dexamethasone showed significant 

reduction of IFNγ (Figure 21b, left diagram), whereas blockade of IL-2 secretion was ob-

served under all treatment schedules and dosages (Figure 21b, right diagram). This was con-

firmed by reduced proliferation in contrast to untreated T-cells under all treatment conditions, 

as shown for one representative experiment (Figure 21c, left diagram) and quantitative analy-

sis of three independent donors (Figure 21c, right diagram), respectively. All in all these data 

show that administration of dexamethasone to CAR T-cells cannot mediate a complete block-

ade of CAR T-cell function as observed by treatment of CAR T-cells with dasatinib.  
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Figure 21: Dasatinib exerts superior control over CAR T-cells than dexamethasone.  

Dexamethasone was added either at the time of assay start or 24 hours prior to assay start (pretreated). 

T-cells treated with 100 nM dasatinib at assay start were included for comparison. (a) Specific lysis of 

K562/CD19 target cells by CD19-CAR T-cells (E:T 5:1) is displayed over time with simultaneous 

treatment (left diagram) or 24-hour pre-treatment (right diagram). (b) Remaining IFNγ (left diagram) 

and IL-2 (right diagram) secretion mediated by CAR T-cells upon stimulation (E:T 4:1), normalized to 

the amount of cytokines released by untreated CAR T-cells. (c) The remaining proliferation, measured 

in a CFSE dye dilution assay, was calculated based on the proliferation index and normalized to 

untreated CAR T-cells. Data of one representative experiment (left diagram) and quantification of 

n = 3 independent experiments (right diagram). (a-c) Shown are the mean values ± SD of n = 3 

independent experiments, analyzed by two-way ANOVA (a) or one-way ANOVA (Kruskal-Wallis 

test, b, c), with * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005.  
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4.4.2 Dasatinib-induced control is compatible with iCasp mediated T-cell de-

pletion 

In some clinical cases, pausing CAR T-cells may not be sufficient to save a patient, but elimi-

nation of CAR T-cells will be necessary. One tool that has been show to efficiently eliminate 

T-cells in vivo is iCasp9 that can be triggered by the administration of an inducing drug (84), 

however, clinical proof-of-concept is still pending. We therefore generated CAR T-cells 

co-expressing an iCasp9 suicide gene to evaluate if CAR T-cells that are blocked with da-

satinib would still be susceptible to the induction of apoptosis by iCasp9. T-cells were thus 

double transduced to express an iCasp9 cassette as well as the CAR. These cells were cultured 

in medium supplemented with 50 U/ml IL-2, either in the absence or in the presence of 

100 nM dasatinib, and in the absence or presence of 10 nM AP20187, which is the iCasp9 in-

ducer drug. After 24 hours, cells were labeled with anti-CD3 mAb and analyzed by flow cy-

tometry for the presence of iCasp9
+
 T-cells. The data show that dasatinib itself does not in-

duce apoptosis in resting CAR T-cells. Additionally, the induction of iCasp9 and following 

apoptosis of T-cells is not affected by dasatinib (Figure 22). 

   

 

Figure 22: Induction of iCasp9 in the presence of dasatinib. 

CD8
+
 CD19-CAR/4-1BB T-cells co-expressing iCasp9 T-cells were cultured in medium supplemented 

with 50 U/ml IL-2, in the absence (-) or presence (+) of 100 nM dasatinib, and in the absence (-) or 

presence (+) of iCasp9 dimerizer. After 24 hours, cells were labeled with anti-CD3 mAb and analyzed 

by flow cytometry for the presence of iCasp
+
 T-cells. (a) Bar diagram shows surival after treatment 

normaluted to untreated/uninduced T-cells (-/-). (b) Expression of Her2t, which is the transduction 

marker encoded with the iCasp9-transgene.  
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In the presence of dimerizer (dasatinib /dimerizer +), the percentage of iCasp9
+
 cells was re-

duced to 45 %, which was comparable to the percentage of iCasp9
+
 in the presence of 100 nM 

dasatinib (36 %) and dimerizer (dasatinib +/dimerizer +). In aggregate, these data show that 

CAR T-cells that are blocked by dasatinib are susceptible to subsequent elimination with the 

iCasp9 suicide gene. However, these data also suggest that, independent of treatment with da-

satinib, eradication of CAR T-cells by iCasp9 is not sufficient, as residual T-cells remain that 

cannot be eliminated. 
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4.5 The blockade of CAR T-cell function is reversible  

To exclude that the reduced effector functions of resting and activated CAR T-cells were a 

result of T-cells undergoing apoptosis, we performed 7-AAD/Annexin V staining of 

co-cultures with target cells (Figure 23). Surprisingly, a high percentage of untreated CAR 

T-cells entered an early apoptotic state during the first 24 hours of stimulation with 

K562/CD19, whereas dasatinib treated CAR T-cells showed a lower apoptosis-rate compared 

to untreated T-cells. However, the rate of apoptosis was still higher in T-cells treated with da-

satinib when compared to unstimulated T-cells. We therefore conclude that instead of induc-

ing apoptosis, dasatinib at least partially protects CAR T-cells against the induction of activa-

tion induced cell death.  

 Encouraged by this observation, we sought to evaluate if the observed blockade of 

T-cell function would be reversible. Thus we assessed the reversibility of CAR T-cell block-

ade after two hours, 24 hours and seven days of inhibition. After two hours in the presence of 

dasatinib , thus in a function OFF state, treated CAR T-cells regained functionality within two 

hours after removing dasatinib and achieved similar specific lysis as previously untreated 

CAR T-cells four hours after washing (Figure 24a). This reversibility was additionally con-

firmed for a CAR containing a CD28 costimulatory moiety (Figure 24b).  

 

.  

Figure 23: Dasatinib does not induce apoptosis in stimulated CAR T-cells.  

Viability of CD3
+
 CAR T-cells with and without stimulation (target -/+), analyzed after 24 hours by 

staining with 7-AAD/Annexin V. Dasatinib was added at assay set up (+) or one hour after assay set 

up ((+)). 7-AAD
-
/Annexin V

-
 T-cells were considered to be alive; 7-AAD

-
/Annexin-V

+
 T-cells were 

considered to be apoptotic; 7-AAD
+
/Annexin V

+
 T-cells were considered to be dead. * P ≤ 0.05, 

** P ≤ 0.005, *** P ≤ 0.000 by one-way ANOVA (Kruskal Wallis test). 
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Figure 24: Removal of dasatinib releases CAR T-cells from OFF to ON upon antigen encounter.  

Cytolytic activity of (a) CD19-CAR/4-1BB and (b) CD19-CAR/CD28 T-cells against K562/CD19. 

Dasatinib (100 nM) was present in the first two hours after assay setup (function OFF), and was 

removed at t = 0 (function ON). Cytolytic activity without dasatinib (0 nM) is shown for comparison. 

(c) CD19-CAR/4-1BB T-cells were treated with 100 nM dasatinib once daily over 8 days and were 

assassed for surival every second day by staining with 7-AAD/Annexin V (n = 1). (d-g) T-cells were 

treated for one or seven days (fresh dasatinib added once daily) with 100 nM dasatinib. (d, e) 

Dasatinib was removed and the cytolytic capacity of CAR T-cells was analyzed (dasa/no dasa, i.e. 

dasatinib pretreatment/no dasatinib in assay). For comparison, lysis by T-cells in the presence of 

dasatinib (dasa/dasa), without any treatment (no dasa/no dasa) and without dasatinib pretreatment (no 

dasa/dasa) was evaluated. (d, e) Levels of IFNγ (d) and IL-2 (e) after one or seven days of treatment, 

normalized to the amount of cytokines produced by untreated T-cells (-). Dasatinib (100 nM) was 

added at assay setup in the indicated groups (dasa during +). (f) The proliferation was calculated based 

on the cell proliferation-index and normalized to proliferation of untreated CAR T-cells. Data shown 

are mean values ± SD obtained in n = 3 experiments with T-cells from independent donors with * P ≤ 

0.05, ** P ≤ 0.005, *** P ≤ 0.0005 by two-way (a, d, e) or one-way ANOVA (f, g).  
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We then examined the effects of short (one day) and long-term (seven days) exposure towards 

dasatinib on the ability of CAR T-cells to regain their effector functions. Importantly, con-

firming the observation that dasatinib does not reduce T-cell viability during short exposure, 

long-term treatment did not induce apoptosis in T-cells (Figure 24c). Even after long-term 

exposure to dasatinib, CAR-T-cell instantly re-ignited their effector functions after removal of 

dasatinib and subsequent stimulation, as evidenced by specific high-level cytolytic activity, 

IFNγ and IL-2 secretion and productive proliferation, which were equivalent to CAR T-cells 

that had never been exposed to dasatinib (Figure 24d-g). Furthermore, none of the treatment 

conditions altered the sensitivity of CAR T-cells towards dasatinib, as re-exposure towards 

dasatinib was equally effective in both treatment conditions (Figure 24d-g). Taken together, 

the data show that inhibition of CAR T-cells is instantaneously and completely reversible. 

Seven days of consecutive treatment with dasatinib did not influence subsequent performance 

of T-cells regarding cytotoxicity, cytokine secretion and proliferation upon target dependent 

stimulation. Importantly, no desensitization towards dasatinib was observed. 

 So far, we demonstrated that dasatinib is a suitable candidate as a pharmaceutical safe-

ty switch for CAR T-cells in vitro. We have shown that by preventing the phosphorylation of 

key kinases during early signaling events, the induction of transcription factors such as NFAT 

is hampered and thus, CAR T-cell effector functions are controlled. Moreover, we have de-

scribed the kinetics of inhibition and re-activation after withdrawal and antigen encounter. 

Thus, we continued to perform proof-of-concept in vivo. 
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4.6 Dasatinib is able to control CAR T-cell activation in vivo  

4.6.1 Switching CAR T-cell function OFF with dasatinib in vivo 

To obtain proof-of-concept of dasatinib as a reversible, pharmacologic OFF switch for CAR 

T-cells in vivo, we employed a lymphoma xenograft model in immunodeficient NSG mice 

(Figure 25a). Mice were inoculated with firefly-luciferase_GFP-expressing Raji lymphoma 

cells on day 0 and received CD19-CAR modified or control T-cells on day 7. All T-cells also 

expressed the NFAT/GFP reporter gene to allow rapid read-outs of their activation state by 

flow cytometry. In each cohort, a subgroup of mice received six dosages of each 0.2 mg da-

satinib to create a function OFF phase immediately after T-cell transfer between day 7 and 

day 8. Thereafter, dasatinib administration was discontinued and T-cells were allowed to enter 

a function ON phase until day 10 (Figure 25a).  

 Analysis of peripheral blood, bone marrow and spleen on day 8 demonstrated that da-

satinib did not compromise CAR T-cell engraftment, as the frequency of T-cells in da-

satinib-treated and untreated mice was equivalent (Figure 25b). Repeat analysis on day 10 

showed that dasatinib had effectively controlled CAR T-cell proliferation during the OFF 

phase, as the frequency of CAR T-cells in dasatinib-treated mice was lower compared to un-

treated mice (Figure 25c). These data are supported by lower levels of NFAT/GFP reporter 

gene expression in CAR T-cells and control T-cells that were obtained from dasatinib-treated 

and untreated mice (Figure 25d).  

 Next, we analyzed lymphoma progression and regression and focused on the treatment 

group that received CAR T-cells and dasatinib (Figure 25e). During the initial OFF phase, i.e. 

in the presence of dasatinib between day 7 and day 8 after T-cell transfer (left diagram), there 

was rapid lymphoma progression. In contrast, we observed rapid lymphoma regression during 

the ON phase, i.e. once dasatinib had been discontinued (right diagram). Lymphoma progres-

sion in this group during the OFF phase was faster compared to mice that received 

CAR T-cells without dasatinib, indicating that dasatinib inhibited CAR T-cell function in vi-

vo. Importantly, once dasatinib had been discontinued, CAR T-cells ignited their function and 

conferred a potent anti-lymphoma effect, demonstrating that the function OFF phase had been 

reversed. 

 

4.6.2 Switching CAR T-cells OFF after infusion prevents cytokine release  
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To further characterize dasatinib-mediated control of CAR T-cells in vivo, we evalated the 

serum cytokine levels during OFF and ON phase in mice that had been treated with CAR 

T-cells. During the OFF phase, treatment with dasatinib prevented the production of cytokines 

by CAR T-cells. Serum levels of GM-CSF, IFNγ, TNFα, IL-2, IL-5 and IL-6 were signifi-

cantly lower in mice that had received CAR T-cells and dasatinib compared to mice that had 

received CAR T-cells alone, and similar to mice that had received control T-cells (Figure 26).  

 

Figure 25: Dasatinib acts as a reversible OFF switch for CAR T-cells in vivo. 

(a) Treatment schedule and experimental setup. NSG mice received either CD19-CAR/4-1BB T-cells 

or untransduced T-cells (ctrl). Dasatinib was administered to indicated groups from day 7 to day 8 to 

create a function OFF phase. Afterwards, dasatinib was discontinued to induce a function ON phase. 

Mice were analyzed for (b) engraftment of T-cells on day 8, and (c) for proliferation of T-cells on 

day 10. Diagrams show the percentage of human T-cells gated on living cells and defined as CD19
-
, 

CD3
high

 and CD45
high

. (d) The activation level of CAR T-cells in the function OFF state (day 8) is 

displayed as the MFI of NFAT dependent GFP expression. (e) Diagrams show lymphoma 

progression/regression during OFF (day 6 to day 8) and ON phase (day 8 to day 10) in individual mice 

of each treatment group. The change in tumor burden was calculated from ventral bioluminscence 
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imaging (BLI) signal. Data shown are mean and individual values analyzed by two-way ANOVA 

(b-d) or one-way ANOVA (Kruskal-Wallis test) (e) with * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005. 

 

Figure 26: Placing CAR T-cell function into OFF after infusion prevents cytokine release. 

NSG mice were inoculated with Raji/ffluc_GFP tumor cells. Mice received either CD19-CAR/4-1BB 

T-cells (CAR) or untransduced T-cells (ctrl). Dasatinib was administered to indicated groups from 

day 7 to day 8 to create a function OFF phase. Afterwards, dasatinib was discontinued to induce a 

function ON phase. Diagrams show serum levels of GM-CSF (a), IFNγ (b), TNFα (c), IL-2 (d), IL-5 

(e) and IL-6 (f) during the OFF and ON phase. Data shown are mean and individual values analyzed 

by one-way ANOVA (Kruskal-Wallis test) with * P ≤ 0.05, ** P ≤ 0.005. 

 

Consistent with our previous data showing that CAR T-cells re-ignite their function after dis-

continuation of dasatinib, we detected elevated serum cytokine levels during the ON phase. 

Notably, the absolute levels of serum cytokines were lower in mice that had gone through an 

initial OFF phase compared to mice that had not. In summary, our analysis of serum cyto-

kines shows that dasatinib can completely inhibit cytokine secretion from CAR T-cells and 

suggest that an initial OFF phase immediately after CAR T-cell transfer can lower peak cyto-

kine levels to prevent CRS.  

 

4.6.3 Long-term inhibition of CAR T-cells in vivo 
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We evaluated whether dasatinib-mediated inhibition could be maintained over several days. 

Therefore, we engaged osmotic pumps filled with dasatinib. Due to their special design, these 

pumps permanently release small amounts of a preloaded drug to the surrounding tissue, 

which is taken up and distributed to the whole body with the blood flow. In a pre-experiment, 

we determined the optimal set up and loading of the pump. By filling the pump with 3.75 mg 

dasatinib dissolved in DMSO/PEG (1:1) mice reached a serum level of 43 µg/L, which equals 

a concentration of 86 nM. Thus, immunodeficient NSG mice were inoculated with fire-

fly-luciferase_GFP-expressing Raji lymphoma cells on day 0 and pumps filled with dasatinib 

or DMSO/PEG only were implanted on day 7. Taken the priming phase of 20 hours into ac-

count, dasatinib was released until day 13, and pumps were explanted on day 14. Mice re-

ceived 5x10
6
 T-cells composed of CD8

+
 and CD4

+
 T-cells at a ratio of 1:1 by i.v. injection on 

day 8. Imaging was performed regularly to evaluate the development of the tumor burden. 

Blood was drawn on day 10, 12, 17 and 21 to analyze serum cytokines.  

 The tumor grew rapidly in mice of the control cohort (ctrl +DMSO), and animals had 

to be sacrificed due to tumor burden on day 21 (Figure 27a-c). In mice recieving CAR T-cells 

and control pumps, the tumor increased until day 10, but afterwards started to decrease in 

three out of four mice and was not detectable by day 21. The fourth mouse showed delayed 

anti-tumor response starting on day 12, and relapsed after day 21. In mice recieving CAR 

T-cells and dasatinib filled pumps, the tumor continued to grow until day 14, thus in the pres-

ence of dasatinib, in two out of four mice, and was stable in another one. However, tumor 

growth was decreased in comparison to mice receiving ctrl T-cells. After dasatinib removal, 

the tumor burden was reduced in all mice of the CAR/dasa cohort, indicating that T-cells had 

been partially inhibited in the presence of dasatinib, and regained cytolytic function after da-

satinib was not longer provided. In two mice of this cohort, no tumor was detectable by day 

21, whereas the other two relapsed and needed to be sacrificed on day 28 and 42 respectively 

(Figure 27a-c).  

 Additionally, we analyzed the serum cytokine levels by Luminex analysis (Figure 

27d, f). During dasatinib treatment, which was between day 10 and day 12, the levels of IFNγ, 

IL-2 and IL-5 were reduced. However, the levels of IL-8 and GM-CSF were similar between 

dasatinib and control treated cohorts. In contrast, the levels of all tested cytokines were higher 

in mice that had received dasatinib before when compared to mice that had received CAR 

T-cells and control pumps on day 17, and levels were similar on day 21. In summary, we were 

able to achieve partial inhibition of T-cell function by the use of osmotic pumps. Block of 

function was not observed in all animals, and the level of inhibition varied between individu-
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als of the treatment cohorts. Additional serum level analysis revealed a highly variable da-

satinib serum level in mice despite equal treatment. Thus, we reason that a serum concentra-

tion of dasatinib sufficient to completely block all effector functions was not reached in all 

mice, leading to the described mixed results.  

 

7 1 0 1 2 1 4 1 7 2 1 2 8 3 7 4 2

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

d a y  a fte r  tu m o r in o c u la tio n

A
v

g
 R

a
d

ia
n

c
e

 p
/s

/c
m

2
/s

r

v
e

n
tr

a
l

C A R  + D M S Oc tr l + D M S O C A R  + d a s a

tim e  [d a y s ]

 I
F

N
g

 [
p

g
/m

l]

1 0 1 2 1 7 2 1

0

1 0 0

2 0 0

3 0 0

4 0 0

tim e  [d a y s ]

IL
-2

 [
p

g
/m

l]

1 0 1 2 1 7 2 1

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

tim e  [d a y s ]

IL
-5

 [
p

g
/m

l]

1 0 1 2 1 7 2 1

0

2

4

6

8

1 0

**

t im e  [d a y s ]

IL
-8

 [
p

g
/m

l]

1 0 1 2 1 7 2 1

0

1

2

3

4

*

t im e  [d a y s ]

G
M

-C
S

F
 [

p
g

/m
l]

1 0 1 2 1 7 2 1

0

5

1 0

1 5

2 0

2 5

c tr l + D M S O

C A R  + D M S O

C A R  + d a s a

d 7

d 1 0

d 1 2

d 1 4

d 1 7

d 2 1

d 2 8

c tr l + D M S O C A R  + D M S O C A R  + d a s a

d a y s  a fte r  tu m o r in o c u la tio n

A
v

g
 R

a
d

ia
n

c
e

 p
/s

/c
m

2
/s

r

v
e

n
tr

a
l

7 1 0 1 2 1 4 1 7 2 1 2 8 3 7 4 2

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

C A R  + D M S O C A R  + d a s a

b c

e

d

a

R a ji

1x10
6

d a y  7

T  c e lls

5x10
6

d a y  0 d a y  1 3

O N /O N

O F F /O N

d a s a  d e liv e ry  b y  p u m p

tim e  [d a y s ]

 I
F

N
g

 [
p

g
/m

l]

1
0

1
2

1
7

2
1

0

1 0 0

2 0 0

3 0 0

4 0 0

tim e  [d a y s ]

IL
-2

 [
p

g
/m

l]

1
0

1
2

1
7

2
1

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

tim e  [d a y s ]

IL
-5

 [
p

g
/m

l]

1
0

1
2

1
7

2
1

0

2

4

6

8

1 0

tim e  [d a y s ]

IL
-8

 [
p

g
/m

l]

1
0

1
2

1
7

2
1

0

1

2

3

4

tim e  [d a y s ]

G
M

-C
S

F
 [

p
g

/m
l]

1
0

1
2

1
7

2
1

0

5

1 0

1 5

2 0

2 5

c tr l + D M S O

C A R  + D M S O

C A R  + d a s a

f



 

 

63 Results 

Figure 27: Long term control of CAR T-cells by dasatinib.  

NSG mice were inoculated with Raji/ffluc_GFP tumor cells on day 0. Mice received either 

CD19-CAR/4-1BB T-cells (CAR) or untransduced T-cells (ctrl) on day 7. Osmotic pumps containing 

dasatinib were implanted prior to T-cell administration, releasing dasatinib between day 7 and day 13 

to create a function OFF phase. Afterwards, dasatinib was discontinued to induce a function ON 

phase. Figure 27 (continued): (a) Luminescence imaging of ffluc Raji tumor cells. Quantification of 

bioluminescence signal as ventral average radiance, displayed (b) as median of all mice in a referring 

cohort and (c) signals of individual animals. (d) Serum levels of IFNγ, IL-2, IL-5, IL-8 and GM-CSF 

were analyzed on indicated days by Luminex analysis. Data shown are mean values analyzed by 

one-way ANOVA (Kruskal-Wallis test). 

 

4.6.4 Dasatinib pauses activated CAR T-cells in a function OFF state in vivo 

Finally, we wanted to determine whether dasatinib was capable of halting CAR T-cells that 

were strongly activated and already in the process of conferring their function in vivo. In a 

second set of experiments, we therefore administered dasatinib between day 10 and day 12 

after T-cell transfer to create a function ON-OFF-ON sequence (Figure 28a). In the first phase 

after T-cell transfer (day 7 to day 10), CD19-CAR T-cells commenced exerting their antilym-

phoma activity and were strongly activated, as demonstrated by BLI (Figure 28b, c) and se-

rum cytokine analysis (function ON) (Figure 28d). In the second phase after T-cell transfer 

(day 10 to day 12), we administered dasatinib to a subgroup of mice that had received CD19-

CAR T-cells. The data show that dasatinib rapidly induced a function OFF state and halted 

antilymphoma reactivity, as evidenced by increasing BLI signal and decreasing IFNγ in serum 

from each of the mice in this subgroup. In contrast, the BLI signal did not increase (Figure 

28b) and IFNγ remained stable during this phase in mice that had received CD19-CAR 

T-cells but no dasatinib (Figure 28d). In the third phase (after day 12), administration of da-

satinib was discontinued in order to allow CAR T-cells to revert back into their function ON 

state. Indeed, CAR T-cells rapidly resumed their antilymphoma function as revealed by rapid-

ly decreasing BLI signal and increasing serum IFNγ in each of the mice.  

 Surprisingly, with longer follow-up, we observed further lymphoma regression and 

reduction of BLI signal to background levels in the CD19-CAR/dasatinib subgroup that final-

ly achieved a superior response compared to the subgroup of mice that had received 

CD19-CAR T-cells but no dasatinib (Figure 29a). We thus hypothesized that dasatinib might 

prevent the induction of exhaustion in T cells. To validate this, we sacrificed the two animals 
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showing the highest BLI signaling in each group on day 26 (Figure 29b) and analyzed bone 

marrow for the presence of T-cells and their phenotype. 

 We observed that in cohorts treated with CAR T-cells only, T-cell presence was in-

versely correlated with tumor burden, as the mouse with high tumor burden showed lower 

T-cell counts (Figure 29c). Interestingly, this particular mouse showed only minor response to  
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Figure 28: Dasatinib pauses activated CAR T-cells in a function OFF state in vivo.  

(a) Treatment schedule and experimental setup. Mice received either CD19-CAR/4-1BB T-cells or 

untransduced T-cells (ctrl) on day 7 (function ON phase). Dasatinib was administered to indicated 

groups from day 10 to day 12 to create a function OFF phase. Afterwards, dasatinib was discontinued 

(function ON phase).  
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Figure 28 (continued): (b) Diagrams show tumor burden in each treatment group in the function 

ON-OFF-ON sequence for individual mice (left diagram) an median BLI signal (right diagram). (c) 

Bar diagrams show lymphoma progression/regression during ON (day 7-10), OFF (day 10-12) and ON 

phase (day 12-17) in individual mice of each treatment group. (d) IFNγ serum level during ON 

(day 10, day 14, day 17) and OFF phases (day 12). Data shown are mean and individual values. 

Statistical analysis was performed between CAR (ON) and CAR (ON/OFF/ON) by two-way ANOVA 

(b, d) or Mann-Whitney-U-test (c) with * P ≤ 0.05, ** P ≤ 0.005, *** P ≤ 0.0005. 

 

CAR-treatment in the beginning, resulting in rapid tumor progression at time of analysis. 

PD-1 was upregulated on human CAR T-cells isolated from this mouse (Figure 29d), suggest-

ing that high tumor burden induced exhaustion in CAR T-cells that fail to proliferate and thus 

to eradicate the tumor. 

 Regarding the presence of T-cells, there was no difference between mice of compara-

ble tumor burden in CAR- and ctrl treated cohorts with and without dasatinib. As expected, 

the ratio of CD8
+
 and CD4

+
 cells was not altered by dasatinib in CAR-treated animals (Figure 

29e). However, in ctrl T-cell treated mice, remaining T-cells were mostly of CD8
+
 origin, 

whereas the level of CD4
+
 T-cells was low. PD-1 was highly expressed on the surface of ctrl 

T-cells, which was probably due their failure to reduce tumor burden, and was comparable 

between CAR T-cell treated mice with low burden.  
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Figure 29: Long term effects of switching CAR T-cells OFF in vivo. 

Mice received either CD19-CAR/4-1BB T-cells (CAR) or untransduced T-cells (ctrl) on day 7. 

Dasatinib was administered to indicated groups from day 10 to day 12 to create a transient function 

OFF phase (CAR+dasa, ctrl+dasa). Afterwards, dasatinib was discontinued (function ON phase). (a) 

Diagrams show development of tumor burden in each treatment group over 52 days for individual 

mice (left diagram) and median BLI signal (right diagram). (b) Diagram shows bioluminescence of 

each two mice per cohort with highest tumor burden measured on day 24, that were sacrificed on 

day 26. (c) Bar diagram shows presence of human T-cells in bone marrow as percentage of living 

events in mice sacrificed on day 26. Samples are stained with 7-AAD to discriminate dead cells, and 

human T-cells are defined as CD3
+ 

CD45
+
. (d) PD-1 expression on human T-cells and (e) distribution 

of CD4
+
 (left axis) and CD8

+
 T-cells (right axis), pregated on living human T-cells, out of bone 

marrow samples of mice sacrificed on day 26. 
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4.7 Intermittent treatment with dasatinib enhances T-cell performance  

The previous data suggested that switching CAR T-cells OFF for two days improves the out-

come by preventing T-cell exhaustion. We thus sought to study whether we could prevent ex-

haustion in T-cells while avoiding a complete shutdown of T-cell function. We therefore em-

ployed a xenograft model in immunodeficient mice (NSG/Raji) to analyze if CAR T-cells ef-

ficacy could benefit from intermittent exposure to dasatinib. Thus, cohorts of n≥ 2 mice were 

inoculated with 1x10
6
 firefly-luciferase_GFP-transduced Raji tumor cells on day 0. CAR 

T-cells (i.e. CD8
+
 and CD4

+
 CD19-CAR/4-1BB T-cells, total dose: 5x10

6
; CD8:CD4 ratio = 

1:1) or untransduced control T-cells were administered on day 7 by tail vein injection. 

5 mg/kg dasatinib were administered by i.p. injection every 24 hours from day 7 until day 11 

followed by i.p. injection every 36 hours on day 12 and day 14 (total seven doses) (Figure 

30a).  

 

 

Figure 30: Improved function of CAR T-cells after intermittent administration of dasatinib. 

(a) Mice received either CD19-CAR/4-1BB T-cells (CAR) or untransduced T-cells (ctrl) on day 7. 

Dasatinib was administered once daily to indicated groups from day 7 to day 14, as indicated by 

arrows. (b) Dorsal BLI signal is displayed as average radiance in p/s/cm
2
/sr obtained from regions of 

interest encompassing the entire dorsal body of each mouse in the respective treatment cohort. (c) The 

frequency of CAR-modified and control untransduced T-cells (identified as CD3
+
 CD45

+
) as 

percentage of live (7-AAD
-
) cells. Each cohort consists of two animals. Key to legend: ctrl/- : mice 

had received untransduced control T cells and received no dasatinib; ctrl/+ : mice had received 
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untransduced control T cells and received dasatinib; CAR/- : mice had received CD19-CAR T cells 

and received no dasatinib; CAR/+ : mice had received CD19-CAR T cells and had received dasatinib. 

Based on the known pharmacokinetic and -dynamic of dasatinib in mice (85), this provided a 

window of approximately six hours after each injection when dasatinib was present in mouse 

serum at a concentration of > 50 nM, which should lead to a temporary blockade of CAR 

T-cell function as shown in the previous chapters. During the following 21 hours (until the 

next injection), dasatinib should be below the inhibitory threshold of 50 nM and therefore 

should not have inhibitory effects on CAR T-cell function. On day 15, mice were sacrificed 

and bone marrow (BM) and spleen (SP) were analyzed for the presence of human CAR 

T-cells by flow cytometry.  

 Mice that had received CAR T-cells and dasatinib showed superior tumor control and 

slower tumor progression compared to mice that had received CAR T-cells without dasatinib 

(Figure 30b). On day 15, the average bioluminescence signal in mice that had received CAR 

T-cells without dasatinib was 1.9e10 p/s/cm*2/sr, whereas in mice that received CAR T-cells 

and intermittent treatment with dasatinib the average bioluminescence signal was only 

5.6e9 p/s/cm*2/sr. On day 15, there was no difference in bioluminescence signal between 

mice that had received untransduced control T-cells with or without dasatinib. Additionally, 

the percentage of human CAR T-cells in bone marrow and spleen was higher in animals that 

had been treated with intermittent dasatinib (BM: 7.3 %; SP: 6.9 %) when compared to ani-

mals that had received CAR T-cells but no intermittent dasatinib (BM: 1.9 %, SP: 3.2 %). 

This improved proliferation and persistence seems to be antigen-specific, as control T-cells 

did not show higher percentages in cohorts that additionally received dasatinib (Figure 30c).  

 When the experiment was repeated, the treatment schedule was slightly altered (Figure 

31a). As before, T-cells showed improved performance when dasatinib was injected once dai-

ly, and lowered the tumor burden (Figure 31b). However, the percentages of human T-cells in 

all analyzed tissues were similar between dasatinib- and control-treated animals (Figure 31c). 

We thus analyzed the surface expression of PD-1 on human CAR T-cells in bone marrow, 

peripheral blood and spleen by flow cytometry to evaluate if dasatinib could influence the 

T-cell phenotype with regard to exhaustion. The data show that intermittent exposure of da-

satinib significantly reduces PD-1 expression in CAR T-cells in bone marrow and peripheral 

blood compared to CAR T-cells in corresponding organs of mice that were not exposed to in-

termittent dasatinib (Figure 31d). In bone marrow, the MFI obtained after staining CAR 

T-cells with an anti-PD1 mAb was 9461 (4318 in SP, 4110 in PB, respectively) in mice that 
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had not been exposed to dasatinib (CAR/-), and was 7025 (3652 in SP, 2775 in PB, respec-

tively) in mice that had been intermittently treated with dasatinib (CAR/+).  

 In aggregate, these data show that intermittent exposure to dasatinib augments the an-

titumor function of CAR T-cells in vivo. This could be explained by increased T-cell num-

bers, which are more efficient in the eradication of tumor, and by downregulation of PD-1 

which might result in more efficient tumor killing, even when numbers of T-cells are not al-

tered. 

 

 

Figure 31: Intermittent treatment with dasatinib reduces PD-1 expression in CAR T-cells  

(a) Mice received either CD19-CAR/4-1BB T-cells (CAR) or untransduced T-cells (ctrl) on day 7. 

Dasatinib was administered once daily to indicated groups from day 7 to day 13. (b) Tumor burden 

was assessed by bioluminescence imaging. Dorsal bioluminescence signal is displayed as average 

radiance in p/s/cm
2
/sr obtained from regions of interest encompassing the entire dorsal body of each 

mouse in the respective treatment cohort. (c) The frequency of CAR-modified and control 

untransduced T-cells (identified as human CD3
+
 / human CD45

+
) as percentage of live (7-AAD

-
) cells. 

(d) PD-1 expression on CD19-CAR/4-1BB T-cells as mean fluorescence intensity (MFI) obtained 

after staining with anti-PD1 mAb. Each cohort consists of 4 animals. ** P ≤ 0.005, *** P ≤ 0.0005. 

Key to legend: CAR/- : mice had received CD19-CAR T-cells and received no dasatinib (black bars); 

CAR/+ : mice had received CD19-CAR T-cells and had received dasatinib (grey bars).   
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4.8 Conclusion 

CAR T-cells are ‘living’ anticancer drugs that are essentially ‘out of control’ after administra-

tion to the patient. Because of their tremendous potency and detrimental ability to induce 

life-threatening toxicity, there is an unmet desire for technologies that provide control over 

CAR T-cells and their effector functions in real-time during the course of adoptive immuno-

therapy. We hypothesized that the use of kinase inhibitors would provide an excellent option 

for a tailor-made control of CAR T-cells. Indeed, we demonstrate that the TKI dasatinib can 

be used as a reversible, pharmacologic OFF switch for CAR T-cells. Our data show that da-

satinib confers titratable, partial to complete control over cytolytic and cytotoxic activity, cy-

tokine secretion and proliferation in CD8
+
 and CD4

+
 CAR T-cells. We show that treatment 

with dasatinib retains resting CAR T-cells in an inactive function OFF state; and pauses CAR 

T-cells that are captured early during their activation phase. Intriguingly, dasatinib treatment 

does not affect the viability of CAR T-cells, and after discontinuation of dasatinib, the func-

tion OFF state is rapidly and completely reversed. Additionally, we show that other TKIs in-

cluding clinically approved Bosutinib and experimentally tested PP1 influence the effector 

functions of CAR T-cells. 

 Based on these data, we accept the hypothesis that the TKI dasatinib provides an ele-

gant option to exert control over CAR T-cell activation and effector functions by interfering 

with the phosphorylation of key kinases involved in CAR signaling. Having shown that da-

satinib cuts off the signaling cascade and thus the activation of CAR T-cells we additionally 

discovered that intermittent application of dasatinib can mitigate exhaustion in CAR T-cells in 

vivo.  
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5 Discussion 

5.1 Dasatinib - a universally applicable safety tool for CAR T-cell therapy  

5.1.1 Controlling CAR T-cells with dasatinib 

For the presented study, we had hypothesized that kinase inhibitors could be a tool to steer 

CAR T-cell effector functions in anti-cancer therapy. Dasatinib was identified as the lead 

candidate by screening a panel of TKI and Src kinase inhibitors, including imatinib and ni-

lotinib, where it was the only substance to modulate CAR T-cell effector functions at feasible 

dose (86). So far, dasatinib is clinically approved for the treatment of Ph
+
 leukemia, and func-

tions by inhibiting the BCR-ABL fusion protein that is caused by a translocation of chromo-

some 9 and 22.  

 In the presented study, we show for the first time that dasatinib also blocks the activa-

tion and execution of effector functions of CAR modified T-cells. The literature describes that 

besides BCR-ABL, dasatinib also interferes with a variety of other kinases including Lck, 

which is part of the T-cell signaling cascade. After TCR engagement, Lck undergoes au-

to-phosphorylation, and confers phosphorylation of CD3zeta and Zap70, leading to activation 

of primary T-cells. Thereby, Lck is known as the key mediator that is essential for TCR in-

duced activation (87). By western blot analysis, we show that dasatinib prevents activa-

tion-induced phosphorylation of Lck and its downstream kinases in resting CAR T-cells. Sim-

ilar to its role in signaling of the endogenous TCR, Lck is one of the key molecules in the 

CAR mediated signaling after antigen-recognition. By inhibiting Lck, dasatinib consecutively 

prevents the induction of transcription factor NFAT, and CAR T-cells are retained in a func-

tion OFF state in the presence of dasatinib. Previous studies have shown that by acting as a 

competitive binder, dasatinib blocks the ATP binding site of Lck, and thus prevents the acti-

vation of unmodified T-cells (73). To achieve complete blockade of T-cell function it there-

fore seems to be necessary to block all available Lck molecules are blocked by dasatinib. 

Thus, when dasatinib is administered at a level not sufficient to suppress ATP binding to Lck, 

T-cells might get partially activated and exert a reduced level of effector functions. 

 When added simultaneously or shortly after beginning of the co-culture, dasatinib 

completely blocked all effector functions. Thus, our data suggest that dasatinib pauses acti-

vated CAR T-cells in a function OFF when applied before phosphorylation of Lck is complet-

ed. As dasatinib does not affect the late signaling events that are related to gene expression, it 

does not prevent the execution of effector functions once the signaling has passed beyond the 

phosphorylation of Lck, which can be defined as a ‘point of no return’. However, our data al-
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so show that late administration of dasatinib prevents the subsequent activation of CAR 

T-cells when encountering antigen in a second stimulation, and demonstrate that once inhibi-

tion is established, it can be perpetuated as long as dasatinib is provided at a concentration of 

> 50 nM.  

 When comparing the sensitivity of T-cells expressing different CARs towards da-

satinib, we observed that changing the costimulatory domain slightly altered the sensitivity of 

CAR T-cells towards dasatinib-mediated inhibition. CARs containing a 4-1BB costimulatory 

domain were more sensitive towards dasatinib induced blockade of function when compared 

to a CAR with CD28 co-stimulation and otherwise equal design. This might be caused by dif-

ferences in the signaling cascade evoked by both costimulatory domains (88). In 

non-modified T-cells, engagement of 4-1BB enhances phosphorylation of Lck (89), whereas 

CD28 directly binds Lck and thus mediates recruitment of Lck to the immune synapse (90). 

As this study focused on receptors containing CD28 or 4-1BB as costimulatory moieties, it 

needs to be evaluated how dasatinib affects CARs containing other co-stimulatory domains, 

e.g. inducible T-cell costimulator (ICOS) and tumor necrosis factor receptor superfamily, 

member 4 (OX40). However, due to the mechanism of action revealed in this study, we ex-

pect the steering features of dasatinib over CAR T-cell activation to apply for any CAR using 

CD3zeta as the major signaling domain, or any receptor relying on Lck mediated signaling. 

 Furthermore, we have shown that dasatinib-induced inhibition of T-cell function is 

largely independent of CAR-specificity. We observed only minor differences in the sensitivity 

of CD19- and ROR1-targeting CAR T-cells towards dasatinib-mediated. These differences 

could be target specific and related to antigen density, but could also be caused by CAR affin-

ity for their respective epitope. The antigen binding fragment of an antibody (Fab) used to 

generate the scFvs of the CARs used in this study have different affinities of 0.42 nM (CD19, 

FMC63) and 0.56 nM (ROR1, R12), respectively (91, 92). In our study, the ROR1-CAR (thus 

the CAR with lower affinity) was slightly more susceptible towards dasatinib-mediated inhi-

bition, as a lower concentration of dasatinib was sufficient to mediate a total block of function 

in ROR1 targeting CAR T-cells when compared to the CARs targeting CD19. From the fact 

that all tested CARs in this study where susceptible to dasatinib-mediated inhibition in gen-

eral, we conclude that dasatinib can be used as a universally applicable tool to steer CAR 

T-cell function, even though the amount of dasatinib needed to achieve full control might 

need to be adjusted depending on the CAR itself.  

 Additionally, we have demonstrated that dasatinib not only confers complete blockade 

of CAR T-cell function, but also can be titrated to induce a gradual reduction of effector func-
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tions. In our study, concentrations between 3.25 nM and 25 nM conferred dose dependent re-

duction of effector functions. Based on the underlying mechanism, we conclude that low lev-

els of dasatinib do not induce saturation of ATP binding sites at the Lck molecule, and T-cells 

can get partially activated. Using an NFAT-based reporter system (93), we confirmed that re-

duced CAR T-cell function is caused by lower activation on a single cell level.  

 Our experiments focused mainly on the effects of dasatinib towards CD8
+
 central 

memory T-cells. However, recent studies suggest that there are advantages of using naïve 

CD8
+
 T-cells for immunotherapy, as these can differentiate into both long lasting memory and 

short lived effector T-cells with high cytolytic potential and can be generated at higher num-

bers (20, 94). It has been shown in non-modified T-cells that naïve T-cell subsets are equally 

affected by dasatinib, and only minor differences have been described with regard to the con-

centration needed for full inhibition of non-modified naïve and memory T-cells (76). There-

fore, we anticipate that dasatinib will be equally effective in naïve and memory T cells. As 

CAR T-cell products contain a combination of CD8
+
 and CD4

+
 T-cells, we confirmed our ob-

servations in CD4
+
 bulk T-cells. In these cells, the sensitivity towards dasatinib-mediated in-

hibition was only marginally changed when compared to CD8
+
 central memory derived 

T-cells, which is in line with published literature regarding unmodified T-cells (76). As the 

early signaling events after CAR engagement are similar in CD4
+
 and CD8

+ 
CAR T-cells, the 

kinetics and sensitivity of dasatinib-mediated inhibition are similar in CD4
+ 

and CD8
+ 

derived 

T-cell subsets. 

 

5.1.2 Regaining effector functions after CAR T-cell inhibition 

During our study, neither the prevention nor the abrogation of CAR T-cell activation with da-

satinib induced apoptosis. Instead, we observed high levels of early apoptotic T-cells follow-

ing antigen specific activation in the absence of dasatinib. Apoptosis only occurred in CAR 

T-cells in the presence of antigen expressing target cells, and remaining T-cells recovered 

original numbers by proliferation in two to three days. We explain this observation by activa-

tion induced cell death (AICD), which is in line with current literature describing AICD in 

CARs tuned to elicit the highest magnitude of T-cell function (95). In our study, apoptosis 

was reduced in the presence of dasatinib, indicating that dasatinib can prevent activation in-

duced cell death and thus can improve the viability of CAR T-cells.  

 The fact that dasatinib itself is not toxic towards CAR T-cells highlights its potential 

use as a reversible safety switch, which is an advantage of dasatinib over safety tools that 

function by T-cell elimination. Indeed, inhibition was instantly reversible independent of 
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treatment duration. Structural analyses suggest that the interaction between dasatinib and Lck 

is based on hydrogen bounds, mediating a rapidly reversible interaction (73). When the con-

centration of dasatinib is reduced, e.g. by washing (in vitro) or due to clearance in vivo, da-

satinib dissociates from Lck. Subsequently, ATP can enter its designated pockets, leading to 

auto-phosphorylation of Lck and activation of CAR T-cells. Accordingly, we found that the 

blockade of CAR T-cell function was rapidly reversible after removal of dasatinib in our in 

vitro assays, and discontinuation of dasatinib administration in our in vivo model. The data 

also suggest that dasatinib does not change the genomic expression of the CAR or kinases in-

volved in CAR signaling, but interacts with the phosphorylation of Lck, Zap70 and CD3zeta. 

Thus, the achieved blockade of CAR T-cell activation and also the subsequent regain of func-

tion enable a highly flexible use of dasatinib to steer CAR T-cell effector function in vitro and 

in vivo. Confirmed by our data, reversibility of inhibition equally applies for short-term inhi-

bition of a few hours, but also for long-term inhibition of up to seven days. We therefore con-

clude that, considering CAR T-cell fitness and reversibility of inhibition, switching T-cells 

OFF for at least seven days is highly feasible. Using dasatinib to control CAR T-cells for ap-

proximately one week also seems to be a relevant therapeutic window for the treatment of ad-

verse events in patients, considering that many side effects including CRS requiring control 

are acute toxicities that need to be managed immediately, but normally resolve within a few 

days. However, due to the instant reversibility of dasatinib-mediated T-cell blockade, (partial) 

elimination of CAR T-cells might be appropriate and should be considered when long-term 

regulation is required. 

 

5.1.3 Pharmacokinetic of dasatinib in mice and human 

So far, dasatinib is available as an orally administered pill, which might be sufficient in hu-

mans to achieve CAR T-cell control. As controlled oral application is difficult in mice, and 

because dasatinib has a serum half-life of less than one hour in mice (85) we administered da-

satinib to mice by regular i.p. injections in order to keep the serum level above the threshold 

required for complete CAR T-cell inhibition. Indeed, using this model, we could demonstrate 

that a full blockade of T-cell functions including proliferation, specific lysis and the secretion 

of cytokines could be achieved in resting and activated CAR T-cells.  

The intended time frame for the clinical use of dasatinib as a reversible CAR T-cell 

OFF switch is in the order of one to several consecutive days. We thus aimed to demonstrate 

the concept of dasatinib as an OFF switch over longer time. As multiple daily injections over 

a time of up to one week was neither applicable for mice nor researchers, we performed a pi-
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lot study in mice and implanted osmotic pumps with a drug delivery span of seven days. Un-

fortunately, release of dasatinib from the pump was perpetuated by the low solubility of da-

satinib in aqueous surrounding, leading to highly variable serum levels in mice treated with 

dasatinib. Consequential, the activity of T-cells ranged from completely blocked to fully func-

tional. However, issues associated with solubility and fast elimination might not arise in the 

treatment of human patients, as administration routes are different in human than in mice. 

Analyses of dasatinib’s pharmacokinetic in humans have shown that serum levels of 100 nM 

can be achieved by single administration of today’s standard dose of 100 mg to 180 mg per 

day. However, due to the elimination half-life of four hours after oral administration in hu-

mans, multiple dosages per day might be needed to maintain the desired serum level that ena-

bles complete suppression of CAR T-cell activation (96). This assumption is supported by the 

fact that most patients receiving dasatinib once daily at a dose of 100 mg to 180 mg for the 

treatment of CML or ALL do not show signs of immunosuppression. If dasatinib proves to be 

appropriate for the treatment of CAR related toxicities, the development of other formulations 

including i.v. infusions could be considered. In summary, neither the poor solubility nor the 

relatively short elimination half-life should be a reason to not pursue the use of dasatinib as a 

pharmaceutical CAR control. 

Accordingly, we analyzed the capability of other clinically approved TKIs with longer 

elimination half-life to effectively control CAR T-cell function. Saracatinib is an experimental 

drug originally developed for the treatment of cancer patients, but its development was further 

pursued for other applications including Alzheimer’s disease. Additionally, we included bosu-

tinib in our study, which is approved since 2012 for the second line treatment of CML. Both 

TKIs were chosen for evaluation in our study because of their similar inhibition pattern com-

pared to dasatinib, as they selectively block the phosphorylation of BCR-ABL and SRC fami-

ly kinases. In contrast to dasatinib, saracatinib and bosutinib show a prolonged elimination 

half-life of 40 hours and 20 hours, respectively, in patients. In the tested dose range, only bo-

sutinib was able to mediate T-cell inhibition, and high levels (> 100 nM) were needed to ob-

serve inhibitory effects. From pharmacological studies it is known that levels up to ~200 nM 

can be achieved in patients following single oral administration of 500 mg, a dosing that is 

accompanied by acceptable side effects (97). Therefore, bosutinib might display an interesting 

alternative to dasatinib that could be used to steer CAR T-cell function while offering a longer 

half-life than dasatinib. In our study, saracatinib did not show inhibitory effects towards CAR 

T-cells; however, it cannot be excluded that higher levels of saracatinib are needed to induce 

T-cell inhibition. Of note, the maximum oral dose of saracatinib is 175 mg once daily, leading 
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to a serum concentration of ~275 nM (98), which was not sufficient to induce immunomodu-

latory effects in our study. During phase I clinical trial, higher dosing was associated with 

non-tolerable toxicities (98); therefore saracatinib seems not to be suitable as a pharmaceuti-

cal safety switch for CAR T-cells. 

We hypothesized that TKIs targeting Lck should in general be able to influence (CAR) 

T-cell functions, with the level of inhibition being a matter of dosage. To support this notion, 

we show that PP1, which is a highly specific inhibitor targeting Src family kinases, can pre-

vent the specific lysis of target cells at a similar dosing scheme as dasatinib. Unfortunately, 

PP1 is not clinically tested nor approved, and its elimination half-life is unknown. In conclu-

sion, it might be interesting to further investigate the inhibitory potential of selective Src 

family inhibitors.  

 

5.1.4 Clinical application and feasibility 

The concept underlying a dasatinib-based pharmacologic OFF switch is that in the absence of 

the drug, CAR T-cells are able to exert their antitumor function (ON) and are prevented to do 

so in the presence of the drug (function OFF). When using dasatinib as a modulator of T-cell 

function, we aim at the key mediators of signaling. By blocking Lck, the phosphorylation of 

CD3zeta is complete abrogated, a fact that makes this concept compatible with all CARs de-

pending on CD3zeta as their major signaling domain. This is the case for all CAR constructs 

that are currently being evaluated in clinical trials (or are already clinically approved), making 

dasatinib an immediately clinically applicable safety switch. Our data show that dasatinib can 

exert temporary control over CAR T-cell function with rapid onset upon exposure, and rapid 

release upon removal to the drug. In our experiments we have retained CAR T-cells in a func-

tion OFF state between two hours and seven days. Also after seven days, the inhibitory effect 

of dasatinib on CAR T-cell function did not diminish, and CAR T-cells re-ignited their anti-

tumor function immediately after withdrawal of the drug. These data suggest that dasatinib 

can indeed be used as a pharmacologic OFF switch to steer CAR T-cells in real-time. After 

more than decade-long experience with dasatinib in hematology, no severe side effects are 

known to be caused by dasatinib itself, supporting its role as a CAR-safety drug. Da-

satinib-associated side effects commonly arise after several months of treatment, and can in-

clude fever, skin rash, diarrhea and headache, with the strongest described adverse events be-

ing cytopenia occurring during the first two months of treatment (99), pleural effusion starting 

after three months of treatment (100), and cardiotoxicity (101). Due to the intended time of 

application, which is in the range of days, we don’t anticipate significant dasatinib related se-
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vere toxicity towards T-cells or other tissues within this period of treatment. Furthermore, 

eventually upcoming minor effects can be neglected in comparison to the benefit that is 

achieved by treating CAR related toxicities with dasatinib. Thus, the evaluation of dasatinib 

as a new safety and OFF control drug in CAR T-cell immunotherapy should be feasible and 

straightforward.  

As all clinically approved CAR T-cell products maintain their respective endogenous 

TCR, we confirmed that inhibition of the CAR could not be bypassed by the engagement of 

the TCR. Following the literature, 25 to 100 nM dasatinib are sufficient to completely prevent 

the activation of non-modified T-cells after engagement of their endogenous TCR, dependent 

on the TCR specificity (75–77, 102). In our study, TCR and CAR mediated effector functions 

were completely blocked in the presence of ≥ 50 nM dasatinib, even when both receptors 

were stimulated simultaneously. In the complete absence of signals triggering survival, 

T-cells might enter a contraction phase and become apoptotic. Of note, T-cells seemed to re-

spond to IL-2 that was present in the culture medium, indicating that dasatinib prevents CAR 

and TCR mediated stimulation, but leaves T-cells susceptible to cytokine dependent signaling 

pathways. This has already been described in the literature for non-modified T-cells (102) and 

needs to be taken into account especially in a clinical scenario when control over CAR T-cells 

is required. During CRS, where pro-inflammatory cytokines are highly expressed, these may 

still induce responses in CAR T-cells despite the presence of dasatinib, and additional treat-

ment including eradication of CAR T-cells as last option may need to be considered. 

 

5.1.5 Dasatinib in the spectrum of existing safety strategies in CAR T-cell 

immunotherapy 

In the presented study, we show that dasatinib rapidly induces a reversible function OFF state 

in CAR T-cells. This feature is unique and distinguishes this pharmacologic OFF switch from 

conventional safety switches that have been developed with the intention to terminate CAR 

T-cells in case of severe toxicity. Indeed, depletion markers like EGFRt or CD20t can be em-

ployed to remove CAR T-cells through administration of the cognate mAb; and suicide genes 

like iCasp9 or HSV-TK can be triggered to remove CAR T-cells within several hours or days. 

Undesirably, these conventional safety switches can only be triggered once and terminate the 

antitumor effect. As a consequence, physicians and patients have been reluctant to use these 

safety switches, even when side effects of CAR T-cells were severe. There are multiple clini-

cal scenarios where CAR T-cell induced toxicity is of transient nature, e.g. in patients that ex-

perience tumor lysis syndrome, CRS or CRES after CD19-CAR T-cell therapy. In these set-
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tings, it might be sufficient to place CAR T-cells into a temporary function OFF phase, and to 

re-ignite their function once the adverse reaction is over. In the current clinical situation, cor-

ticosteroids are one of the main tools used to deal with CAR T-cell related side effects. There-

fore, we compared dasatinib to dexamethasone, which is clinically used in an attempt to miti-

gate CAR T-cell induced toxicity. Our data show that dexamethasone exerts inferior control 

over CAR T-cell function and acts much slower than dasatinib. This is consistent with dexa-

methasone’s mode of action which is not direct interference with CAR (or TCR) signaling, 

but impairment of NFκB induction at the transcriptional level (103). The pattern and extent of 

functional inhibition by dexamethasone in our study is comparable with prior work in 

non-CAR modified T-cells (104). 

Other investigators have proposed alternative ON/OFF switches requiring specific 

CAR designs. In the “ON-switch CAR” approach, targeting moiety and signaling module are 

separated into two distinct proteins such that CAR T-cells idle in a function OFF state in the 

absence of a dimerizing control drug. With these designs, CAR T-cell function is only ignited 

when targeting compound or control drug are administered to the patient (function ON) (71). 

In the SUPRA CAR, the signaling moiety is inactive and can only be activated after binding 

the antigen-binding domain, which connects to the signaling domain by leucine zippers, and 

the subsequent recognition of antigen (72). These concepts are reciprocal to our approach, but 

limited in their applicability as they can only be used with specific CAR designs. Clinical 

proof-of-concept for the safety and efficacy of programmable CAR constructs and split CAR 

designs has not yet been demonstrated.  

In summary, the existing spectrum of safety strategies in CAR T-cell immunotherapy 

comprises symptomatic treatment like neutralization of cytokines during CRS; attempts of 

gaining control over CAR T-cells through glucocorticoids, which is ineffective; triggering 

depletion markers and suicide genes that are included in some CAR T products but also ter-

minates the desired antitumor effect, and structural changes of the CAR that require alterna-

tive CAR-designs. In this spectrum, our concept of dasatinib-mediated reversible control over 

CAR T-cell function represents a missing link providing effective and complete control over 

CAR T-cells as they are currently clinically used, while conserving their therapeutic potential.  

 

5.2 Enhancing the outcome of CAR T-cell therapy with dasatinib 

During our studies in mice,  we observed development of liver metastasis that could not be 

controlled despite CD19-CAR T-cells being present in the tumor. Analyses by flow cytometry 

revealed a high expression of PD-1 on tumor infiltrating CAR T-cells (data not shown). It is 
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known that upregulation of PD-1 expression is a marker of T-cell exhaustion, which normally 

occurs in chronic infections when the source of antigen cannot be eliminated. Hallmarks of 

exhaustion include the upregulation of inhibitory receptors following activation, including 

PD-1. Subsequently, T-cells enter a dysfunctional state, which is characterized by a sequential 

loss of function and finally leads to apoptosis. Exhaustion can be reversed by blocking PD-1, 

e.g. by PD-1 blocking antibodies, if T-cells are treated at an early dysfunctional state (105). 

Evidence is accumulating that exhaustion of T-cells can contribute to T-cell failure during 

CAR T-cell therapy (106, 107), which is supported by our observations. In our study, we 

show that short periods of treatment with low doses of dasatinib can not only decrease PD-1 

expression in CAR T-cells, but also improve the eradication of tumor in an environment of 

permanent stimulation. In this treatment schedule, dasatinib does not permanently block CAR 

T-cell signaling, but inhibits CAR T-cells intermittently (e.g. approximately six hours of inhi-

bition followed by 18 hours of activation), and thus is likely able to prevent exhaustion. As 

PD-1 is also a marker for activation, one could argue that a reduced expression of PD-1 is a 

consequence of lower activation in the presence of dasatinib. In contrast, we observed im-

proved T-cell proliferation and enhanced tumor lysis in mice that had been intermittently 

treated with dasatinib. This is in line with published literature. showing that temporary cessa-

tion of TCR phosphorylation with a small molecule induced rejuvenation in exhausted cells, 

with improved outcome even when compared to checkpoint inhibitors such as PD-1 blocking 

antibodies (108). In fact, this resembles the mode of action that we demonstrated to cause da-

satinib-mediated inhibition of CAR T-cells.  

  

5.3 Outlook on feature research and clinical perspective 

Until now, physicians (and patients) essentially lose control over CAR T-cells once they are 

being administered. Our data demonstrate that through the use of dasatinib, it is now possible 

to steer the function of CAR T-cells in real-time, and thus have the potential to set a landmark 

in CAR T-cell immunotherapy. Our data show that dasatinib blocks cytokine production by 

CAR T-cells and prevents the systemic release of cytokines in an in vivo model. We are there-

fore proposing the use of dasatinib as a control drug to steer CAR T-cell function and to pre-

vent or mitigate toxicity. However, the development of mouse models displaying clinical ad-

verse events including CRS has been challenging, as the transfer of CAR T-cells alone into 

tumor bearing, immuno-deficient mice is not sufficient to induce CRS. Recently, the first 

mouse models imitating CRS after CAR T-cell transfer has been reported (50, 51). Both stud-

ies show that tumor infiltrating monocytes and macrophages getting activated by CAR T-cells 
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are the major source of IL-1 and IL-6 which are the main cytokines driving CRS. It has been 

described that dasatinib can control the activation of these cells by inhibiting FMS receptor at 

similar doses as needed to exert T-cell control (109). Thus, it would be a logical next step to 

test whether dasatinib is able to mitigate CRS in one of these or a similar model, before trans-

ferring our results into the clinic.  

The majority of CAR T-cell products that are currently employed in clinical trials, and 

also the two FDA-approved CD19-CAR T-cell products Kymriah® and Yescarta®, are not 

equipped with a control switch. As a consequence, the use of systemic immunosuppression 

with steroids is at present the only available option for physicians in an attempt to exert con-

trol over CAR T-cells in vivo. In our study, we have compared dasatinib and dexamethasone 

side by side and demonstrate that dexamethasone is largely ineffective in controlling CAR 

T-cells. Having shown that interference with key signaling kinases by small inhibitors can 

mediate control over CAR T-cell activation, there is a high probability that other potent inhib-

itors can be identified from the broad range of small molecule inhibitors. By selecting single 

agents, only a small fraction of substances can be analyzed. We therefore suggest the use of a 

high throughput screening platform to identify additional suitable candidate substances out of 

drug libraries, e.g. by using a recently published reporter system that enables easy readout of 

drug mediated effects by FACS detectable expression of activation dependent markers (93). 

From the small panel we screened, only dasatinib was capable of completely controlling CAR 

T-cell activation and function. However, TKI may influence CAR T-cells in many ways, in-

cluding inhibition of specific effector functions while leaving others untouched, and may also 

enhance particular functions. Therefore, further investigation is indicated that may yield com-

binations where specific CAR T-cell functions are affected. Due to the decade-long experi-

ence with dasatinib in hematology, the clinical investigation and implementation of dasatinib 

as a CAR T-cell control and safety drug is realistic and feasible. 
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NHL Non-Hodgkin lymphoma 

NKG2D Natural-killer group 2, member D 

NOD Non-obsese diabetic 

NSG mice NOD scid gamma mice 



 

 

99 List of abbreviations 

NT Neurotoxicity 

OR Oregon 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PD1 Programmed cell death protein 1 

PD1-L Programmed cell death protein 1-Ligand 

PE Phycoerythrin 

PEG Poly ethylene glycol 

Ph+ Philadelphia chromosome positive 

PMA Phorbol 12-myristate 13-acetate 

RE Responsive element 

RIPA Radio-immunoprecipitation assay buffer 

ROR1 Receptor tyrosine kinase-like orphan receptor 1 

RPMI Roswell Park Memorial Institute medium 

SBP Systolic blood pressure 

scFv Single chain variable Fragment 

SDS Sodium dodecyl sulfate 

SP Signaling peptide 

TAE buffer Buffer containing Tris base, acetic acid and EDTA 

TBS-T Tris-buffered saline – Tween20 

TCM central memory T-cells 

TCR T-cell receptor 

TEMED Tetramethylethylenediamine 

TKI Tyrosine kinase inhibitor 

TRIS Tris(hydroxymethyl)aminomethane 

TU Titer unit 

UKW Universitätsklinikum Würzburg 

wt Wildtype 

ZAP70 Zeta-chain-associated protein kinase 70 
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