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Resumen/Summary



RESUMEN / SUMMARY 
 

 

Dasatinib es un inhibidor de la actividad tirosín quinasa (ITK) de la proteína oncogénica de 

fusión BCR-ABL1 aprobado para la leucemia mieloide crónica (LMC) y la leucemia linfoblástica 

aguda cromosoma Philadelphia (Ph+) positivas. Por su parte, el linfoma de células del manto 

(LCM) es un linfoma agresivo sin tratamiento curativo pero que presenta respuesta terapéutica 

a otros ITK. Con estos antecedentes nos planteamos que dasatinib podría ser una opción 

terapéutica para el LCM. Sin embargo, los estudios funcionales de adhesión y migración con 

células de LCM no aportaron resultados prometedores. 

Aunque dasatinib es efectivo y bien tolerado, los pacientes experimentan una linfocitosis 

transitoria cuyo pico se alcanza a las 2 horas de la toma del fármaco y se resuelve 

espontáneamente a las 4 horas. Esta linfocitosis, de causa desconocida, se ha asociado a una 

mejor respuesta al tratamiento, por lo que identificar su mecanismo es de interés clínico. 

Para dilucidar los mecanismos de la linfocitosis, realizamos ensayos in vitro que sugerían que 

dasatinib mediaba un defecto en la adhesión de linfocitos humanos sanos al endotelio y en la 

migración de células B. Experimentos in vitro demostraron que en linfocitos B murinos, 

dasatinib también causaba una importante inhibición de la migración hacia las quimioquinas 

homeostáticas CCL21, CXCL12 y CXCL13, expresadas constitutivamente en los órganos linfoides 

secundarios (OLS). Sin embargo, la quimiotaxis de las células T permaneció inalterada. 

Estos resultados no se tradujeron, in vivo, en un defecto sobre el homing linfocitario en un 

modelo murino capaz de reproducir la linfocitosis. En cambio, dasatinib causó una reducción 

del tamaño del bazo, que se correlacionaba con un aumento de la salida de linfocitos de los 

OLS. Una vez descartada la implicación del eje S1P1/S1PR1, que juega un papel esencial en la 

salida de los linfocitos de los OLS, nos planteamos que los efectos de dasatinib en el tráfico 

linfocitario pudieran ser debidos a efectos indirectos en otros tipos celulares. Nos centramos 

en las células fibroblásticas reticulares (FRCs), por su papel principal en el mantenimiento del 

tamaño y la estructura de los OLS. La inhibición farmacológica de ROCK con Y27632 revirtió 

parcialmente la linfocitosis y la salida de los linfocitos del bazo in vivo. In vitro, dasatinib 

compensó parte del acusado efecto que este inhibidor ejerce sobre la dinámica de la actina en 

las FRCs. Además, el análisis por microscopía intravital reveló un profundo efecto en la 

motilidad  tanto de los linfocitos B como T en ratones tratados con dasatinib. Por último, datos 

preliminares de un estudio actual confirmaron que la reducción del tamaño del bazo ocurre 

también en pacientes de LMC tratados con dasatinib, a la vez que muestran linfocitosis. 

En resumen, nuestros datos sugieren que las alteraciones del microambiente de los OLS, y en 

particular de las células estromales, podrían interferir en la recirculación linfocitaria, 

constituyendo un mecanismo para explicar la linfocitosis inducida por dasatinib.  



RESUMEN / SUMMARY 
 

 

Dasatinib is a tyrosine kinase inhibitor (TKI) of the oncogenic fusion protein BCR-ABL1 

approved for Philadelphia chromosome (Ph+) chronic myeloid leukemia (CML) and acute 

lymphoblastic leukemia (ALL). Furthermore, mantle cell lymphoma (MCL) is an aggressive 

lymphoma with few curative options, although other TKIs have induced a certain therapeutic 

response. Therefore, we have explored dasatinib as a therapeutic option for MCL. However, in 

vitro evaluation of the direct effect of dasatinib on adhesion and migration using MCL cells did 

not render promising results. 

While very effective and well tolerated, dasatinib-treated patients often exhibit a transient 

lymphocytosis that peaks 2 hours after the intake of the drug and resolves spontaneously 4 

hours later. Although it has been associated with better response to treatment, the cause 

underlying this lymphocytosis is currently unknown. Given its potential therapeutic benefits, 

identifying the mechanism by which dasatinib causes lymphocytosis is of clinical interest. To 

this end, we performed in vitro assays which suggested a dasatinib-induced defect on the 

adhesion of human healthy lymphocytes to endothelial cells and on the migration of B cells. 

Similarly, dasatinib caused a strong decrease in murine B cell in vitro chemotaxis towards the 

homeostatic chemokines CCL21, CXCL12 and CXCL13, constitutively expressed in secondary 

lymphoid organs (SLO), while T cell chemotaxis remained unaffected.  

However, our in vitro results did not translate into a defective homing in our mouse model of 

dasatinib induced lymphocytosis. In contrast, dasatinib caused a significant shrinkage of spleen 

size, which correlated with increased lymphocyte egress from SLO. After discarding an effect 

on S1P1/S1PR1 axis, which has an essential role on lymphocyte egress, we hypothesized that 

dasatinib might affect non-hematopoietic cells, causing disturbed lymphocyte trafficking. In 

particular, we focused on contractile fibroblastic reticular cells (FRCs), which play an important 

role in the maintenance of lymphoid organ size and structure of SLO. Pharmacological 

inhibition of the contraction-promoting factor ROCK partially reversed dasatinib-induced 

lymphocytosis and egress in vivo. In vitro, dasatinib partially counteracted the strong effect of 

ROCK inhibition on FRC actin dynamics. Furthermore, intravital imaging of lymphoid tissue 

uncovered a strong decrease in both B and T cell motility after dasatinib administration. 

Finally, preliminary data from a current study confirm that spleen volume reduction also 

occurs in dasatinib-treated CML patients, concomitant to lymphocytosis. 

In summary, these observations suggest that alterations of the microenvironment of SLO, in 

particular on lymphoid tissue stromal cells, can interfere with lymphocyte migration, providing 

a mechanism to explain dasatinib-induced lymphocytosis



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Index



INDEX 
 

 

Abbreviations ................................................................................................................................ 1 

Introduction .................................................................................................................................. 4 

1. The role of tyrosine kinase inhibitors in leukemia. ........................................................... 5 

2. Mechanisms of lymphocyte trafficking. ............................................................................ 8 

2.1. Lymphocyte homing to lymphoid organs containing HEVs. ..................................... 8 

2.2. Lymphocyte recirculation in the spleen. ................................................................. 11 

2.3. The importance of stromal cells in SLO structure and function.............................. 13 

3. Targeting recirculation of leukemic cells as a therapeutic strategy. .............................. 16 

Hypothesis and Objectives .......................................................................................................... 18 

Materials and Methods ............................................................................................................... 20 

1. Cells and cell culture conditions. ..................................................................................... 21 

2. Mice, cells isolation and transfer, anesthesia. ................................................................ 22 

3. Reagents for in vitro and in vivo use. .............................................................................. 23 

4. Flow Cytometry Analysis (FACS). ..................................................................................... 23 

5. In vitro adhesion and detachment assays. ...................................................................... 24 

6. In vitro migration assays.................................................................................................. 24 

7. Flow Chamber assay. ....................................................................................................... 25 

8. Under agarose assay. ...................................................................................................... 26 

9. In vivo lymphocyte trafficking assays. ............................................................................. 27 

10. In vivo intranodal migration (two-photon microscopy). ............................................. 28 

11. Confocal microscopy. .................................................................................................. 29 

12. Patients. ....................................................................................................................... 30 

13. Statistics. ..................................................................................................................... 30 

Results ......................................................................................................................................... 31 

1. Preclinical activity of dasatinib on mantle cell lymphoma. ............................................. 32 

1.1. Dasatinib does not affect in vitro adhesion of mantle cell lymphoma (MCL). ........ 32 

1.2. Dasatinib inhibits in vitro migration of Mino but not Granta519 cells. .................. 33 



INDEX 
 

 

1.1. Dasatinib modestly decreases in vitro migration of some primary MCL cells. ....... 35 

2. Effect of dasatinib on lymphocyte recirculation. ............................................................ 35 

2.1. Dasatinib decreases in vitro adhesion of human lymphocytes to endothelial cells 

and promotes their detachment. ........................................................................................ 35 

2.2. Dasatinib inhibits migration of human healthy B cells in vitro. .............................. 39 

3. Mechanistic insight into the dasatinib induced lymphocytosis. ..................................... 40 

3.1. The administration of dasatinib in C57BL/6J mice recapitulates the leukocytosis 

observed in humans. ........................................................................................................... 40 

3.2. Dasatinib inhibits in vitro migration of B cells, but not T cells. ............................... 41 

3.3. Dasatinib has no effect on lymphocyte homing in vivo. ......................................... 45 

3.4. Dasatinib promotes lymphocyte egress from SLOs. ............................................... 45 

3.5. Dasatinib causes redistribution of lymphocytes and shrinkage in the size of the 

spleen.  ................................................................................................................................. 48 

3.6. Dasatinib has a direct effect on FRCs actin dynamics. ............................................ 51 

3.7. Dasatinib abrogates in vivo interstitial motility. ..................................................... 53 

4. Validation of dasatinib induced spleen reduction on human subjects. .......................... 56 

Discussion .................................................................................................................................... 58 

1. Impact of dasatinib on MCL. ........................................................................................... 59 

2. Impact of dasatinib on adaptive immune cell distribution. ............................................ 60 

3. Dasatinib effect on stromal cells of SLOs. ....................................................................... 62 

4. Dasatinib effect on lymphocyte motility in vivo. ............................................................. 65 

Conclusiones/Conclusions ........................................................................................................... 69 

References ................................................................................................................................... 73 

Appendix I: Supplementary Material ............................................................................................ 1 

Appendix II: List of Scientific Publications ..................................................................................... 3 

 



 

1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations



 

2 
 

2PM: Two-photon microscopy 

Ag: Antigen 

ALL: Acute Lymphoblastic Leukemia 

BTK: Bruton’s Tyrosine Kinase  

CCL19: C-C Motif Chemokine Ligand 19 

CCL21: C-C Motif Chemokine Ligand 21 
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CLEC-2: C-type lectin-like type II 
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1. The role of tyrosine kinase inhibitors in leukemia. 

Chronic myeloid leukemia (CML) is a classic example of stem cell cancer where a 

hematopoietic stem cell is transformed into a CML stem cell by the t(9;22) translocation. This 

alteration, known as the Philadelphia chromosome (Ph+), was first described by Peter Nowell 

and David Hungerford in 1960 (1,2) and represents one of the first links between genetic 

abnormalities and cancer . The presence of the Ph+ chromosome results in the constitutive 

expression of the fusion tyrosine kinase BCR-ABL1, conferring the cells a growth advantage and 

ultimately giving rise to a clonal myeloproliferative disease (3–5). 

Prior to the tyrosine kinase inhibitors (TKI) era, CML patients were first treated with arsenic 

trioxide and radiotherapy. Afterwards, standard cytotoxic agents such as busulphan and 

hydroxyurea were used until the 1980s, where the introduction of interferon- (IFN-) in the 

treatment schedules also improved the survival of these patients. Hematopoietic stem cell 

transplantation (HSCT) represented the only curative option, but the risks surrounding this 

therapeutic procedure also resulted in a limited number of eligible patients. It is therefore 

important to highlight at this point that the characterization of the Ph+ chromosome 

contributed enormously to the development of targeted therapy, emphasizing how basic 

science can improve the current therapeutic strategies.  

The development and approval of Imatinib (CGP-57148B or STI-571, Novartis) to treat CML in 

2001 constituted a major breakthrough in medicine as it was one of the first targeted 

therapies. TKIs are small molecules that compete with the ATP for the ATP-binding pocket of 

the kinase, so that further substrate phosphorylation is inhibited. Imatinib was indeed the first 

of the so-called TKI approved to treat this leukemia, as it selectively targets the inactive form 

of BCR-ABL. However, despite a high effectiveness, some patients do not benefit from 

imatinib, and some others eventually relapse due to BCR-ABL1 point mutations. To overcome 

this problem, second and third generation TKIs were developed, such as dasatinib, nilotinib, 

bosutinib or ponatinib (Figure 1) (6).  
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Figure 1. Imatinib and dasatinib have different ability to bind mutated BCR-ABL. Imatinib (Gleevec) is 
able to inhibit BCR-ABL by binding to the ATP-binding pocket, but cannot bind the mutant BCL-ABL (left 
image). In contrast, dasatinib is able to bind both states of the fusion protein (right image). Adapted 
from (7). 

Dasatinib (BMS-354825, Bristol Myers Squibb) was developed and approved in 2006 and is 

nowadays prescribed as a first line treatment to adults with newly diagnosed Ph+ CML, but also 

as second line treatment to patients with Ph+ CML and Ph+ acute lymphoblastic leukemia (Ph+ 

ALL) (8,9). Furthermore, it was recently approved for pediatric patients with Ph+ CML (in 2017) 

and with newly diagnosed Ph+ ALL in combination with chemotherapy (in 2019) (10).  

Dasatinib has a short plasma half-life (4-6h) and it is 235 times more potent than imatinib 

against unmutated BCR-ABL fusion protein in vitro, and it inhibits both active and inactive 

states. It also inhibits the Src family of protein tyrosine kinases (SFK), the platelet-derived 

growth factor receptor (PDGFR), EphA2, and c-KIT, among many other off-targets. For 

example, a phosphoproteomic approach revealed broad effects of dasatinib beyond the BCR-

ABL core network, e.g. on the cytoskeleton and chromatin-remodeling related kinases (11). 

Because of its broad spectrum, the therapeutic potential of dasatinib has been explored in pre-

clinical studies for other types of cancer. Dasatinib significantly decreases tumor growth in 

various models of solid tumors such as melanoma, colon and breast cancer. This effect was 

accompanied by improved tumor infiltration of CD8+ T cells and decreased presence of 

regulatory T cells (12). Because of its ability to inhibit Src, dasatinib has been tested in 

combination with other drugs for hepatocellular and colon carcinoma or non-small cell lung 

cancer (13–16), and clinical trials are ongoing to evaluate the efficacy of dasatinib combined 

with different therapeutics to treat other solid tumors (17). Since dasatinib also targets kinases 

involved in T cell signaling, like FYN, LYN and VAV1, its utility is being tested also in some T cell 

lymphomas associated to deregulation of TCR signaling, i.e. angioimmunoblastic T cell 

lymphoma (18,19). 

Furthermore, two recent publications suggest that dasatinib can exert a promising 

immunomodulatory effect on chimeric antigen receptor (CAR) T cells used for the treatment of 

B cell malignancies (20,21). Administration of dasatinib abrogates CAR T cell cytokine 
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secretion, proliferation and cytolytic activity, inducing a function-off state on these cells that is 

completely reversible upon discontinuation of the treatment. These observations opened up 

the possibility to use dasatinib in the clinics to provide a better control over the activity and 

secondary effects associated to this kind of immunotherapy, in particular the life-threatening 

cytokine release syndrome. Indeed, a clinical trial has recently started to explore the safety of 

combining CAR T cell immunotherapy with dasatinib for patients with relapsed and/or 

refractory B-cell hematological malignancies (NCT04603872) (17). This highlights the current 

and future potential applications of dasatinib, with the added advantage that this drug is 

already being regularly used in clinics. Accordingly, the use of dasatinib has expanded over the 

last years and it is approved and commercialized in more than 60 countries worldwide.  

Dasatinib is generally well tolerated, with some of the most common adverse events 

encompassing headaches, skin rash, dyspnea, fatigue and thrombocytopenia. Less frequent 

adverse events are gastrointestinal bleeding, fluid retention, joint pain or pulmonary 

hypertension. Furthermore, pleural effusion seems to be the main reason for treatment 

discontinuation, since it affects up to 30-40% of patients, as recently reviewed by Sampaio and 

collegues (22). The diverse side effects associated with dasatinib treatment presumably reflect 

the wide spectrum of dasatinib-inhibited off-targets. Thus, dasatinib can cause hypertension-

unrelated nephrotoxicity, unlike other TKI used in the clinics. This is due to the activity of 

dasatinib on the LIM kinase pathway, which results in the disruption of the actin cytoskeleton 

and focal adhesion of kidney podocytes (23). One of the most striking side effects of dasatinib 

was observed in CML and ALL patients, who experience an absolute leukocytosis, which peaks 

in the first 1-2 hours after oral drug intake and resolves spontaneously as the plasma 

concentration of dasatinib decreases (Figure 2).  

 

Figure 2. Dasatinib causes lymphocytosis in dasatinib treated patients. Lymphocyte counts (black line) 
and plasma concentration of dasatinib (red line) in an ALL patient (a) and a healthy person (b) after 
administration of 100 mg dasatinib. From (24). 
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Mobilized leukocyte populations consist mainly of B cells, cytotoxic effector CD8+ T cells, NK 

cells, and  T cells, but also monocytes (24). Large granular lymphocyte (LGL) clones 

comprising NK or CD8+ T cells are frequently present in CML patients already at the time of 

diagnosis. Since lymphocytosis has been correlated with a better response to treatment, it is 

thought that dasatinib may promote or restore their function as leukemia-specific cytotoxic 

cells (25). Furthermore, a fast and transient lymphocytosis was also observed in a healthy 

subject after a single dose of dasatinib (Figure 2), raising the possibility of the use of dasatinib 

as a mobilizing and enhancer agent to treat other diseases, such as viral infections or other 

types of cancer.  

In the frame of the phase II clinical trial DASAPOST (NCT01802450) (17), Dr. Muñoz’s group 

continued to better characterize the lymphocytosis caused by dasatinib from the very first 

intake and during the next three months. In our recent work, lymphocytosis was confirmed in 

most CML patients, which becomes already apparent after the first intake of dasatinib, and 

consists in large part of an increased proportion of effector T cells and memory B cells in 

peripheral blood (PB), although it also comprises monocytes and other lymphocyte subsets 

such as NK cells (26).  

2. Mechanisms of lymphocyte trafficking.  

2.1. Lymphocyte homing to lymphoid organs containing HEVs.  

Homing is the process by which lymphocytes recirculate to secondary lymphoid organs (SLO) 

such as peripheral lymph nodes (LNs), mesenteric lymph nodes (mLNs), spleen or mucosa-

associated lymphoid tissue (MALT) -which include Peyer’s Patches (PPs)- and peripheral 

tissues.  

The differential expression pattern of homing-related molecules (such as chemokine receptors 

and adhesion molecules) on the endothelial cells (ECs) of different tissues and leukocytes 

surfaces determines the specific tropism of each leukocyte subpopulation for a given SLO, as 

well as for a specific location within that organ, contributing to its structural and functional 

organization (Figure 3). 

In LNs, it is a well-studied and rapid multistep adhesion cascade process. It starts with 

lymphocyte tethering and rolling over LN postcapillary venules, which are composed of 

specialized endothelial cells named HEVs (High Endothelial Venules), allowing them to reduce 

the speed from blood flow (Figure 3). In this initial step, the L-selectin (CD62L) present on the 

surface of lymphocytes interacts with the PNAd (Peripheral Lymph Node Addressins) 
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expressed on the HEVs, which are a family of sulfated and sialylated glycoproteins 

(sialomucins), such as the glycoprotein CD34. During the rolling, lymphocytes scan the HEV 

surface for chemokines presented on glycosaminoglycans, like the chemokines CCL19 and 

CCL21, which bind the C-C chemokine receptor 7 (CCR7) on T and B cells. These chemokines 

are expressed by stromal cells and transported to HEVs, and in mice, CCL21 is also expressed 

by HEV. CCR7 belongs to the G-protein-coupled receptor family, and its activation leads to a 

conformational activation of αLβ2-integrin (Leukocyte Function-associated Antigen type 1, 

LFA-1) and α4β1-integrin (Very Late Antigen-4, VLA-4) (27,28). This chemokine-induced 

conformational change of integrins increases the affinity and avidity for their ligands, enabling 

rapid binding of LFA-1 to the Intercellular Adhesion Molecule (ICAM)-1 and -2, and VLA-4 to 

the Vascular Cell Adhesion Protein-1 (VCAM-1), which leads to shear-resistant cell arrest. In 

addition, CXCL12 and CXCL13 contribute to B cell homing (29). Adherent lymphocytes become 

polarized and crawl along the luminal surface of the endothelium in an ICAM-1-dependent 

manner before transmigrating into the surrounding parenchyme. During this process, 

lymphocytes need to negotiate a path through the basement membrane of HEVs (30,31). Of 

note, in some vascular beds, lack of proper extravasation leads to reverse transmigration, i.e. 

the re-entry of leukocytes into the blood stream (32). 

Once inside the parenchyma of the SLO, lymphocytes use chemokine receptors to find their 

proper location. For example, LNs are strongly compartmentalized structures where CXCR5 

expressing B cells follow the CXCL13 gradient produced and shaped by the follicular dendritic 

cells (FDCs) in the follicles (33). On the other hand, T cells are driven via the CCR7-CCL21 axis to 

the paracortex, also known as T cell zone, where they interact with dendritic cells (DCs) in the 

search of their cognate antigen (Ag).  

When naïve lymphocytes are not activated by Ag bearing DCs in a given LN, they exit via the 

efferent lymphatic vessels and eventually reach the bloodstream via the thoracic duct, where 

they can keep recirculating throughout SLOs. This egress process is governed by the molecule 

Sphingosine 1 Phosphate Receptor type 1 (S1PR1) present in the surface of T and B 

lymphocytes. Its ligand, S1P, is abundant in blood and lymph. Mechanistically, it has been 

demonstrated for T cells that the binding of CCL19 to CCR7 promotes the downregulation of 

CCR7 and upregulation of S1PR1 expression (34). Most importantly, lymphoid tissue contains 

low levels of S1P, which allows the gradual re-expression of the S1PR1 on the lymphocyte 

surface (34). This, in turn, allows lymphocytes to follow the S1P gradient produced by 

lymphatic endothelial cells (LECs) to enter efferent lymphatic vessels in LNs to return to the 

blood circulation.  
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Figure 3. Lymphocyte recirculation in the lymph nodes. a) Microarchitecture of lymph nodes and main 
immune cells that populate the different areas. b) Homing: naïve T and B cells and conventional 
dendritic cells (DC) enter the paracortex via the high endothelial venules (HEVs), in a multi-step process 
governed by adhesion molecules and chemokines. On the other hand, activated migratory DC enter the 
lymph node via lymphatic afferent vessels. c) Interstitial migration and egress: Once in the parenchyma, 
cells migrate and relocate in different areas following chemokine gradients. B cells follow a gradient of 
CXCL13 generated by follicular dendritic cells (FDC) towards B cell follicles. T cells and DC remain in the T 
cell zone. The fibroblastic reticular cells (FRCs) in the T cell areas form reticular fibres and stromal 
networks that produce the chemokine CCL21, which functions as guidance scaffolds for lymphocytes 
and DCs. If lymphocytes cannot find their cognate antigen, low S1P levels in lymphoid tissue allows 
sphingosine 1-phosphate receptor-1 (S1PR1)-mediated egress of non-activated lymphocytes into cortical 
and medullary sinuses following sphingosine 1-phosphate (S1P) gradients. Adapted from (35,36).  



INTRODUCTION 
 

11 
 

2.2. Lymphocyte recirculation in the spleen. 

In the spleen, the mechanisms of lymphocyte recirculation are less well understood than in the 

LN. However, murine models have helped to understand the immune system in this organ, 

despite the differences between mice and human spleen microarchitecture (Figure 4).  

 

Figure 4. Microarchitecture of the mouse and human spleens. Central arterioles (CA) release blood into 
the marginal zone (MZ) of the red pulp. In mice, the MZ is comprised of different cellular subsets such as 
red pulp macrophages (RPM), marginal zone B cells (MZB), and marginal zone macrophages (MZM). In 
humans this area is called perifollicular zone (PFZ) but its analogy to the murine MZ is less clear, while 
the MZB are found surrounding the germinal centers. In the mouse, metalophilic machrophages (MMM) 
surround the inner layer of the sinus, while in the humans this sinus is not present. In the figure T cell 
zones (TCZ) are indicated, and bridging channels (BCs) are only shown in the mouse spleen, as they have 
not been demonstrated in humans. Originally published by (37). 

Spleen lacks afferent lymphatics draining the white pulp. Instead, blood is directly released 

from central arterioles (CA) into the red pulp. Then, the cells encompassing the marginal zone 

(MZ), in the mouse mainly comprised of macrophages, DC and MZ B cells (MZB), capture and 

deliver blood borne Ag to the white pulp.  

Cells enter via the central arterioles, but in contrast to peripheral LN and MALT, no HEVs are 

present in the spleen, and therefore lymphocytes do not seem to require adhesion molecules 

such as CD62L, LFA-1 or VLA-4 to mediate shear-resistant adhesion in order to enter this organ. 

Once in the red pulp, lymphocytes follow paths in order to reach the white pulp, which have 

been termed bridge channels (BCs). Yet, the fact that these structures collapse during sample 

processing for microscopy has hampered the study of these regions for many years, and it had 
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remained unclear whether these BCs serve only as points of entry or constitute also the egress 

route.  

Seminal works from Förster et al. proved that CCR7 and CXCR5 are crucial for the homing and 

positioning of T and B cells in the spleen. Adoptive transfer of CCR7-/- T and B cells into wild 

type recipients led to identification of T cells within the red pulp of the spleen, but these cells 

failed to reach the periarteriolar lymphoid sheath (PALS), which constitutes the T cell zone in 

the spleen. On the other hand, CCR7-/- B cells localized mainly in the follicles (guided by CXCR5-

CXCL13 signaling axis), since the lack of CCR7 prevents them from remaining longer periods in 

the outer PALS, reducing the chances of specific B-T cells encounters and ultimately leading to 

a delayed adaptive immune response (38,39). 

Later on, two-photon microscopy technology allowed the analysis of the dynamic behavior of T 

cells in the spleen. Thus, as for the T cell zone in the LN, a network of fibroblastic reticular cells 

(FRCs) was found to populate the BCs and PALS, constituting a migration scaffold and the 

source of CCL21 that recruits T cells specifically to these areas (40). More recently, Chauveau 

et al. have further described these homing structures as perivascular T-tracks (PT-tracks), 

which are composed of blood vessels surrounded by a network of a unique FRC subset that 

does not expresses podoplanin (PDPN), in contrast to the FRCs that are found in the PALS. 

They also demonstrated that attachment to the PT-tracks is an active process mediated by 

GPCRs other than CCR7, but that the latter is essential for entering the T cell zones (41). These 

results are in agreement with the earlier observations by Förster et al. Furthermore, this study 

has helped to clarify the role of the integrins LFA-1 and VLA-4 in T cell migration in the spleen. 

Although they are dispensable to enter the PT-tracks, these integrins promote T cells entrance 

into the white pulp by accelerating their migration speed within these structures. However, 

the authors were unable to identify egress events, suggesting that homing and egress routes 

take place in separated sites (41). In any case, given that the spleen lacks efferent lymphatic 

vessels, lymphocytes egress directly back to the blood stream in red pulp sinusoid vessels. 

In this regard, mechanisms governing the egress from the white pulp of the spleen have 

remained elusive over the years. Nonetheless, as for the LNs, pharmacologic inhibition of 

S1PR1 using FTY720 (fingolimod) or adoptive transfer experiments provided direct evidence of 

a key role for the S1P-S1PR axis in this process. Thus, transferred S1P1-/- T and B cells into WT 

recipient mice accumulated in SLO, including spleen, LNs and PPs, and failed to exit (42). In the 

spleen, this receptor has also proven essential for the correct localization of MZ B cells, as 
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treatment with FTY720 rapidly causes the displacement of these cells to the follicles because 

they cannot overcome the CXCL13 driven attraction (43). 

2.3. The importance of stromal cells in SLO structure and function.  

Stromal cells are non-hematopoietic cells essential for the development of lymphoid organs 

during embryogenesis. As mentioned throughout previous sections, they also play a key role in 

the maintenance of the functional organization of SLO during homeostasis. Different stromal 

cells can be distinguished based on their expression and production of adhesion molecules and 

chemokines. The main subsets were first characterized by their differential expression of the 

molecules CD31 (Platelet Endothelial Cell Adhesion Molecule-1 or PECAM-1) and PDPN, and 

included LECs (CD31+ PDPN+), FRCs (CD31− PDPN+), blood endothelial cells (BECs, CD31+ 

PDPN−), and double negative cells (CD31− PDPN−), which may include contractile perycites (44).  

However, new subtypes have been identified lately (Figure 3). For example, the marginal 

reticular cells (MRCs) that line the B cell follicles and connect them with the subcapsular sinus 

of LNs, which produce CXCL13 to attract B cells and follicular helper T cells, and are considered 

by some authors as the FDCs precursors during the mounting of an immune response (45). The 

latter is the main subset inside the follicles, since they also produce CXCL13 and BAFF and 

constitute the scaffold where naïve B cells give rise to germinal center reactions.  

Regarding the paracortex or T cell zone, the most important subset is the fibroblastic reticular 

cells (FRCs). FRCs construct and maintain the conduit network that can deliver small molecules 

(<70 KDa) from the afferent lymphatic to the HEV throughout the paracortex (46,47). Sixt and 

colleagues characterized these conduits, which are composed of a collagen fibers core 

surrounded by a basement membrane-like structure (containing laminin, perlecan), and this 

structure is further ensheathed by smooth muscle actin (SMA) positive FRCs (47). Therefore, 

while LNs contain extracellular matrix components, such as collagens, fibronectins and 

laminins, they are inside the conduit network and not in direct contact with leukocytes (47).   

FRCs are also the main source of CCL19 and CCL21, which guide T cells and DCs interstitial 

migration. They have also been shown to produce CXCL12 and CXCL13, which contribute to 

direct B cells from the HEVs to the follicles, as well as survival cytokines such as BAFF and IL-7. 

However, it was surprising to find that ablation of FRCs up to 70% of the total amount did not 

cause migration defects on the intranodal motility of T cells (48). 

Furthermore, FRCs have been shown to regulate HEV permeability, because the interaction 

between the C-type lectin-like receptor 2 (CLEC-2) expressed on the platelets and the PDPN on 
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the FRCs has been shown to reinforce the VE-Cadherin cell-cell junctions. The main functions 

of FRCs during homeostasis have been extensively reviewed in the past years and are 

illustrated in Figure 5 (49,50). 

 

Figure 5. FRCs regulate different functions during homeostasis. a) In the T cell zone, FRCs form a 
conduit network that allows the passage of small molecules, and produce chemokines and cytokines 
that direct T cells migration and survival. The interaction between the C-type lectin CLEC-2 on the 
surface of DCs and the PDPN present on the FRCs promotes DCs migration even in the absence of 
chemokines. b and c) FRCs of the perifollicular zone also produce CXCL13 and BAFF, that attract and 
mediate survival of B cells. d) CLEC-2 expressed on the surface of platelets engage PDPN on stromal 
cells, causing the release of S1P from platelets, which in turn enhances the expression of VE-cadherin on 
the HEVs, reinforcing their cell-cell junctions. Originally published by (50). 

As mentioned above, FRCs were demonstrated to express -SMA, a marker characteristic of 

smooth muscle cells and myofibroblasts, the latter being highly contractile fibroblasts 

implicated in wound healing and fibrosis (47,51). Under steady state conditions, baseline 

contraction in FRCs provides physical tension throughout the network, which maintains LN 

size. This contractile ability is controlled by the CLEC-2/PDPN mediated regulation of the 

actomyosin cytoskeleton of the cells, as demonstrated by Astarita and colleagues (52). At the 

molecular level, the contractility of the actomyosin cytoskeleton is a complex process (Figure 

6). It starts with the activation of Rho GTPases by guanine nucleotide exchange factors (GEFs) 
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that exchange GDP for GTP. Examples of such GTPases are RhoA/C, Cdc42 or Rac. RhoA, in 

turn, activates its downstream effector Rho kinase (ROCK) and leads to myosin light chain 

phosphatase (MLCP) inhibition. This results in increased phosphorylation of myosin light chain 

(MLC), which ultimately leads to actomyosin contraction. Furthermore, phosphorylation of 

MLC by Ca2+/calmodulin (CaM)-dependent myosin light chain kinase (MLCK) can directly induce 

myosin II contractility.  

 

Figure 6. Regulation of Rho Kinase. Activation of Rho GTPases by guanine nucleotide exchange factors 
(GEFs) leads to activation of the catalytic activity of Rho kinase (ROCK), which in turn phosphorylates 
myosin light chain (MLC) of myosin II, an event that will promote actin stress fibers assembly and 
contraction of the cell. Furthermore, its activation inhibits the myosin light chain phosphatase (MLCP), 
enhancing the phosphorylation of the MLC. Modified from (53). 

Thus, Acton et al. showed that loss of PDPN or inhibition of its signaling via CLEC-2 interaction, 

or chemical inhibitors of RhoA/C, ROCK, or myosin II, resulted in decreased pMLC levels, 

leading to FRC relaxation in vitro (54). These observations opened the possibility that FRCs 

might also be essential during inflammation, as they could stretch and contract in order to 

accommodate lymphocytes during the expansion phase of the immune response and return to 

their normal shape once the infection is resolved. Indeed, CLEC-2 is upregulated in DCs, and it 

has been shown necessary for LN swelling after immunization to maintain organ deformability. 

However, the relaxation of FRCs alone is not enough to induce changes in LNs size, suggesting 

that an increase of lymphocyte numbers in the LNs is also required (54). Therefore, the 

interaction between CLEC-2 in DCs and PDPN in FRCs would not only promote migration of 

DCs, but also FRCs stretching, allowing LN remodeling. Furthermore, Martinez et al. have 

recently shown that the CLEC-2/PDPN axis controls the composition and amount of the matrix 

delivered on the conduits, which is decreased during inflammation-mediated LN expansion 

(55). Finally, PDPN+ -SMA+ FRCs have also been described in the PALS of the spleen, but 
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whether the signaling via CLEC-2 and PDPN mediate the same effects as in the LN remains 

unknown. 

3. Targeting recirculation of leukemic cells as a therapeutic strategy. 

Dr. Muñoz’s group identified years ago that B malignancies with widespread dissemination 

into LNs, such as chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL) or follicular 

lymphoma, highly express the chemokine receptors CCR7, CXCR4 and CXCR5, as compared to 

normal B cells or pathologies with less nodal dissemination (56). Furthermore, our group also 

demonstrated the efficacy of an anti-CCR7 monoclonal antibody (mAb) to block CLL and MCL 

primary cells’ chemotaxis in vitro. In vivo, this antibody exerted a potent anti-tumor effect in a 

MCL xenograft model, by both its cytotoxic and migration blocking ability (57,58). Recently, 

our group has also unraveled the role of CCR7 in T-cell prolymphocytic leukemia (T-PLL), a rare 

hematologic cancer with very poor prognosis. The activity of CCR7 was associated to T-PLL 

clinical outcome in patients, and contributed to a widespread dissemination of the disease to 

specific niches where leukemic cells find proliferative and survival cues (LN, spleen) in an in 

vivo model. Moreover, the anti-CCR7 mAb displayed complement-dependent cytotoxicity and 

was shown to inhibit chemotaxis, invasion and proliferation in vitro, confirming CCR7 as an 

attractive molecule for novel mAb-based therapeutic applications in T-PLL (59). Actually, at this 

writing a clinical trial to evaluate the efficacy of an anti-CCR7 mAb to treat relapsed/refractory 

CLL is about to start the recruiting phase (NCT04704323)(17).  

Therefore, lymphocyte homing blocking to different anatomical localizations can be exploited 

therapeutically. Indeed, the expression of CD49d (α4-integrin) is considered a bad prognosis 

factor in the case of CLL cells, as it may promote firm adhesion via binding to VCAM-1 on ECs 

and fibronectin on extracellular matrix (60). For example, natalizumab (an anti VLA-4 mAb) is 

currently a clinically used approach for the treatment of multiple sclerosis, since it inhibits the 

entrance of B and T cells through the blood brain barrier. Hence, different studies have 

demonstrated the presence of B cell lymphocytosis during natalizumab treatment (61,62). A 

different approach is the use of fingolimod, which is FDA-approved for treatment of multiple 

sclerosis. As previously mentioned, it prevents the exit of activated autoreactive T lymphocytes 

from SLO, so that they cannot reach inflamed tissues. 

Transient lymphocytosis in the context of CML has been exclusively associated with dasatinib, 

while other kinase inhibitors have been shown to cause permanent lymphocytosis when 

employed for other hematologic malignancies. Examples are ibrutinib (PCI-32765, 

Pharmacyclics LLC), a covalent inhibitor of Bruton’s Tyrosine Kinase (BTK) now used as first line 
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treatment for CLL and MCL, or idelalisib (CAL-101, Gilead Sciences), which targets the 

phosphoinositide 3-kinase delta (PI3K) and is used in the clinics in combination with other 

therapies to treat CLL and other lymphomas. With these inhibitors, lymphocytosis remains 

stable over 12-14 weeks before resolving, while in dasatinib it has a transient pace that repeats 

with every intake of the drug (24,63–65). In patients treated with ibrutinib or idelalisib, a 

permanent rise on the number of pathologic cells in PB, concomitant with the reduction of 

lymphadenopathies, led to the idea that they promote the exit of the lymphoma cells from 

SLOs. In this regard, in vitro and ex vivo studies have shown that ibrutinib and idelalisib inhibit 

BCR-signalosome-dependent chemotaxis and the VLA-4-dependent adhesion of CLL and MCL 

cells to extracellular matrix and stromal cells (63,66–68). According to these data, detachment 

of tumor cells from their niches leads to egress to PB and higher susceptibility to cytotoxic 

drugs. Furthermore, it was shown that CLL cells from patients treated with idelalisib had 

reduced expression of the homing molecule L-selectin and were therefore less efficient in 

trafficking in the mouse LN microvasculature (69). This provides an alternative molecular 

mechanism to explain persistent lymphocytosis.  

In contrast to ibrutinib or idelalisib, the mechanisms behind dasatinib-induced lymphocytosis 

remain unclear. Furthermore, as most of the studies up to date have focused on pathological 

conditions and were performed in vitro or ex vivo using cell lines and patient samples, there is 

a lack of in vivo experimentation about the impact of dasatinib on steady-state lymphocyte 

trafficking. Thus, whether an inhibition of the homing or an increase of the egress from SLO 

also takes place in dasatinib-treated patients and contributes to lymphocytosis has not yet 

been investigated.  

In the present thesis, we aimed to determine the mechanisms of the dasatinib-induced 

lymphocytosis. Understanding the basis of this effect will not only be of academic interest but 

may also have a clinical value,  given the projected use of dasatinib in future therapeutic 

applications, such as control of CAR T cell function in vivo. Also, the combination of drugs that 

induce lymphocytosis with a therapeutic agent with cytotoxic capacity and an additional effect 

on homing blocking, such as an anti-CCR7 mAb, could represent a new therapeutic option to 

treat leukemias and lymphomas. 
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Dasatinib is a dual ABL/SRC family TKI approved for the treatment of Ph+ CML and ALL. MCL is 

an aggressive B cell lymphoma for which no curative therapy exists. However, favorable 

outcomes with other TKIs have been reported for MCL. We therefore aimed to study the direct 

effect of dasatinib on MCL cells.  

Dasatinib is very effective and well tolerated, but one of its peculiar side effects is that patients 

often exhibit a transient lymphocytosis that peaks 2 hours after the oral intake of the drug and 

resolves spontaneously, reaching basal levels around 4 hours later. Although this 

lymphocytosis has been associated with better response to treatment, the mechanisms 

underlying this phenomenon are currently unknown. Given its potential therapeutic benefits, 

identifying the mechanism by which dasatinib causes lymphocytosis is of clinical interest. 

 

Taking this into account, our hypotheses are: 

1. Dasatinib can represent an immunotherapeutic approach for other hematologic 

malignancies. 

 

2. Dasatinib interferes with lymphocyte recirculation. 

 

 

In order to test them, we established the following principal objectives: 

1. To address the potential therapeutic effect of dasatinib for the treatment of MCL. 

 

2. To study the effect of dasatinib on lymphocyte adhesion and migration in vitro. 

 

3. To unfold the underlying mechanism of the dasatinib induced lymphocytosis in a 

preclinical rodent model. 

 

4. To validate our findings in CML patients. 
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1. Cells and cell culture conditions.  

Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated by density 

gradient (Pancoll human, Pan Biotech) from EDTA-anticoagulated PB samples. PBMCs were 

thereafter maintained in “complete medium”, which contains RPMI-1640 (Gibco, Life 

Technologies) supplemented with penicillin/streptomycin/glutamine (Gibco, Life 

Technologies), 10 mM hepes (Gibco, Life Technologies ) and 10% fetal bovine serum (FBS, 

Sigma-Aldrich) at 37ºC and 5% CO2 until the experiment was performed. 

For some experiments we used PBMCs isolated from PB of patients with CML that were under 

chronic treatment with dasatinib (50-140 mg/day, for at least 6 months). These samples were 

obtained before the intake (“pre” samples) or 2 hours after the intake (“post” samples), 

matching one of their routine analysis at the hospital. These patients belonged to a clinical 

study approved by Ethics Committee of La Princesa University Hospital (register number PI-

561) in 2011, and the appropriate informed consent was obtained. 

Human umbilical endothelial cells (HUVECs) were isolated from altruist donors. Briefly, a 

cannula is introduced in the umbilical cord vein and after a washing step with physiological 

saline, the vein is clamped and refilled with a 0.03% collagenase (Sigma-Aldrich) solution. After 

a 30 minutes incubation at 37ºC, one of the umbilical cord clamps is removed and the content 

is collected in a 50 ml tube, followed by a second wash to collect the remnants. After 2 

spinning and washing cycles, the cells can be plated in a flask and incubated with medium 199 

supplemented with 20% FBS, penicillin/streptomycin and 0.4% Endothelial Cell Growth 

Supplement/Heparin (ECGS/H PromoCell). When confluent, the cells are dissociated with a 

0.05% Trypsin- EDTA solution (Gibco, Life Technologies) or PBS + 5 mM EDTA, and split into 

0.02% gelatinized plates or flasks at 37ºC and 5% CO2, and can be used up to the 4th passage. 

In the case of MCL patients, we also obtained PBMCs from the surplus of the diagnosis or 

routine control samples (PB or bone marrow) by density gradient. Again, an informed consent 

was signed by every patient, under the approval of the Ethics Committee of La Princesa 

University Hospital (register number PI-907) from 2016.  

Granta-519 and Mino MCL cell lines were purchased from the German Collection of 

Microorganisms and Cell Cultures (DSMZ) repository (Braunschweig, Germany). These cell lines 

are cultured at 0.5-2x106 cells/ml in the same conditions as PBMCs. 
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An FRC line was derived from naïve lymph nodes of C57/BL6J mice by long-term culture of 

adherent cells, and are cultured in DMEM supplemented with penicillin/streptomycin/ 

glutamine, 10 mM hepes  and 10% FBS. When confluent, cells were dissociated with PBS+ 5 

mM EDTA and split every 2-3 days. This cell line was a kind gift from Prof. Sanjiv Luther 

(University of Lausanne), and was generated by Mirjam Britschgi and Stefanie Siegert (Luther 

Lab).  

2. Mice, cells isolation and transfer, anesthesia. 

6-20 weeks old C57BL/6J males and females were used from an in-house bred colony or 

bought from Janvier (AD Horst). LifeAct-GFP or LifeAct-GFP-mTmG transgenic mice (in-house 

bred colony) were used in some experiments for in vitro cell imaging. All mice were maintained 

at the Department of Clinical Research animal facility of the University of Bern, at the Theodor 

Kocher Institute and the University of Fribourg. All animal work has been approved by the 

Cantonal Committees for Animal Experimentation and conducted according to federal 

guidelines. 

For cell transfers, peripheral LNs and spleens were harvested and passed through cell strainers 

(70 m; Bioswisstec). In some experiments, T and B cells were negatively isolated using Easy 

Sep T or B cell Isolation Kits (STEMCELL Technologies). After staining with Cell Trackers 

CMTMR, CMAC or CFSE (ThermoFisher Scientific), according to manufacturer’s instructions, 1-

5x106 cells were resuspended in 100 l of complete medium and transferred intravenously. 

Cell trackers were swapped between experiments. 

Intravenous (i.v.) retro-orbital injections were performed under isoflurane anesthesia in an 

induction chamber (2.5-3%). For intravital microscopy (see below In vivo intranodal migration), 

surgical anesthesia was achieved injecting intraperitoneally (i.p.) a cocktail of 120 mg/kg 

ketamine (dissociative anesthetic), and 6 mg/kg xylazine (sedative, analgesic and muscle 

relaxant). Furthermore, mice were treated with 3.75 mg/kg acepromazine (sedative). Thermal 

support was provided during the whole procedure and animals were monitored constantly for 

reflexes and if needed, reinjected subcutaneously with 30 mg/kg Ketamine and 1.5 mg/kg 

xylazine.  
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3. Reagents for in vitro and in vivo use. 

Dasatinib, ibrutinib and imatinib were purchased from LC Laboratories and reconstituted 

initially in DMSO. The drugs were further diluted in complete medium and for in vivo 

experiments i.p. injections were performed.  

The egress inhibitor FTY720 (Sigma), was administered i.p. at 2 mg/kg. The anti-CD62L mAb 

(clone MEL-14) was purchased from BioXcell and 100 g/mouse were injected i.v. for blocking 

of homing. The ROCK inhibitor Y27632 (either from Sigma-Aldrich, Hellobio or Selleckchem) , 

was used at 20 M for in vitro experiments and 10 mg/kg for in vivo i.p. administration. 

4. Flow Cytometry Analysis (FACS). 

Acquisition of the samples was performed using a BD FACSCanto™ II, a BD LSRFortessa, a FACS 

Calibur with the CellQuest software (BD Bioscience), or an Attune NxT Flow Cytometer 

(Thermo Fisher Scientific). Data was analyzed with either the DIVA software (BD Biosciences) 

or FlowJo. The mAbs used for human or mice samples are listed below. 

  

Human: CD45-V500 (BD; clone HI30), CD3-PerCP (BD; clone SK7), CD3-FITC (BD; clone SK7), 

CD5-PerCP-Cy5.5 (BD, L17F12), CD19-APC (BD, HIB19), CD8-APC-H7 (BD; clone SK1), CD16-

Pacific Blue (BD; clone 3G8), CD56-Brilliant Violet 421 (BioLegend; clone HCD56), CCR7 

(CD197)-PE (RyD; clone 150503), CXCR4 (CD184)-PECy7 (BD; clone 12G5),  CD62E-PE 

(Biolegend, clone HCD62E). Purified antibodies against VCAM-1 (P8B1) and ICAM-1 (Hu5/3) 

(kind gifts from Prof. Sánchez-Madrid) were detected with FITC-conjugated secondary 

antibody (polyclonal rabbit anti-mouse, Dako, Agilent Technologies). 7AAD (BD) was used to 

exclude dead cells.  

 

Mouse: CD4-FITC (RM4-5 BioLegend), CD8-PerCP (53-6.7 BioLegend), CD8-APC/Fire 750 

(BioLegend, clone 53-6.7 ),  NK1.1-APC (BioLegend, clone PK136), Ly6G-AF700 (BioLegend, 

clone 1A8), CD4-APC-Cy7 (BD, clone RM4-5), CD4-PE-Cy7 (BD, clone RM4-5),  CD19-PB 

(BioLegend, clone 6D5), CD45-R/B220 APC (BD, RA3-6B2), CD11b-SB600 (eBioscience, clone 

M1/70), CD45-BV711 (BioLegend, clone 30-F11), CD62L-PE (BioLegend, clone MEL-14), CCR7-

PE (BioLegend, clone 4B12), CXCR4-biotin (BioLegend, L276F12), CXCR5-biotin (BioLegend, 

L138D7), biotinylated mAb were detected with Streptavidin-PE (BioLegend), Annexin V-APC 

(BD). Propidium iodide was used to discard dead cells. 
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Stainings were performed in 5 ml round bottom polystyrene FACS tubes (BD Biosciences). 

Samples were incubated with an “Fc block buffer” that contains 1 g/ml of anti-CD16/32 mAb 

(BioLegend, clone 93). Washing steps were performed with “FACS buffer” containing PBS, 2% 

FBS, 2 mM EDTA and 0.01% sodium azide. For Annexin V staining, a recommended buffer 

containing 10 mM hepes, 140 mM NaCl and 2.5 mM CaCl2 was used.  

Red blood cells were lysed using an ammonium chloride solution or with BD FACS Lysing 

solution (BD Biosciences). 

5. In vitro adhesion and detachment assays.  

Confluent HUVECs seeded on p24 well plates were stimulated or not with 20 ng/mL TNF-⍺ 

(Sigma Chem) overnight (O/N) at 37ºC, 5% CO2. PBMCs from healthy donors or CML patients, 

or MCL cell lines were stained with Cell Trace-Violet (Invitrogen), following manufacturer’s 

instructions. Then, 0.5x106 cells per condition were treated or not with inhibitors for 1 hour 

and after a wash step the cells were resuspended in RPMI-1640 supplemented with 

penicillin/streptomycin/glutamine and 0.1% Bovine Serum Albumin (BSA, Roche), and allowed 

to adhere to the HUVECs for 1 hour at 37ºC in a shaker at 64 rpm. Afterwards, 3 washing steps 

were performed with PBS and trypsin was added to the wells in order to collect the cells that 

remained attached to the HUVECs. An equal volume of complete medium was added in order 

to inactivate the trypsin and the cells were quantified by FACS. The percentage of cells 

adhered in the treated conditions was calculated relative to the number of cells remaining in 

the control well. 

Alternatively, 96 well plates were coated with 2-10 g/ml recombinant VCAM-1 or 1-5 g/ml 

recombinant ICAM-1 (kind gift from Prof. Miguel Vicente-Manzanares). Freshly isolated PBMCs 

were stained with Cell Trace-CFSE (Invitrogen) and further resuspended in RPMI with 0.1% BSA 

(“starving medium”) at a concentration of 106 cells/ml. After a 2 hour incubation with the 

corresponding inhibitors or vehicle at 37ºC, 105 cells/well were allowed to adhere for 1 hour at 

37ºC. Finally, after a washing step with PBS, a lysis buffer containing 0.1 % SDS + 50 mM Tris 

(pH=8.5) was added to the wells and the fluorescence was measured in a plate reader 

(GloMax-Multi Detection System, Promega). A well with 100 l of cell suspension was also 

analyzed in order to stablish the “Input” (100%). 

6. In vitro migration assays. 

PBMCs from MCL primary samples or MCL cell lines were serum starved in RPMI+0.1% BSA for 

30 min and incubated with the inhibitors for 2 hours at 37ºC. Human chemokines CCL19 (1 
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μg/ml; 164 nM), CCL21 (1 μg/ml; 82 nM) and CXCL12 (0.5 μg/ml; 59 nM) (all from PeproTech) 

were added to 24-well plates in a final volume of 600 μl. Polycarbonate filter (5-μm pore size, 

6.5-mm membrane, 10-mm thickness, Costar, Cambridge, MA, USA) Transwell® inserts were 

put on top of the wells and starved cells (5x105 cells in 100 μl) were added into the upper 

chamber of the transwell and were allowed to migrate for 4h at 37°C in 5% CO2 atmosphere. 

The assay included two control wells: input cells (maximum of cells = 5x105) and basal 

migration without chemoattractant in the lower chamber. After 4 hours, the migrated cells in 

the lower chamber were collected into tubes and in the case of primary cells antibodies 

against CD45, CD19 and CD5 were added to each tube. Events were acquired for 210 seconds 

by FACS. The percentage of migrated cells was calculated as the ratio between the number of 

cells migrated in response to CCL19, CCL21, or CXCL12 and the number of cells present in the 

input well. 

Additionally, for transendothelial migration assays, HUVECs were previously cultured on the 

Transwell® inserts and were activated with 20 ng/mL TNF- (Sigma Chem). Confluence was 

confirmed by staining one insert with a dye (0.1% crystal violet). 

For migration assays of murine lymphocytes, single cell suspensions were obtained from 

peripheral LNs and spleens by using 70 m cells strainers. The cells were pretreated for 2 

hours with the inhibitors and allowed to migrate towards the murine chemokines CCL19 (100 

nM), CCL21 (100 nM), CXCL12 (100 nM) and CXCL13 (200 nM) (all from PeproTech) for 3 hours. 

Experiments were performed in triplicates and the media was calculated.  

7. Flow Chamber assay. 

This experiment allows live imaging of cells migrating on coated surfaces or monolayers of 

cultured cells under physiological flow conditions, which is generated with a pump that 

continuously aspirates culture medium. A culture dish was previously coated with 20 g/ml of 

protein A (BioVision) for 1 hour at 37ºC, followed by 7.7 g/ml recombinant mouse ICAM-1/Fc 

(rmICAM-1, R&D Systems) for 1-2 hours and 2 M CCL21. Blocking between coating steps was 

performed with 1.5% BSA in PBS for 30 minutes. Then, a parallel flow chamber (made in-

house, Figure 7) connected to an automated syringe pump (Harvard Apparatus, Holliston, MA) 

was mounted on the plate, and the plate was placed on the heating stage of an inverted 

microscope (AxioObserver Z1, Carl Zeiss). Shear stress (dyn/cm2) was calculated according to 

the equation: τ = 3μQ/2a2b, where τ is wall shear stress, μ is coefficient of viscosity, Q is 

volumetric flow rate, a is half channel height, and b is channel width. The wall shear rate is 
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given by τ /μ (70,71). T cells were pretreated with 100 nM dasatinib or DMSO (vehicle), and 5 × 

105/ml were allowed to accumulate for 4 minutes at low shear stress (0.15 dyn/cm2). Then, 

dynamic T cell migration was recorded under physiological shear stress (1.5 dyn/cm2) at ×100 

magnification (objective EC Plan Neofluar ×10/0.3) using a monochrome CCD camera (AxioCam 

MRm Rev, Carl Zeiss). Time-lapse videos were created from one frame every 12 seconds 

(AxioVision, Carl Zeiss). 

 

Figure 7. In vitro Flow Chamber. A Parallel flow chamber is placed on a culture dish coated with 
rmICAM-1 and CCL21, and connected to a reservoir 50 ml tube with medium (containing cells or not) 
and to an automated syringe pump that generates shear stress. A) Detail of the chamber is shown from 
the side, arrows indicating the inlet and outlet tubes. B) View from the base. A rectangle within a silicon 
mat surrounds the inflow and the outflow, restricting the flow to a small chamber 2 mm wide and 
0.25 mm high. Black arrow indicates the imaging field of view. Images created with Biorender 
sorftware(72) or taken from (73). 

8. Under agarose assay. 

For live cell imaging of these assays, we used modified 60 mm diameter dishes with a glass 

coverslip on the bottom. Therefore, a 17 mm diameter circle was cut into the center of the 60 

mm dishes. The hole was sealed from the bottom part of the dish using aquarium silicone 

(Marina) and a 24 mm glass coverslip. After the silicone dried, a 5 mm high ring cut from a 15 

ml Falcon tube was overlaid and the borders were sealed with paraffin. Later, the glass was 

coated with 20 g/ml of protein A (BioVision) for 1 hour at 37ºC, followed by 7.7 g/ml of 

rmICAM-1 for 1-2 hours at 37°C. Blocking between coating steps was performed with 1.5% BSA 

in PBS for 30 minutes. Finally, 500 nM CCL21 was incubated for 20 minutes at 37ºC. Then, a 

0.5% low melting point agarose gel (in Hanks’ balanced salt solution/RPMI medium 

supplemented with 10% FBS) was let to polymerize over the glass (Figure 8). T cells isolated 

from Lifeact-GFP or Lifeact-GFP-mTmG mice were injected in the agarose gel and vacuum was 

made by pipeting out the medium from the sink hole. The migration of T cells was measured 

with a GE DeltaVision Elite widefield fluorescence microscope, taking pictures with a 20× dry 

objective (U plan, S Apo, numerical aperture 0.75) every 20 seconds for 15-20 minutes. Images 

were analyzed with Imaris software (Bitplane) and motility parameters were quantified as 

describe below (see two-photon microscopy). 
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Figure 8. Under agarose experimental layout. The surface of the plate is coated with the integrin ICAM-
1 and the chemokine CCL21 and a layer of agarose gel (diluted in cell culture medium) is poured on top 

and let polymerize. Then, the cells are injected with a 10 l pipet tip and a “sink hole” is made with a 
needle in order to pipet out the excess of medium, which will create a vacuum necessary to confine the 
cells, allowing them to migrate. Adapted from (74). 

9. In vivo lymphocyte trafficking assays. 

To address lymphocytosis, 20 l PB was obtained from the submandibular vein of mice before 

and 2 hours after i.p. treatment with 50 mg/kg dasatinib, or 6 mg/kg ibrutinib or DMSO. 

Samples were stained with a panel of mAbs to distinguish leukocyte subpopulations 

(graulocytes, monocytes, T cells, B cells and NK cells) by FACS. All samples were acquired at a 

constant rate during 2 minutes.  

For “homing assays”, lymphocytes isolated from LN and spleen were stained with cell tracers 

and pretreated for 2 hours with 100 nM dasatinib or DMSO at 37ºC, 5% CO2. Meanwhile, mice 

were treated i.p. with 5 or 50 mg/kg dasatinib or DMSO. Then, pretreated cells were washed 

once with PBS and mixed 1:1, and 107 cells were injected intravenously to each mouse. After 

allowing the homing for 20 minutes, SLO were harvested, passed through 70 m cell strainers 

and transferred cells were quantified by FACS.   

For “egress assays”, 2-5x106 transferred cells were allowed to recirculate normally for 24-48 

hours before the experiment. All mice were injected i.p. with 100 g of anti-CD62L mAb. At the 

same time, mice were treated with 50 mg/kg dasatinib or DMSO, or were left untreated. When 

specified, FTY720 was administered i.p. 16 hours before the experiment.  

After 2 or 6 hours, mice were sacrificed and organs were harvested. For LNs digestion, 37ºC 

prewarmed DMEM containing 0.5 mg/ml Collagenase P from Clostridium Histolyticum (Sigma-

Aldrich), 1.2 mM CaCl2, 100 U/ml DNase I from bovine pancreas (Calbiochem, Sigma), 0.5 

mg/ml Dispase II, 10 mM hepes and 2% FBS was used. Spleens were passed through 70 m cell 

strainers and blood was collected by heart punction in lithium-heparin tubes. RBC were lysed 

with an ammonium chloride solution. In some assays, livers and lungs were also collected, 

minced and digested as LNs. After a washing step with PBS + 5mM EDTA, a density gradient 
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was performed using Percoll. Then, samples were incubated with mAbs to quantify CFSE+ T and 

B lymphocytes by FACS. 

In order to address a cumulative effect of dasatinib, PB was collected before and 2 hours after 

i.p. injecting 50 mg/kg of dasatinib or its vehicle. Mice were then sacrificed and organs were 

processed as above mentioned for FACS analysis or microscopy. This protocol was repeated for 

a total of 3 consecutive days. 

Lastly, for assessment of egress in the presence of the ROCK inhibitor Y27632, no homing or 

egress inhibitors were used. Instead, 50 mg/kg dasatinib or 10% DMSO were injected i.p. at the 

same time as the 10 mg/kg Y27632.  

10.  In vivo intranodal migration (two-photon microscopy). 

T and B cells isolated from LNs and spleens of C57/BL6J were stained and transferred as 

aforementioned. Around 48 hours after T cell injection, mice were anesthetized and placed on 

a custom-built preparation stage fixating the right hind leg. Skin, connective and adipose tissue 

was removed avoiding blood and lymphatic vessels in order to expose the LN, which was then 

submerged in saline and covered with a glass coverslip. A warming ring connected to a water 

bath kept the temperature of the preparation stable at 36.5 ± 1°C, which was continuously 

monitored with a temperature probe (Figure 9). Before image acquisition, HEVs were labelled 

by i.v. injecting 10 μg of Alexa-Fluor 633-labeled Meca79 mAb. Z-stacks were acquired every 20 

seconds during 20 or 30 minutes, with and Olympus BX50WI fluorescence microscope 

equipped with a 20× NA objective and a TrimScope 2PM system controlled by Imspector 

software (LaVision Biotec).  3D-time lapse movies were analyzed using Imaris software 

(Bitplane). Cells attached to HEVs, or migrating through them were discarded from the 

analysis, as their speed differs from that of cells migrating in the parenchyme. 

The track speed is the average cellular velocity between start and end of track of a given cell; 

the meandering index expresses the track straightness and is calculated as the ratio of the 

distance between start and end point of an individual track and the total track distance.  
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Figure 9. Two-photon microscopy (2PM) experimental set up. Anesthetized mice undergo surgery on 
the right limb in order to expose the popliteal lymph node, which is maintained in physiologic saline and 
temperature-controlled with the help of a heating ring. A cover glass on top of the preparation allows 
the acquisition of Z-stack images overtime, rendering 3D movies. 

11. Confocal microscopy. 

For FRCs analysis, 1 x105 cells/well were seeded on 12 wells Ibidi sticky slides previously coated 

with 20 g/ml of fibronectin (1 hour at 37ºC). The next day, cells were treated with inhibitors 

(diluted in cell culture medium) for 2 hours and fixed with 2% paraformaldehyde (PFA, Electron 

Microscopy Science) for 10 minutes at room temperature (RT). After 3 washing steps with PBS, 

cells were permeabilized with the BD Cytofix/Citoperm Kit (BD), following manufacturer’s 

instructions, and further blocked with 2% Goat Serum (Sigma-Aldrich) for 1 hour at RT. Then, 

the mAb against Phospho-Myosin Light Chain 2 (Thr18/Ser19) (Cell Signalling), herein pMLC 

mAb, was incubated overnight (O/N) at 4ºC. The next day, 3 washing steps with the 

wash/perm wash buffer were performed and the cells were incubated for 1 hour at RT with an 

Alexa Fluor 647-coupled Goat anti-Rabbit Secondary Ab (ThermoFisher Scientific) and 

phalloidin (Alexa Fluor 488 or Alexa Fluor 594, both from ThermoFisher Scientific) for F-actin. 

Finally, 3 washing steps were performed and the sticky slides were mounted with ProLong 

Gold Antifade Mountant with DAPI (Invitrogen) on a glass slide, and let dry O/N at RT. 

For spleen confocal analysis, organs were fixed by perfusion with PBS and 4% PFA, followed by 

immersion in 4% PFA O/N at 4ºC. Then, organs were included in 30% sucrose and 

cryopreserved in OCT embedding medium (Biosystems). 6-7 m thick sections were thawed 

and fixed with 4% PFA for 10 minutes at RT, followed by 3 washing steps in cold PBS and 

permeabilization with PBS containing 0.1% Triton X-100 (in PBS). After a 1 hour blocking step 

with a buffer containing 1 % bovine serum albumin (BSA) + 0.1 % Tween- 20 in PBS (PBST), 

endogenous biotin was inactivated using the Avidin/Biotin Blocking Kit (Vector Laboratories). 

Then, the following primary mAb were incubated O/N at 4ºC in PBST with 1% BSA: CD90.2-



MATERIALS AND METHODS 
 

30 
 

biotin (BioLegend, clone 30-H12), α-Smooth Muscle Actin-Cy3 (Sigma-Aldrich, clone 1A4) and 

CD45R/B220-AlexaFuor488 (BD, clone RA3-6B2). The next day, after 3 washing steps with PBS, 

Streptavidin-AF647 (BioLegend) was incubated in PBS with 1%BSA for 90 minutes at RT. After 

this incubation, the slides were again washed 3 times with PBS and mounted with ProLong 

Gold Antifade Mountant with DAPI (Invitrogen). 

Images were taken with a  4-laser (405, 488, 568, 647 nm) Leica SP5 spectral confocal scanning 

microscope fitted with a HyD detector (Leica Biosystems) and a 63x, 1.40NA PLANAPO oil 

objective. Images were acquired with the LAS AF software (Leica) and analyzed using ImageJ 

(NIH). 

12. Patients. 

CML patients in chronic treatment with dasatinib (median of 5,2 years) were recruited for this 

study approved by the Ethics Committee of La Princesa University Hospital (register number 

4294) in 2021. An echography and a blood test were performed before and 1 hour after the 

intake of dasatinib. Pre- and post-intake matching ultrasounds were operated by the same 

radiologist. A hemogram and an immunophenotype were performed with the EDTA-

anticoagulated PB samples. The plasma was frozen for future determinations of dasatinib and 

catecholamines levels.  

13. Statistics. 

Descriptive analysis of the sample: variables were described by their measures of central 

tendency (mean) and dispersion (standard deviation, SD). Normality was tested with 

D’Agostino-Pearson test. All analyses were performed using GraphPad Prism version 7.4 or 8 

software. For each experiment, the test performed is specified in the corresponding figure 

legend. P values ≤ 0.05 were considered statistically significant.
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1. Preclinical activity of dasatinib on MCL. 

1.1. Dasatinib does not affect in vitro adhesion of MCL. 

As aforementioned, B cell lymphomas disseminate within SLO in a process in which adhesion 

to HEVs and migration towards the homeostatic chemokines CCL19 and CCL21 play a major 

role. We decided to focus on MCL, a malignant transformation of B cells from the mantle zone 

of B cell follicles. It represents one of the rarest but more aggressive types within B cell 

lymphomas and despite different treatment strategies are available, no curative therapy has 

been achieved up to date. We therefore aimed to study the effect of dasatinib in these steps 

of recirculation of MCL cells using diverse experimental set-ups. 

First, we used the human MCL cell lines Mino and Granta519 to analyze the effect of dasatinib 

on in vitro adhesion to a monolayer of human endothelial cells (HUVECs). In these assays, 

imatinib was used as a control drug, since it has not been reported to cause lymphocytosis in 

CML patients. Ibrutinib was used as positive control, as it had been described to inhibit the 

adhesion capacity of MCL cells (63). Mino and Granta519 were pretreated with inhibitors for 1 

hour and washed right before allowing them to adhere to a HUVECs monolayer that had been 

previously activated with TNF- or not. While TNF- induces the expression of adhesion 

molecules, unstimulated endothelium mimics a more physiological condition. The adhesion of 

these cell lines was not affected by dasatinib (the percentage of adhesion were 126.7% for 

Mino and 78.3% for Granta519) or imatinib (99.43% for Mino and 80.77% for Granta519). 

However, ibrutinib was able to reduce adhesion of both cell lines to activated endothelial cells 

(66.8 % for Mino and 40.38% for Granta519) (Figure 10). 
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Figure 10. In vitro adhesion assays of MCL lines on HUVECs. Mino and Granta519 were pretreated or 
not with the indicated drugs or vehicle for 1 hour before performing a 1 hour adhesion assay at 37ºC in 

constant rotation (64rpm) on HUVECs pre-activated or not with 20 ng/ml TNF- O/N. Cells recovered 
after 3 washing steps were quantified by flow cytometry and are expressed as percentage of cells that 
remained adhered relative to the control condition. N=3. Mean and SD are shown. Analyzed by Kruskal-
Wallis with Dunn’s multiple comparisons test. *, p < 0.05.  

1.2. Dasatinib inhibits in vitro migration of Mino but not Granta519 cells. 

Next, we studied the effect of dasatinib on these MCL cell lines chemotaxis towards CCR7 

ligands using transwell assays. Dasatinib pre-treatment for 2 hours was able to reduce 

migration in Mino cells towards both chemokines, but not in Granta519 cells (Figure 11A). 

These results led us to analyze if dasatinib could also inhibit migration of Mino cells in a 

transendothelial migration (TEM) assay, where the transwell inserts are covered with a 

monolayer of TNF- stimulated HUVECs. Pretreatment with 100 nM dasatinib decreased the 

TEM of Mino cells after 4 hours of migration. However, no significant differences were 

observed after 24 hours (Figure 11B). 

In order to discard that this effect was due to apoptosis of the Mino cell line, we cultured both 

MCL cell lines for up to one week in the presence of the inhibitor and checked the viability of 

the cells, but we did not observe differences in the percentage of death cells in any of the 

cultures exposed to dasatinib (Figure 11C).   
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Figure 11. In vitro migration and apoptosis of MCL. A) Transwell assays of MCL lines. Mino and 
Granta519 pretreated or not for 2 hours with 100 nM dasatinib were allowed to migrate for 4 hours 

towards 1 g/ml of CCL19 or CCL21 or in the absence of chemokines. N= 6. B) Transendothelial 
migration assays of Mino line. HUVECs were seeded on transwell inserts and allowed to grow until 

confluent, then activated with 20 ng/ml TNF- O/N. Mino were pretreated or not with 100 nM dasatinib 
before a final wash step to avoid treatment of the HUVECs monolayer. Cells were then allowed to 

migrate for 4 or 24 hours towards 1g/ml of CCL19 or CCL21 or in the absence of chemokines. N=3 for 4 
hour TEM, n=4 for 24 hour TEM. Analyzed by One-Way ANOVA with Tukeys’s multiple comparisons test. 
***, p < 0.001. C) Apoptosis analysis. Mino and Granta519 cells were cultured for 7 days at 37ºC with 
100 nM dasatinib or DMSO before staining them with 7AAD. Medium with or without the inhibitor was 
replaced every 2 or 3 days. N=3. Mean and SD are shown in all graphs. A, B) Analyzed by One-Way 
ANOVA with Tukeys’s multiple comparisons test. *, p < 0.05; ***, p < 0.001; ****; p < 0.0001. C) 
Analyzed by 2 way-ANOVA with Sidak’s multiple comparison test. No significant differences were found. 
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1.1. Dasatinib modestly decreases in vitro migration of some primary MCL cells. 

Finally, in order to address whether these effects were reproducible in primary cells, we 

isolated PBMCs from PB or bone marrow samples of patients diagnosed with different 

subtypes of MCL and performed in vitro migration assays. When MCL cells from patients with 

the classic variant of MCL were treated with dasatinib, they showed a slight decrease in the 

migration towards the chemokines tested, although no statistical significance was achieved. 

On the other hand, cells from patients with a more aggressive form of the disease -the blastic 

variant- did not show any reduction (Figure 12).  

 
Figure 12. In vitro transwell assays of MCL primary cells. Human PBMCs from MCL patients were 
isolated by density gradient and incubated for 2 hours with dasatinib 100 nM or its vehicle before 

performing a 4 hour transwell assay towards 1 g/ml of CCL19 or CCL21, or 0.5 g/ml CXCL12. N= 6 for 
classic MCL, N= 2 for blastic MCL. Analyzed by Unpaired t-test. No significant differences were observed.  

In conclusion, dasatinib does not seem to have a clear effect on primary MCL cells, which 

discouraged us to deepen the research in this area.  

 

2. Effect of dasatinib on lymphocyte recirculation. 

2.1. Dasatinib decreases in vitro adhesion of human lymphocytes to endothelial 

cells and promotes their detachment. 

We reasoned that one possibility to explain the fast and reversible lymphocytosis observed in 

dasatinib treated CML patients would be the ability of this drug to interfere on the adhesion of 

healthy leukocytes to the endothelium. 

Therefore, we used freshly isolated human PBMCs to perform adhesion assays on HUVEC 

monolayers, and imatinib was again used as a control drug. Confluent HUVECs were pretreated 

with imatinib or dasatinib for 1 hour, and then stimulated or not overnight with TNF-α. The 

next day, HUVECs were washed and PBMCs were allowed to attach to the endothelial cells 
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(ECs) for 1 hour at 37 ºC in constant rotation. After three washing steps, ECs were trypsinized 

and the number of attached PBMCs was counted by FACS. The pretreatment of HUVECs with 

both dasatinib and imatinib inhibited the attachment of PBMCs to the TNF-α treated HUVEC 

monolayer (72.35% and 61.05%, respectively) (Figure 13). Next, we tested whether the 

inhibitors also affect the attachment of PBMCs to a monolayer without TNF-α stimulation, 

which mimics a more physiological condition. The attachment of PBMCs to the HUVECs was 

significantly reduced with both inhibitors, especially with dasatinib (55.54% versus 71.08% in 

imatinib treated cells) (Figure 13). 

To further study the potential of TKIs to detach PBMCs from the monolayer, HUVECs were 

treated over night with TNF-α when indicated. The next day PBMCs were allowed to attach for 

1 hour, after which TKIs were added to the designed wells and the rotation was continued for 

another 30 minutes. Thereafter, the wells were washed three times before the PBMCs 

attached to HUVECs were collected by trypsin. The number of attached PBMCs was 

significantly diminished in the wells that were exposed to the inhibitors as compared with the 

control (dasatinib 24.87%; imatinib 36.83%), suggesting that both drugs are able to detach 

cells from the EC monolayers (Figure 13).  

 
Figure 13.In vitro adhesion and detachment assays of lymphocytes from healthy donors. Upper panels: 
HUVEC monolayers were pretreated or not with dasatinib 100 nM or imatinib 10 uM for 1 hour before 

activating them or not with 20 ng/ml TNF- O/N. On the next day, untreated PBMCs were allowed to 
adhere for 1 hour at 37ºC in constant rotation (64 rpm) and after three washing steps, adhered cells 

were quantified by FACS. Lower panels: HUVEC monolayers were activated or not with TNF- and 
PBMCs were allowed to adhere for 1 hour at 37ºC in constant rotation (64 rpm). TKIs were then added 
to the wells for 30 minutes before performing three washing steps, collecting and counting the 
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remaining adhered cells by FACS. N=13-14 for adhesions; N= 6-8 for detachment. Analyzed with Kruskal-
Wallis test with Dunn’s multiple comparisons test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.  

We then decided to investigate whether these TKIs affected levels of adhesion molecules 

expressed on ECs. Confluent monolayers were stimulated overnight with TNF- and treated on 

the next day for 1 hour with different concentrations of dasatinib or imatinib. The percentage 

of positive cells and the median fluorescence intensity (MeFI) for each marker was analyzed by 

flow cytometry. As expected, the expression of CD62E, VCAM-1 and ICAM-1 was strongly 

increased after stimulation with TNF-. Treatment for 1 hour with 100 nM dasatinib 

downregulated the expression of VCAM-1, and its MeFI also decreased upon incubation with 

50 nM and 100 nM dasatinib and 2 M imatinib. Conversely, no changes in the expression of 

ICAM-1 or CD62E were observed (Figure 14). 

 

Figure 14. Expression of adhesion molecules in dasatinib and imatinib treated HUVECs. HUVECs were 

stimulated with 20 ng/ml TNF- overnight and treated for 1 hour at 37 ºC with the indicated inhibitors 
before being disaggregated with PBS + 5mM EDTA and stained for different adhesion molecules. Data 

normalized to the control condition (TNF- activated) and the mean and SD are shown. N=5-10 per 
condition.  Analyzed by Kruskal-Wallis with Dunn’s multiple comparisons test. *, p < 0.05.  
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Next, in order to assess whether these TKIs also have a direct impact on the leukocyte 

compartment, we performed similar adhesion experiments but in this case we treated PBMCs 

with TKIs for 1 hour before a washing step in order to avoid treatment of the HUVEC 

monolayer. Surprisingly, the pretreatment of the PBMCs with dasatinib 100 nM also led to a 

significant inhibition of the adhesion of these cells to the endothelium (60.68%), while imatinib 

did not have any effect (102.2%) (Figure 15A). However, when we addressed the adhesion 

capacity of TKI-treated leukocytes to recombinant ICAM-1 and VCAM-1 in a static assay, we 

could not see any differences in any of the conditions tested (Figure 15B). 

Finally, we asked whether this effect could be confirmed in primary cells from dasatinib 

treated CML patients, so we isolated PBMCs from pre- and post-intake samples and performed 

a 1 hour adhesion assay to HUVECs that had been previously activated or not. In these settings 

we could not observe any effect on adhesion (Figure 15C).  

 

Figure 15. In vitro PBMCs adhesion assays. A) Human healthy PBMCs were pretreated or not with 
dasatinib 100 nM or imatinib 10 uM for 1 hour followed by a washing step before allowing them to 

adhere to a TNF- activated (20 ng/ml, O/N) monolayer of HUVECs for 1 hour at 37ºC in constant 
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rotation (64rpm). N=8. Analyzed by Kruskal-Wallis with Dunn’s multiple comparisons test. *, p < 0.05; 
**, p < 0.01. B) Fresh human healthy PBMCs were labeled with CSFE Cell-Trace and allowed to adhere 
for 1 hour at 37ºC in p96 wells previously coated with human recombinant ICAM-1 or VCAM-1 in the 
presence of the indicated drugs. After a washing step, attached cells were lysed with 0’1% SDS + 50mM 
Tris (pH=8’5) and fluorescence was measured. N=3. Mean and SD are shown. Analyzed with One-Way 
ANOVA. No significant differences were observed. C) PB from CML patients demonstrated leukocytosis 
and lymphocytosis after dasatinib intake. Freshly isolated PBMCs from pre- and post-dasatinib samples 

were allowed to adhere to a monolayer of HUVECs that had been activated or not with TNF- (20 ng/ml, 
O/N) for 1 hour at 37ºC in constant rotation (64rpm). N=8. Mean and SD are shown. Analyzed by paired 
t-test or Wilcoxon matched-pairs signed ranked test, as appropriate. *, p < 0.05. 

2.2. Dasatinib inhibits migration of human healthy B cells in vitro. 

We knew from previous work using in vitro transwell assays that dasatinib was able to reduce 

the spontaneous migration of T cells isolated from healthy donors, although it did not affect 

their chemotaxis towards CCL19, CCL21 or CXCL12 (26). When we assessed the effect of 

dasatinib on healthy B cells, a reduction on spontaneous and chemotactic migration towards 

CCL19 and CCL21 was observed (Figure 16).  

 

Figure 16. In vitro migration assays of healthy donors lymphocytes. Human PBMCs were isolated by 
density gradient and incubated for 1 hour with dasatinib 100 nM or vehicle before performing a 4 hours 
transwell assay towards 1 ug/ml of CCL19, CCL21 or CXCL12 in the presence of the drug. N=8. Unpaired 
t-test *, p < 0.05; ***, p < 0.001.  

Taken together, the data using human lymphocytes and HUVECs suggested an effect of 

dasatinib on B cell chemotaxis, and a minor effect on adhesion to (non-HEV) vascular 

endothelium. In order to address the impact of dasatinib on a physiological level, we decided 

to use a preclinical rodent model.  
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3. Mechanistic insight into the dasatinib induced lymphocytosis.  

3.1. The administration of dasatinib in C57BL/6J mice recapitulates the leukocytosis 

observed in humans. 

Regarding the mechanisms underlying the lymphocytosis induced by dasatinib, which is 

thought to play an essential role in the anti-tumor response in CML patients, the results 

obtained with human patients and isolated cells encouraged us to use a mouse model of 

dasatinib-induced lymphocytosis (12). 

In a first set of experiments, we addressed the effect of a single dose of 50 mg/kg dasatinib or 

its vehicle (DMSO) in C57BL/6J mice. We also used ibrutinib in some experiments as an internal 

control, since this drug causes lymphocytosis of B cells and monocytes but rather in a 

cumulative fashion. We collected PB samples 2 hours after the administration of the drug and 

quantified leukocytes subpopulations by FACS. With this experiment we could confirm that 

dasatinib caused an increase in the absolute numbers of CD45+ cells, including CD4+ and CD8+ T 

cells and B cells and a discrete increase in neutrophils, monocytes and NK cells was also 

observed. On the other hand, ibrutinib did not cause such a rise in cells numbers (Figure 17). 

 

Figure 17. Lymphocytosis assay in C57BL/6J mice. PB obtained 2 hours after administration of DMSO 
(vehicle) or 50 mg/kg dasatinib or 6 mg/kg ibrutinib was immunophenotyped to quantify leukocyte 
subpopulations by flow cytometry. N= 5 mice/group (DMSO and dasatinib), N=2 for ibrutinib. Means are 
shown. Analyzed by Kruskal-Wallis and Dunn’s multiple comparisons test.*, p < 0.05.  
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3.2. Dasatinib inhibits in vitro migration of murine B cells, but not T cells. 

These findings prompted us to systematically analyze the potential impact of dasatinib on all 

steps of murine lymphocyte trafficking.  

We first used in vitro chemotaxis assays in order to evaluate the impact of dasatinib on the 

migration of healthy murine lymphocytes. As for human lymphocytes, dasatinib strongly 

inhibited B cell chemotaxis towards the homeostatic chemokines CXCL12, CXCL13, and CCL21. 

On the other hand, T cell chemotaxis towards CCL21 remained unaffected and only a slight 

decrease was seen for their basal migration and for that mediated by the chemokine CXCL12. 

We could also verify that this effect on B cell migration was reversible, as a 30 minute-wash 

out with fresh medium completely restored the migration capacity towards CCL21 and CXCL12 

(Figure 18). 

 

Figure 18. In vitro migration assays of murine lymphocytes treated with dasatinib. Lymphocytes were 
isolated from SLO and pre-treated for 2 hours at 37ºC with different concentrations of dasatinib or 
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DMSO before performing a 3 hours transwell assay towards the indicated chemokines. In some 
conditions, a 30 minute-wash out step (WO) was performed before the migration assay. N= 4 for CCL21 
and CXCL12, N=2 for CXCL13, N=2 for wash out. Mean and SD are shown. Analyzed by One-Way ANOVA 
with Tukey’s multiple comparisons test. ns, not significant; *, p < 0.05; ***, p < 0.001; ****, p < 0.0001.  

Of note, dasatinib did not alter the expression of the chemokine receptors for these 

chemokines (CCR7, CXCR4 and CXCR5) in either B cells (Figure 19A) or T cells (data not shown), 

and it also did not change the expression of the adhesion molecule CD62L (Figure 19A). 

Furthermore, dasatinib did not induce lymphocyte apoptosis at any of the concentrations 

analyzed here (Figure 19B).  

In order to study T cell migration towards CCL21 with a different approach, we took advantage 

of a reductionist flow chamber model. In these assays, the cells attach to and migrate on an 

ICAM-1 and CCL21-coated surface under physiological shear flow conditions. However, we did 

not observe significant differences between control (DMSO) and dasatinib-treated murine T 

lymphocytes during their attachment and crawling under these conditions (Figure 19C; 

Supplementary Video 1).  
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Figure 19. Effect of dasatinib on chemokine receptor expressions, apoptosis and migration of murine 
lymphocytes in a flow chamber system. A and B) Lymphocytes were isolated from SLO and pre-treated 
for 2 hours at 37ºC with increasing concentrations of dasatinib or DMSO (as vehicle) before staining 
them with anti-CCR7, anti-CXCR4, anti CXCR5 or Annexin V and propidium iodide (PI). The percentage 
and MeFI of the indicated molecules was analyzed and normalized to the control. N=2-5. Analyzed by 
Kruskal-Wallis test with Dunn’s multiple comparisons test. No significant differences were found. 
Histograms (representative example) and quantifications from B cells analysis are shown. C) T cells were 
isolated from lymph nodes and treated with 100 nM dasatinib or DMSO (vehicle) for 2h at 37ºC before 

performing the flow chamber assay on a rmICAM-1 (7.7 g/ml) and CCL21 (2M) coated plate. Left 
panel: the detach rate is calculated as the cells that detached after 5 minutes compared to the cells that 
were present after 30 seconds of enhancing the shear, and it is shown as mean and SD. Middle panel: 

behavior of cells. Crawling was defined for cells with tracks length longer than 15m. Right panel: track 
speeds of crawling cells. N=3. Analyzed by Mann-Whitney t-test. No significant differences were found. 
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On the other hand, pretreatment with ibrutinib did not show any significant effect in the 

chemotaxis of either T or B cells in any of the conditions tested (Figure 20). 

 

Figure 20. In vitro migration assays of murine lymphocytes treated with ibrutinib. Lymphocytes were 
isolated from SLO and pre-treated for 2 hours at 37ºC with increasing concentrations of ibrutinib or 
DMSO before performing a 2 hour transwell assay with the indicated chemokines. N= 3. Data are shown 
as mean and SD, and analyzed using ANOVA followed by Tukey’s multiple comparison test.  

Taken together, these data show that dasatinib is able to induce lymphocytosis and 

neutrophilia in mice. However, while in vitro migration assays suggest that dasatinib has a 

direct effect on B cell chemotaxis, this is not seen for T cells. Lymphocytosis might stem from  

either an impaired trafficking to SLOs or an increased egress from SLOs. Hence, we tested both 

processes after dasatinib treatment. 
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3.3. Dasatinib has no effect on lymphocyte homing in vivo. 

Based on the in vitro adhesion and migration assays, we next studied the effect of dasatinib in 

the homing in vivo. Because the effect of dasatinib on B cell migration was quickly reversible in 

vitro, we designed a homing assay where fluorescently labelled cells, pretreated or not with 

dasatinib, were adoptively transferred into vehicle or dasatinib pretreated recipient mice. 

After 20 minutes, the fluorescent cells present in the organs were quantified by FACS. Similar 

ratios of DMSO and dasatinib treated lymphocytes were recovered in all the mice, therefore 

discarding an effect in the homing (Figure 21).  

 

Figure 21. In vivo homing assay. Fluorescently labelled lymphocytes pre-treated or not with dasatinib 
100nM for 2 hours were transferred into recipient mice that had been treated for 1 hour with 5 or 50 
mg/kg dasatinib or its vehicle DMSO. The ratio between dasatinib- and control (DMSO) lymphocytes 
recovered for each organ after 20 minutes is shown. PB, peripheral blood; pLN, peripheral LN, which 
includes brachial and inguinal LN; mLN, mesenteric LN, SPL, spleen. A ratio of “1” indicates comparable 
recovery. N=3. Analyzed by one-way ANOVA with Bonferroni’s multiple comparisons test. No significant 
differences were observed.  

These data suggest that dasatinib does not significantly interfere with the homing capacities of 

healthy C57BL/6J lymphocytes. 

3.4. Dasatinib promotes lymphocyte egress from SLOs. 

Given that dasatinib does not cause a clear reduction in the homing, we next asked whether 

the lymphocytosis in PB could be due to an increased lymphocyte egress from SLO. 

To examine this experimentally, we transferred CFSE-labeled T and B cells as reporter cells into 

recipient mice and let them recirculate for 24-48 hours. On the day of the experiment, further 

entry into LNs was blocked with an i.v. injection of 100 g/mouse of an L-selectin (CD62L)-

blocking mAb (Mel-14). Afterwards, mice were either DMSO- or dasatinib-treated and after 2 

or 6 hours, the residual number of CFSE+ lymphocytes in LNs and spleen was determined by 

flow cytometry. We found a significant increase in B cell, CD4+ and CD8+ T cell egress in 
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dasatinib-treated mice (Figure 22). A similar tendency on endogenous lymphocyte numbers 

was found (data not shown). Based on our in vitro results and the short time frame, we 

excluded a direct pro-apoptotic effect of dasatinib on lymphocytes. In conclusion, these data 

suggest that dasatinib promotes the egress of lymphocytes from SLO. 

 

Figure 22. In vivo egress assay. CFSE-labelled T and B cells were transferred into recipient mice and let 

recirculate for 24-48 hours. All mice were thereafter i.v. injected with 100 g of a CD62L-blocking mAb. 
The number of CFSE+ B and T cells recovered from SLO of mice untreated or treated with DMSO or 
dasatinib (50 mg/kg) for 2 or 6 hours is shown. N=2. Red lines depict mean. bLN, brachial LN; iLN, 
inguinal LN. Analyzed by ANOVA. *, p < 0.05, ***, p < 0.001.  

S1PR1 is the driving force of homeostatic lymphocyte egress. To examine whether functional 

S1PR1 was required for dasatinib-induced lymphocyte egress, we repeated the experiment on 

mice that had been treated overnight with the functional S1P1R antagonist fingolimod 

(FTY720). In this case we also observed an increased egress after dasatinib treatment, 

suggesting that the mechanism of dasatinib-induced lymphocytosis is independent of the 

SP1/S1PR1 signaling axis (Figure 23).   
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Figure 23. In vivo egress assay in the presence of FTY720. CFSE-labelled T and B cells were transferred 
into recipient mice and let recirculate for 24-48 hours. Mice were treated with 2 mg/kg of FTY720 
overnight and the next day the number of CFSE+ B and T cells recovered from SLO of mice treated with 

100 g of Mel-14 and dasatinib (50 mg/kg) or vehicle for 2 or 6 hours was quantified by FACS. Pooled 
from 3 experiments. Red lines depict mean. bLN, brachial LN; iLN, inguinal LN; PB, peripheral blood. 
Mean is shown. Analyzed by One-way ANOVA with Tukey’s multiple comparison or Kruskal-Wallis with 
Dunn’s multiple comparison test, as appropriate. *, p < 0.05; **, p <0.01;***, p < 0.001.  
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3.5. Dasatinib causes redistribution of lymphocytes and shrinkage in the size of the 

spleen.  

Because patients treated with dasatinib take this medication daily, we wondered whether 

there is a cumulative effect of dasatinib induced lymphocyte egress. Here, C5BL/6J mice were 

treated with 50 mg/kg for 1, 2 or 3 consecutive days and were sacrificed 2 hours after the 

administration of the drug on that given day. We took a picture of the spleens, LNs and kidneys 

(as reference organs), which allowed us to compare the size of these organs before processing 

them either for FACS analysis or for confocal microscopy. The size of the spleen was reduced in 

the mice treated with 2 doses of dasatinib, and became significantly lower with the third dose 

(Figure 24). 

 

Figure 24. Dasatinib cumulative effect on SLO size. Mice were treated with 1, 2 or 3 doses of 50 mg/kg 
dasatinib and 2 hours later pictures of the spleens, inguinal lymph nodes and kidneys were taken and 
the area was quantified using FIJI. Images from one representative experiment and quantifications 
pooled from 2-5 mice from 2 independent experiments are shown. Analyzed by Kruskal-Wallis test. ns, 
not significant;*, p < 0.05; **, p < 0.01.  
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We also confirmed that although the lymphocytosis was readily seen with the first dose, the 

reduction of endogenous cell numbers in the spleen size became more apparent with repeated 

dosage (Figure 25), in line with a certain cumulative increase on the egress over the days. This 

effect was less pronounced or absent in LNs. 

 

Figure 25. Dasatinib cumulative effect on egress from the spleen and T and B cells lymphocytosis. 
Some of the organs from the mice used in Figure 24, which were treated with 1, 2 or 3 doses of 50 
mg/kg dasatinib or the vehicle for 2 hours, were processed for lymphocyte subpopulations 
quantification by FACS. Analyzed by One-way ANOVA with Bonferroni’s multiples comparisons test. ns, 
not significant;*, p < 0.05; **, p < 0.01.*, p < 0.05; ***, p < 0.001.   
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By analyzing the distribution of lymphocytes in the spleen with confocal microscopy, we 

corroborated that the spleen microarchitecture remained conserved. Quantification of the 

areas covered by each population on the total surface of the section did not yield significant 

differences (Figure 26).  

 

Figure 26. Dasatinib cumulative effect on spleen microarchitecture. Upper panels: Spleen cryosections 
from some of the mice from Figure 24, which were treated with 1 dose or 3 doses of DMSO or 50 mg/kg 
dasatinib. T cells, B cells and stromal FRCs were identified using monoclonal antibodies against CD90.2 

(red), B220 (green) and -SMA (grey), respectively. Confocal images were acquired and analyzed with 
FIJI. Lower panels: Quantification of the proportional area of a given staining respect to the total surface 
of the section (DAPI staining area was considered 100%). Data pooled from at least 2 sections/mouse, 
and a minimum of 3 mice/group. Analyzed using ANOVA followed by Tukey’s multiple comparison test. 
ns, no significant differences. 

Taken together, these results suggest that dasatinib causes a redistribution of endogenous 

lymphocytes from SLO, especially from the spleen, to PB, and that this effect occurs already 

with the first dose of the drug and accumulates overtime. 
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3.6. Dasatinib has a direct effect on FRCs actin dynamics. 

We next reasoned that the fast changes in the distribution of lymphocytes could be due to a 

disturbance on FRCs homeostasis, as they play a major role in the organization and 

maintenance of the microarchitecture of SLO. Because FRCs are constitutively contracted to 

some extent (75), we used a FRC cell line derived from C57BL/6J mice in order to quantify by 

confocal microscopy their actin and pMLC content. For comparison, we included the treatment 

with the ROCK inhibitor Y27632, which induces relaxation of cultured FRCs (54). 

Dasatinib treatment did not significantly affect pMLC and F-actin levels in FRCs cultured on flat 

surfaces. However, it was able to partially revert the strong effect on pMLC dephosphorylation 

produced by Y27632, although this did not reach statistical significance (Figure 27). 
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Figure 27. Effect of dasatinib on phalloidin and pMLC of cultured FRCs. Subconfluent FRCs cultured on 

20 g/ml of fibronectin were treated for 2 hours with DMSO (as vehicle), 100 nM dasatinib, 20 M 
Y27632 or both. Then, cells were fixed and stained with phalloidin and pMLC and imaged on a Leica SP5 
spectral confocal scanning microscope fitted with a HyD detector (Leica Biosystems) and a 63x, 1.40NA 
PLANAPO oil objective. Using the ImageJ software, the area of the cells was determined by manually 
drawing around the cell shape and used to normalize the intensity of phalloidin and pMLC staining. Each 
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dot represents a cell. N= 3 independent experiments. Analyzed by Kruskal-Wallis test.*, p < 0.05; **, p < 
0.01; ***, p < 0.001; ****, p < 0.0001. 

 These results led us to perform an egress assay administering Y27632 together with dasatinib, 

in an attempt to reverse the effects induced by dasatinib in vivo. Indeed, Y27632 additional 

treatment partially decreased the lymphocytosis induced by dasatinib, although this effect 

only reached statistical significance for B cells, and partially reverted the egress of cells from 

the spleen (Figure 28).

 

Figure 28. In vivo egress assay in the presence of Y27632. Number of CFSE
+
 B and T cells recovered from 

the spleen and PB of mice treated with dasatinib (50 mg/kg) alone, or dasatinib and Y27632 (10 mg/kg), 
or vehicle for 2 hours quantified by FACS. Pooled from 3 experiments. Red lines depict mean. Analyzed 
by One-way ANOVA with Tukey’s multiple comparison or Kruskal-Wallis with Dunn’s multiple 
comparison test, as appropriate. *, p < 0.05; **, p <0.01;***, p < 0.001.  

In sum, our data support a model where dasatinib treatment leads to spleen contraction and 

release of lymphocytes into PB. 

3.7. Dasatinib abrogates in vivo interstitial motility. 

Given the previous results, and because the FRC network plays a role on the intranodal 

migration of leukocytes, we wondered whether systemic dasatinib treatment affected 

homeostatic motility of lymphocytes in lymphoid tissue. We therefore performed intravital 

microscopy (2PM) on the popliteal lymph node of C57BL/6J mice. First, we adoptively 

transferred fluorescently labelled T and B cells and allowed them recirculate for 48 hours. On 

the following days, mice were treated with 50 mg/kg dasatinib or its vehicle (DMSO) daily, for 

up to 3 days. On the day of the experiment, 1 hour after the administration of the drug, mice 



RESULTS 
 

54 
 

were anesthetized and the surgery was performed to expose the popliteal LN. In the following 

2 hours, 2PM images were taken before sacrificing the mice. Surprisingly, we observed 

virtually no migration of either T cells or B cells in these conditions (Figure 29B, upper panels; 

Supplementary Video 2). Furthermore, a lower dose of dasatinib (5 mg/kg) already caused a 

decrease in cell speed (Figure 29B, lower panels; Supplementary Video 2). 

 

Figure 29. 2PM analysis of the interstitial migration of lymphocytes in dasatinib treated mice. A) 
Representative examples of lymphocyte tracks in the parenchyma of popliteal LNs of C57BL/6J mice 
treated for 1 hour with DMSO or dasatinib 50 mg/kg are shown. T cells are shown as green dots, and 
their tracks appear in yellow. B cells represented as red dots with purple tracks. HEVs appear in grey. B) 
Quantification of the cells track speeds of mice treated with dasatinib  or DMSO as indicated. Data is 
pooled from at least 3 mice/group, from 2 independent experiments. The mean is shown. Analyzed by 
Mann-Whitney t-test. ns, not significant;*, p < 0.05; **, p <0.01; ***, p < 0.001, ****, p < 0.0001. 

In addition, since 2PM data was obtained around 2 hours after the second or third dose of 

dasatinib, we wondered if this effect could be detected at earlier timepoints. We therefore 

performed the same experiment but recorded a 30 minute video “pre-treatment” before 
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injecting the drug or vehicle for the first time, and obtained videos during the next hour after 

the injection. In this case, we could confirm that the effect is visible for B cells already within 

one hour, while this is not observed for T cells yet (Figure 30). Furthermore, in order to 

address if this effect is exclusive of dasatinib, we again used ibrutinib (6 mg/kg) as a control 

treatment. In contrast to the results obtained in vitro, we detected a moderate decrease in the 

migration speed of B cells in the parenchyma of the LNs. However, T cells migration remained 

similar to the control condition (Figure 30, Supplementary Video 3). 

 

Figure 30. 2PM analysis of the interstitial migration of lymphocytes in dasatinib treated mice at early 
timepoints and in ibrutinib treated mice. A) T and B lymphocytes track speeds in the parenchyma of 
popliteal lymph nodes of C57BL/6J mice during the first hour after a single administration of Dasatinib 
50 mg/kg or DMSO (as vehicle). The mean of the cell speed observed for the pre-dose condition is 
shown as a dotted line for reference. B) T and B lymphocytes track speeds of mice treated with 6 mg/kg 
ibrutinib or its vehicle (DMSO). The mean is shown. Data in (A) and (B) are pooled from at least 3 
mice/condition, from 2 independent experiments. Analyzed by Mann-Whitney t-test. ns, not 
significant;*, p < 0.05; **, p <0.01; ***, p < 0.001; ****; p < 0.0001. 

Finally, given the discrepancies between in vitro and in vivo data for T cells, we next compared 

the role of dasatinib on T cell motility in an independent system. We used under agarose 

assays, in which T cells are confined on CCL21 and ICAM-1-coated surfaces, thus resembling 

migration on LN stroma. Both populations showed comparable speeds and directionality in 

these assays (Figure 31; Supplementary Video 4). 
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Figure 31. Under agarose migration assay. Upper panels: representative image showing the tracks of T 
cells treated with DMSO (left) or dasatinib 100 nM (right) on an ICAM-1 and CCL21 coated plate. Lower 

panel: quantification of the motility parameters speed (m/min) and straightness (meandering index). A 
minimum of 900 cells/condition were analyzed, from 2 independent experiments. Analyzed by Mann-
Whitney t-test. No significant differences were detected. 

Taken together, we could conclude that in line with in vitro data, dasatinib exerted a direct and 

immediate effect on B cells, while an indirect effect was observed for T cells. 

 

4. Validation of dasatinib induced spleen reduction on human subjects. 

Finally, as a proof of concept, we recruited CML patients on chronic treatment with dasatinib 

in order to measure their spleens pre- and post-medication by ultrasound. We also collected a 

sample of PB at each time point for comparison of hematological parameters. Although these 

are preliminary data, the volume of spleen was reduced after dasatinib intake in 5 out of 7 

patients, albeit without reaching statistical significance yet. All patients increased leukocyte 

counts (WBC), and all but one presented lymphocytosis. No changes in hematocrit (HCT), 

hemoglobin (Hb) or erythrocytes (RBC) were observed (Figure 32). We are currently collecting 
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additional data to assess whether the observed tendency of spleen size reduction in dasatinib-

treated patients can be corroborated. 

 

Figure 32. Dasatinib reduces spleen size in CML patients. A) Representative ultrasonography 
measurement of a CML patient before (left image) the intake of 50 mg dasatinib, and 1 hour 20 minutes 
after (right image). The spleen volume changes from 265.3 cm

3
 in the pre-dasatinib sample to 197.1 cm

3
 

in the post-dasatinib sample. B) Quantification of the spleen volume, leukocytes (WBC) and lymphocytes 
numbers (upper row); changes of volume shown as percentage of reduction, changes in WBC and 
leukocytes numbers between post- and pre-dasatinib expressed as a Fold Change (middle row); 
hematocrit, RBC counts, and hemoglobin concentration (lower row). Dotted lines represent normal 
reference values in our hospital. For hematocrit, men normal values are identified with dotted lines and 
women normal values with dashed lines. N=7. Wilcoxon paired t-test.



 

58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion



DISCUSSION 
 

59 
 

1. Impact of dasatinib on MCL. 

The emergence of TKIs has revolutionized the way to treat some cancers, including lymphomas 

and leukemias, and newly developed inhibitors provide every day a wider therapeutic arsenal. 

Thus, since the approval of imatinib for CML 20 years ago, four other TKIs have become 

available in clinical practice for this disease (nilotinib, dasatinib, bosutinib, and ponatinib). This 

has represented an advantage regarding second line treatments needs due to resistance or 

intolerance of a given drug. However, the election of each of these inhibitors should be based 

on the patient risk and comorbidities, as well as on the safety profile of each TKI.  

Another positive aspect of TKIs is their versatility. For example, imatinib use is not restricted to 

CML. It is approved for other hematologic malignancies (i.e. myelodysplastic syndromes or 

systemic mastocytosis), as well as for some solid cancers such as gastrointestinal stromal 

tumors. Similarly, ibrutinib was initially approved as a therapeutic agent for CLL, but its use has 

extended to other B cell malignancies and some cases of chronic graft versus host disease after 

bone marrow transplant.  

The use of dasatinib, although developed for imatinib resistant CML, has also expanded to 

treat Ph+-ALL as well. Although MCL does not express BCR-ABL, dasatinib targets SFKs that are 

important in B cell migration and adhesion (e.g. Btk, Src, Lyn) (76), and are therefore 

implicated in dissemination and survival of B cell lymphomas. Therefore, we aimed to study 

the potential therapeutic role of dasatinib in B cell malignancies, in particular in MCL, since 

there is a lack of standard curative treatment for this neoplasia. 

In our settings, adhesion of MCL cells to ECs was not altered by dasatinib, while ibrutinib 

showed a reduction of adhesion to activated ECs (Figure 10). However, the half maximal 

inhibitory concentration (IC50) of dasatinib and ibrutinib for Btk are 5 and 0.5 nM, respectively, 

which could explain the different effects of these drugs.  

Regarding chemotaxis towards CCR7 ligands, dasatinib could only decrease migration of one of 

the two cell lines tested, namely Mino, but not Granta519 (Figure 11). The discrepancies 

between cell lines are probably due to the more aggressive phenotype described for the latter. 

However, when we subjected Mino cells to transendothelial migration for 4 or 24 hours, the 

effect was only transiently observed in the 4 h migration assay towards one of the chemokines 

(Figure 11). In these experiments, Mino cells were washed right before seeding them in the 

insert of the transwell chamber in order to avoid treatment of the HUVEC monolayer. Hence, 
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the reversibility of the effect of the drug is probably underestimating the physiological impact 

of dasatinib on TEM.  

The last update from the WHO recognizes two different subtypes of MCL. The classical variant 

typically affects LNs and other extranodal sites, and can further lead to the more aggressive 

blastic and pleomorphic forms when additional genetic abnormalities are gained. The other 

variant is known as the leukemic non-nodal MCL, and usually involves the PB, bone marrow, 

and often spleen (77). Accordingly, and similar to results obtained with the cell lines, we 

observed a modest but consistent reduction of migration in dasatinib-treated cells from 

patients with the classic variant of the disease, but not in the more aggressive blastic forms 

(Figure 12). 

In conclusion, dasatinib as a single agent did not seem to represent a promising therapeutic 

option for MCL, in special for the blastic variant, at least at the dose that is currently approved. 

Furthermore, a recent study reported that dasatinib has little effect on MCL viability, 

compared to other B cell disorders (78). These results therefore discouraged us to deepen the 

research in this area. However, the use of higher doses of dasatinib -or its combination with 

other therapeutic agents- remains an exploratory option in this field of cancer research.  

2. Impact of dasatinib on adaptive immune cell distribution. 

It is of great importance for physicians and researchers to mechanistically understand the 

potential side effects of TKIs, which differ greatly between inhibitors due to their particular 

inhibition spectra. This knowledge will help to identify alternative therapies, avoid toxicity and 

improve patient care management. Among the secondary effects induced by dasatinib, the 

lymphocytosis occurring with every intake is particularly fascinating, as it may represent a daily 

immunotherapy against CML cells, potentially by mobilizing antitumoral lymphocytes.  

Lymphocytosis in the context of B cell malignancies has been described for other TKIs 

employed, such as ibrutinib and idelalisib. The generally accepted mechanism for ibrutinib-

induced lymphocytosis is a direct inhibition of adhesion and chemotaxis of the malignant cells 

to their survival niches, which in turn leads to their egress to PB (68,79). A decreased 

expression of CD62L on the leukemic cells, which contributes to a reduced homing capacity of 

these cells, has also been proposed as a mechanism of idelalisib-induced lymphocytosis (69). 

Since the actual cause of the transient lymphocytosis caused by dasatinib is not understood, 

the second aim of the present work was to gain insight into the mechanism underlying 

dasatinib-induced lymphocytosis. 
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Following the same experimental model as in Aim 1, we first addressed the effect of dasatinib 

on adhesion and migration of healthy human PBMCs. Given the disorganization of HUVECs 

monolayers seen upon dasatinib treatment (80), we hypothesized that dasatinib might 

interfere with lymphocyte adhesion to ECs. Indeed, treatment of HUVECs with dasatinib 

strongly reduced the adhesion of cells to the endothelial monolayer, regardless of their 

activation status. Furthermore, dasatinib was able to detach cells that were already adhered 

(Figure 13). Dasatinib also reduced the expression of VCAM-1 on HUVECs activated with TNF- 

(Figure 14), although this observation does not explain the decreased adhesion under non-

activated conditions. Of note, ICAM-1 and ICAM-2 have shown a redundant role in lymphocyte 

recirculation under steady state conditions, while ICAM-1 seems to be the main molecule 

involved in lymphocyte migration in inflamed tissues (81). Both seem to play an essential role 

on the initial steps of the homing, mediating shear-resistant arrest, but are not required for 

transmigrating through HEVs. On the other hand, VCAM-1 represents an alternative adhesion 

ligand for homing (31). Moreover, these molecules do not play a role in recirculation through 

the spleen (81). Thus, since dasatinib did not alter ICAM-1 in our settings, it is reasonable to 

think that the effect observed on HUVECs phenotype would not be sufficient to explain the 

lymphocytosis in vivo.  

Yet, the decrease on the adhesion capacity of pretreated PBMCs to HUVECs also suggested a 

direct impact on the lymphocyte compartment (Figure 15A), although no differences on 

adhesion of PBMCs to recombinant ICAM-1 and VCAM-1 molecules were detected (Figure 

15B). The different experimental designs used here could explain the discrepancies observed 

between the assays. While the adhesion to recombinant molecules was performed under 

static conditions, the adhesion assay on HUVECs was carried out under constant rotation (64 

rpm), which may reduce the chances of unspecific adhesions. On the other hand, when cells 

were isolated from pre- and post-intake samples from dasatinib treated CML patients, we did 

not see a reduction in the adhesion to HUVECs (Figure 15C). Again, this might be due to the 

technical processing of the samples, which undergo a density gradient followed by 

fluorescence labelling, which implies washing steps, and dasatinib effect is quickly reversed 

after drug washout (Figure 18)(80). Taken together, our data suggested that the effect 

observed for adhesion and detachment in vitro was probably due to a synergic effect of 

dasatinib on both leukocyte and endothelial compartments.  

However, whether the decrease of HUVECs-PBMCs interactions observed after dasatinib 

treatment would affect physiological lymphocyte trafficking via HEVs remained unclear. A 

previous study has shown that systemic treatment with dasatinib in a murine model induced 
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lymphocytosis (12), which included both T and B cells, and which we confirmed here (Figure 

17). However, as seen for human cells, dasatinib induced a clear effect on B cells migration in 

vitro, but had virtually no effect on T cells in different experimental approaches (Figure 18, 

Figure 19, Figure 31) (26). These results are not surprising, given that dasatinib targets Btk and 

Lyn –with important roles in B cell migration- but not Itk, implicated in T cell migration 

(76,82,83). Nonetheless, given our results on in vitro adhesion, we would still have predicted a 

defect in the homing of mice under systemic dasatinib treatment. Intriguingly, there were no 

differences in the homing of pretreated cells injected in pretreated mice, as compared to the 

controls. From these data we conclude that the in vitro HUVECs model of adhesion does not 

reliably reproduce the in vivo scenario on HEVs. Accordingly, HEV ECs are surrounded by a 

thick basal lamina and a perivascular sheath composed of fibroblastic cells that help to 

maintain vascular integrity while allowing lymphocyte trafficking, while our in vitro model lacks 

these components. In light of these results, we finally discarded any immediate effects in 

homing.  

In contrast, dasatinib was able to enhance the egress from SLO, as we detected a decreased 

number of T and B cells in all SLO analyzed in mice treated with dasatinib (Figure 22). The 

egress from LN is a tightly regulated process where the balance between CCR7 and S1PR1 

signaling plays a major role. In the spleen, this process is less well understood, but S1PR1 has 

also a demonstrated role for egress (41) (42). However, treatment with the egress inhibitor 

FTY720 did not reverse the effect of dasatinib, while the combination with the ROCK inhibitor 

Y27632 partially reversed lymphocytosis and the egress from the spleen (Figure 23, Figure 24). 

These observations suggest that the effect of dasatinib in lymphocyte egress may reflect a 

“mechanical” contraction of the organ. Indeed, we did observe changes in the spleen size in a 

cumulative fashion, as it significantly decreased after 3 days of consecutive treatment (Figure 

27).  

3. Dasatinib effect on stromal cells of SLOs. 

Previous work from our group had shown that dasatinib causes ROCK activation in HUVECs, 

which in turn increases the phosphorylation of myosin light chain (MLC). This triggers 

activation of the non-muscle myosin II, leading to actomyosin cytoskeleton contraction (80). In 

cultured HUVECs, the functional consequences of this effect were the disassembly of cell–cell 

contacts and cell–matrix adhesions. In our settings, though, the increase in pMLC on a cultured 

FRC line was not statistically significant (Figure 27). However, intrinsic differences between cell 

lines regarding the capacity to increase pMLC in ECs have been observed (84). Likewise, FRCs 
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were shown to express much higher levels of -SMA and smooth muscle MLC than other 

stromal cells, and to exhibit a strong contractile function compared to other fibroblasts and 

stromal cells (44). Thus, FRCs are constitutively contracted to a certain point on basal 

conditions, which actually allows them to maintain the 3D network in the LNs, and to relax 

during inflammation in order to stretch and accommodate proliferating cells (52,54). Hence, 

the small increase in pMLC levels that we observed with dasatinib treatment in vitro may 

already be functionally significant in these cells in the LNs and spleen. An important 

observation supporting this conclusion is that, when both Y27632 and dasatinib are combined, 

dasatinib is able to restore the decreased F-actin content caused by Y-27632 treatment in the 

FRCs, and to partially compensate the drop in pMLC levels. 

On the other hand, we now know that the -SMA+ FRCs, marginal reticular cells (MRCs) and 

periarteriolar fibroblasts that populate the spleen white pulp are contractile cells. In both 

rodents and humans, splenic fibroblasts present in the red pulp, which ensheath reticular 

fibers and delimit the spaces of the open microcirculation, as well as cells of the splenic 

capsule and trabeculae, also express -SMA (85). Given that dasatinib has demonstrated to 

directly promote contractility to some extent in FRCs (Figure 27), we hypothesize a 

coordinated contraction of these cells as a mechanism to explain transient spleen volume 

changes. In vitro contraction and adhesion experiments using splenic FRCs and fibroblasts 

should substantiate this assumption in the future.  

Of note, spleen volume changes have been previously described in mammals, including seals, 

horses, sheeps, cats or dogs. This phenomenon occurs at least in part to release red blood cells 

(RBCs) for oxygen supply during physical activity such as diving and running. In this case, spleen 

contraction is mediated by G-protein coupled adrenergic receptors, which upon binding to 

their agonists induce smooth muscle contraction. In humans, it is well described that the 

adrenaline response leads to spleen contraction, but whether it represents a reservoir of 

hemoglobin (Hb)  has remained controversial over the years, as reviewed by (86). Early works 

showed that adrenaline quickly mobilizes splenic granulocytes and platelets but not 

lympocytes or RBCs (87). Other authors suggest that leukocytosis and thrombocytosis caused 

by epinephrine administration may not only depend on the spleen, but also on the pulmonary 

circulation and other organs such as the liver, because a similar response was seen in 

splenectomized individuals (88,89). From the therapeutic perspective, adrenaline was used for 

some years to treat chronic malarial splenomegaly, in an attempt to mobilize Plasmodium-

infected RBCs from their niches in the spleen (90). These works proposed the constriction of 

the splenic artery and its intrasplenic branches as a mechanism of passive organ deflation. 
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More recent studies in humans have demonstrated spleen contraction during physical exercise 

and apneic diving, which was accompanied by raises in hemglobin and hematocrit (HCT) that 

resolved within 10 minutes and did not occur in splenectomized patients (91,92). 

On the other hand, lymphocyte numbers in the LNs peak during the active phase of the subject 

(during the night in mice, and during the morning in humans), which is thought to enhance the 

chances of specific cells for antigen encounter in the LNs. This phenomenon has been shown to 

be regulated in a circadian manner, as Ccr7 expression is enhanced at the beginning of the 

active phase while S1pr1 gets upregulated during the resting phase (93). Interestingly, 

adrenergic input also controls lymphocyte trafficking under steady state conditions, with 

noradrenaline peaks occuring during the active phase as well. Thus, abrogation of 

noradrenaline signalling disrupts the rythmicity, which has functional consequences on the 

adaptive immune reponse (94). Suzuki and colleagues also described that 2-adrenergic 

receptors (2-AR) expressed on lymphocytes modulate retention-exit signals in the LNs. 

Activation of the 2-AR with the agonist clenbuterol enhanced CCR7 and CXCR4 

responsiveness, which did not have any effect on the homing, but led to lymphocyte retention 

in the LNs (95). Of note, most of these studies have focused on the LN, and little is known 

about how the circadian regulation impacts on spleen. 

Src has been proved a downstream component in the 2-AR signalling pathway, causing 

desensitization and internalization of the receptors (96). Thus, it would be reasonable to think 

that dasatinib could interfere with Src-induced desensitization and internalization, leading to a 

maintained signal over time. Based on what has been discussed above, it is easy to speculate 

that this would have two consecuences: an increased adrenergic-mediated contraction of the 

spleen, and a decreased retention of cells in the LNs, explaining the rise in the number of 

lymphocytes in PB.  

Our data, although preliminary, demonstrate that 5 out of 7 patients showed a reduction in 

the spleen volume after dasatinib intake, ranging from 5.5-25.6%, and 6 out of 7 displayed 

lymphocytosis. Although no changes in Hb, HCT or RCB were found 1 hour after dasatinib 

intake (Figure 32), a cathecolamine-induced spleen reduction cannot be excluded, since those 

parameters were reported to reverse in shorter times (92). Therefore, whether changes in 

cathecolamines levels within the pre- and post-dasatinib blood samples occur in our cohort 

will be determined in the near future. Administration of cathecolamine antagonists to mice, in 

order to prevent dasatinib-induced egress from lymph nodes and spleen, could also shed light 

on this issue. 
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4. Dasatinib effect on lymphocyte motility in vivo. 

Dasatinib caused a remarkable decrease in both T and B cell interstitial motility. Thus far, we 

have not been able to uncover a causal connection between lymphocytosis and the abolished 

interstitial migration within the LN. Thus, we could be encountering two unrelated phenomena 

caused by this drug. In this regard, while it is clear that dasatinib has a direct an immediate 

effect on B cells, the effect on T cells seems indirect, as sugested by the results on in vitro 

migration and the delay on the intranodal migratory response to dasatinib (Figure 18, Figure 

29). A causal relationship of both phenomena could probably explain why, throughout the 

experiments, lymphocytosis was usually more evident for B cells than for CD4+ and CD8+ T 

cells. 

Among the reasons underlying the inhibition of interstitial migration, we first considered 

dasatinib-induced changes in the ability to respond to chemokines or a defect in the 

interaction of integrins. We know that Src plays a role for CCR7 signalling (97), and that CCR7 is 

required for a correct positioning of T and B cells in the spleen (39,41). Furthermore, an 

appropiate turnover of the actin and integrin-mediated adhesion is required for lymphocyte 

migration (98–100). However, it has also been shown that CCR7 and integrins contribute 

additively to intranodal migration, but that loss of these molecules are not sufficient to 

completely abrogate T cells migration or to detach them from FRCs (99,101,102). On the other 

hand, constitutive affinity upregulation of LFA-1 impairs T cells intravascular crawling and 

diapedesis during homing to LNs, but is not enough to disturb the interstitial migration within 

the parenchyme (103). Given the absence of an effect of dasatinib on T cell migration 

parameters obtained in vitro, in particular in the under agarose assays, we discarded these 

options (Figure 19, Figure 31). The results observed for leukocyte adhesion on ECs and 

recombinant adhesion molecules would also exclude these possibilities (Figure 13, Figure 15).  

On the other hand, a very recent work has established a link between adrenergic stimulation 

and lymphocyte interstitial motility. Upon administration of noradrenaline,  T cells, B cells and 

DCs showed an abrupt descrease in migration, which strongly phenocopies our T and B cell 

intravital analysis results (Figure 29). The authors demonstrate that noradrenaline reduces 

lymph node blood flow, inducing local hypoxia. This triggers Ca2+ mediated signalling, which 

stops lymphocyte motility and eventually leads to an impaired immune response. Interestingly, 

the 2-adrenergic receptor was required in non-hematopoietic cells, rather than in the 

leukocytes (104). These observations open up a new mechanism to explain the inhibition of 
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migration observed in dasatinib-treated mice, and again, intravital analysis using adrenergic 

antagonists could clarify this question.  

Given that T cells migrate on the FRC network, it is intriguing that depletion of up to 70% of the 

FRCs normally present in LN had little impact on T cell motility (48). However, upon depletion 

of FRCs, the conduit system beneath might still be conserved, providing the necessary scaffold 

for T cells to migrate, as they do during in vitro migration experiments on substrates coated 

with adhesion molecules and chemokines. Furthermore, FRCs have been shown to colocalize 

with resident DCs decorated with ICAM-1 and CCL21 (produced by FRCs), which might suffice 

as a scaffold for T cell migration (105). However, similarly to our observations on human PBMC 

adhesion on ECs (Figure 13, Figure 15), dasatinib could also be detaching lymphocytes from 

their substrate. Hence, in dasatinib treated mice, the scenario would be an alteration of the 

stiffness of the FRCs in direct contact with the lymphocytes and DCs. Actually, the interaction 

between the molecule CLEC-2 expressed on the surface of DC and the PDPN expressed on FRCs 

have been shown to play crucial roles in both DC and FRC functions. CLEC-2 is necessary for DC 

migration to LNs, and along the stromal cells within the parenchyma, and this engagement also 

leads to stretching of the FRCs. The mechanism is not fully described but it implicates 

downregulation of the pMLC in both cell types, enabling DCs to extend protrusions and 

efficiently migrate on the stromal cells (52,54,75).  

Indeed, the alterations in the CLEC-2/PDPN axis have been best described in platelets and LECs 

interactions. Engagement of CLEC-2 leads to the formation of PDPN clusters in a mechanism 

dependent of SFKs. This ultimately promotes platelet adhesion on the surface of LECs, as 

shown by inhibiton of platelet adhesion under flow and static conditions with dasatinib and a 

specific Syk inhibitor (106). Dasatinib has been shown to induce platelet disfunction in several 

other studies, which has clinical relevance because bleeding diathesis is seen in 40% patients 

on dasatinib. For example, Quintás-Cardama and collegues showed that dasatinib was able to 

inhibit arachidonic acid- and epinephrine-induced aggregation, but not that of other agonists 

such as ADP or collagen (107). Furthermore, PDPN is also expressed on the pericytic FRCs 

surrounding HEVs in the LN. Its interaction with CLEC-2 present on platelets has proven 

important in regulating vascular integrity by preserving VE-Cadherin (108). We previously 

demonstrated that dasatinib has a deleterious effect on ECs, and mice receiving dasatinib 

showed vascular leakage, specially in the gut, brain and lungs (80). Thus, an alteration 

mediated by dasatinib in these contractile pericytic FRCs that could contribute to increased 

vascular permeability in LNs needs to be addressed in future experiments. 
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In clear relationship with the disruption of the EC integrity, another clinically relevant side 

effect almost exclusive of dasatinib is the development of  pleural effusions, which are 

generally lymphocyte-predominant exudates, and occur in 30% of the patients. Since it is the 

main reason for treatment discontinuation, we analyzed the amount of lymhocytes in the 

lungs and liver. Preliminary data show an increased amount of cells in these organs in mice 

under dasatinib treatment. Assuming their splenic procedence, the fact that these leukocytes 

need to pass through the hepatic and pulmonary circulation in order to reach PB acknowledges 

the high amount of lymphocytes that needs to be egressed in order to cause such a 

pronounced lymphocytosis (Figure 33, preliminary data).  

 

Figure 33. Lymphocyte count in non-lymphoid organs in the presence of FTY720. The number of CFSE+ 
B and T cells recovered from lungs and liver of mice used in Figure 23, which were treated with FTY720 
and dasatinib (50 mg/kg) or its vehicle (DMSO) for 2 and 6 h (pooled data). Red lines depict mean. 
Analyzed by Student t-test. *, p < 0.05.  

Taken together, a possibility to correlate our results on intranodal migration, spleen shrinkage 

and lymphocytosis would be that temporarily immobile lymphocytes  may be washed out from 

the white pulp upon FRC mediated spleen contraction, and get further expelled into the 

bloodstream due to its open microcirculation. Thus, dasatinib-triggered FRC contractility could 

provide a plausible explanation for our observations, and therefore future research will focus 

on dasatinib-mediated effects on stromal cells. Furthermore, a role of dasatinib on adrenergic 

regulation should also be explored.  

In sum, the data presented in this work contribute to the understanding of the mechanisms of 

dasatinib induced lymphocytosis, which has an impportant clinical value, as this event is 

associated to a better molecular response in CML patients. Importantly, we have also 

unraveled two new features of this drug: the inhibition of migration within peripheral lymph 

nodes, and the induction of spleen shrinkage, the latter being currently validated on human 

subjects. 
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These observations open new possibilites of research and clinical applications. For example, 

despite the negative data obtained for the direct effects on MCL, the mobilization of these 

tumoral cells would have two positive consequences. First, the reduction of the tumoral 

burden in the SLO, and secondly, the possibility to target them with additional therapeutic 

agents.  

On the other hand, whether the dasatinib-mediated control of the cytokine release syndrome 

that has been described in CAR-T cell models (20,21) has any relationship with our 

observations needs to be further investigated. It is tempting to speculate that the tissue 

alterations, together with the strong inhibition of LN interstitial migration, might hamper the 

capacity of these cells to find their targets, leading to a function-off state. The modulation of 

this hyperinflammatory syndrome with dasatinib would not only be of great interest in this 

context, though. Other conditions that course with hyperinflammation with cytokine storm-

like syndromes, such as the hemophagocytic syndromes, could also benefit from this therapy. 

In conclusion, this work provides novel insights that could be used in the future to exert a 

better control of the mobilization of both lymphocytes and tumoral cells induced by these 

drugs, including their use for other medical conditions, and to design future drugs that retain 

this beneficial side effect.



  

69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusiones/Conclusions



CONCLUSIONES / CONCLUSIONS 
 

70 
 

Del presente trabajo, podemos concluir lo siguiente: 

1. Dasatinib no representa una opción terapéutica prometedora para el LCM, ya que no 

inhibe la adhesión de las líneas celulares de LCM, ni reduce significativamente la 

quimiotaxis de las células de LCM. 

 

2. Dasatinib inhibe la adhesión de los leucocitos humanos al endotelio in vitro.  

 

3. Dasatinib inhibe la migración in vitro de las células B humanas y de ratón. Este efecto 

no está mediado por un aumento de la apoptosis ni por la modificación de la expresión 

de moléculas de adhesión y receptores de quimioquinas. 

 

4. La migración de las células T no se ve afectada de manera directa por el tratamiento 

con dasatinib in vitro.  

 

5. Dasatinib no afecta al homing linfocitario. 

 

6. Dasatinib promueve la salida de los linfocitos de los OLS, especialmente del bazo, de 

manera independiente del eje S1P/S1PR1.  

 

7. Dasatinib es capaz de contrarrestar, al menos en parte, los importantes efectos que la 

inhibición farmacológica de ROCK produce en la dinámica de la actina en las FRCs in 

vitro. La inhibición de la señalización vía ROCK revierte parcialmente la linfocitosis y la 

salida de los linfocitos del bazo. Estas observaciones sugieren una contracción 

mecánica de los OLS. 

 

8. Dasatinib afecta a la migración intersticial de los linfocitos T y B en el parénquima de 

los ganglios linfáticos.  

 

9. El tratamiento repetido con dasatinib da lugar a una reducción del tamaño del bazo, lo 

cual se observa también en algunos pacientes de LMC, a la vez que muestran 

linfocitosis.
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From the present work, we can conclude the following: 

 

1. Dasatinib does not represent a promising therapeutic option for MCL, as it does not 

inhibit adhesion of MCL lines and does not significantly reduce the chemotaxis of MCL 

cells. 

 

2. Dasatinib inhibits adhesion of human leukocytes to endothelial cells in vitro. 

 

3. Dasatinib has a direct effect on in vitro B cell migration of human and mouse cells. This 

effect is not mediated by an increased apoptosis or changes the expression of 

chemokine receptors and adhesion molecules of lymphocytes. 

 

4. T cell migration is not directly affected by dasatinib treatment in vitro. 

 

5. Lymphocyte homing to SLO is preserved under dasatinib treatment.   

 

6. Dasatinib promotes the egress of lymphocytes from SLO, especially from the spleen, 

and this effect is independent of S1P/S1PR1 signaling.  

 

7. Dasatinib is able to counteract, at least to some extent, the strong effects that the 

pharmacological inhibition of ROCK causes on the actin dynamics on FRCs in vitro. The 

inhibition of ROCK signaling partially reverses lymphocytosis and egress from the 

spleen. These observations point to a mechanical contraction of SLO. 

 

8. Dasatinib impairs interstitial migration of T and B lymphocytes in the parenchyma of 

the LN. 

 

9. Repeated treatment with dasatinib leads to a reduction of the spleen size, which is 

also seen in some CML patients, and this event takes place concomitant to the 

presence of lymphocytosis.
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The following videos can be found as supplementary material: 

Video 1. Flow chamber assays. Representative videos of T cells treated with 100 nM dasatinib 

or DMSO in a flow chamber assay on a rmICAM-1 (7.7 g/ml) and CCL21 (2 M) coated plate. 

After the accumulation phase, the shear enhancement to reach physiological shear stress can 

be appreciated at the beginning of the video. 

Video 2. In vivo migration analysis of mice treated with dasatinib. Representative examples of 

lymphocyte migrating in the parenchyma of popliteal LNs of C57BL/6J mice treated for 1 hour 

with DMSO or dasatinib 50 mg/kg or 5 mg/kg. In the 50 mg/kg videos, T cells are shown in 

green, B cells in red and HEVs in grey. In the 5 mg/kg videos, T cells are shown in red, B cells in 

blue and HEVs in grey. 

Video 3. In vivo migration analysis of mice treated with ibrutinib. Representative examples of 

lymphocyte migrating in the parenchyma of popliteal LNs of C57BL/6J mice treated for 1 hour 

with DMSO or ibrutinib 6 mg/kg. T cells are shown in red, B cells in green and HEVs in grey. 

Video 4. Under agarose Assays. Representative videos showing the migration of T cells from 

LifeAct-GFP-mTmG transgenic mice treated with DMSO or dasatinib 100 nM on a rmICAM-1 

(7.7 g/ml) and CCL21 (500 nM) coated plate.
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Introduction: Dasatinib is a dual SRC/ABL tyrosine kinase inhibitor used to treat chronic 
myeloid leukemia (CML) that is known to have unique immunomodulatory effects. In 
particular, dasatinib intake typically causes lymphocytosis, which has been linked to 
better clinical response. Since the underlying mechanisms are unknown and SRC family 
kinases are involved in many cell motility processes, we hypothesized that the movement 
and migration of lymphocytes is modulated by dasatinib.

Patients, Materials and Methods: Peripheral blood samples from CML patients treated 
with second-line dasatinib were collected before and 2 h after the first dasatinib intake, 
and follow-up samples from the same patients 3 and 6 months after the start of therapy. 
The migratory capacity and phenotype of lymphocytes and differential blood counts 
before and after drug intake were compared for all study time-points.

Results: We report here for the first time that dasatinib intake is associated with inhibition 
of peripheral blood T-cell migration toward the homeostatic chemokines CCL19 and 
CCL21, which control the trafficking toward secondary lymphoid organs, mainly the 
lymph nodes. Accordingly, the proportion of lymphocytes in blood expressing CCR7, the 
chemokine receptor for both CCL19 and CCL21, decreased after the intake including 
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INTRODUCTION
Dasatinib is a second generation multitargeted tyrosine kinase 
inhibitor (TKI) directed against BCR-ABL, which is approved for the 
treatment of Philadelphia chromosome positive (Ph+) leukemias, 
including newly diagnosed chronic myeloid leukemia (CML) in 
the chronic phase (Talpaz et al., 2006; Jabbour and Lipton, 2013). In 
addition to the BCR-ABL fusion protein, dasatinib inhibits with high 
potency several receptor tyrosine kinases (RTK) such as c-KIT or 
platelet-derived growth factor receptors (PDGFR) as well as a broad 
range of cytoplasmic kinases including TEC, SYK, and SRC family 
kinases (SFK) (Bantscheff et al., 2007; Rix et al., 2007; Steegmann et 
al., 2012). SFK are involved in mediating signal transduction from 
cell surface receptors and regulate fundamental cellular processes 
including migration, adhesion, invasion, angiogenesis, proliferation, 
and differentiation (Parsons and Parsons, 2004). Therefore, SFK play 
a major role in the development, growth, progression, and metastasis 
of a wide variety of human cancers, and their inhibition by dasatinib 
can suppress tumor growth and metastatic dissemination of several 
human cancer cell lines (Montero et al., 2011). Finally, several kinase 
targets of dasatinib are known to be important in the immune 
system function. For example, ZAP-70, LCK, FYN, and ITK are 
essential in T-cell signaling, while LYN, SYK, and BTK play key roles 
in B-cell receptor signalosome function (Donato et al., 2003; Pene-
Dumitrescu and Smithgall, 2010).

The physiological recirculation of lymphocytes between 
peripheral blood (PB), bone marrow, secondary lymphoid organs 
(SLO) and other tissues is regulated by a variety of chemokines 
and their corresponding receptors, which participate in the rolling 
and firm adhesion phases of the lymphocyte extravasation cascade 
through the endothelium (Viola et al., 2008; Alon and Shulman, 
2011). One of the most important chemokine/receptor pairs is 
the CCR7 receptor and its ligands, the homeostatic chemokines 
CCL19 and CCL21, which mediate the main trafficking pathway 
of T-cells from blood to SLO (Moschovakis and Förster, 2012). 
Another important pathway in lymphocyte homing to SLO and 
bone marrow is the CXCR4/CXCL12 axis (Griffith et al., 2014).

Because of its wide inhibition profile, dasatinib inhibits kinases 
also in healthy normal cells, such as lymphocytes, a mechanism 
that probably underlies many of the immunomodulatory effects 
attributed to this drug (Steegmann et al., 2016). Among them, 
in 2009, Mustjoki et al. reported persistent clonal expansion of 
cytotoxic T-cells or NK-cells in a distinct group of Ph+ patients 
receiving dasatinib therapy (Mustjoki et al., 2009; Kreutzman et al., 
2010; Nagata et al., 2010; Kreutzman et al., 2011; Powers et al., 2011). 

Later, the same group showed that dasatinib intake induces a rapid, 
dose-dependent, and substantial mobilization of lymphocytes in 
blood peaking 1–2 h after oral intake (Mustjoki et al., 2013). More 
recently, Paydas and Schiffer et al. investigated, in a large group 
of patients, the actual incidence of lymphocytosis (Paydas, 2014; 
Schiffer et al., 2016). They confirmed that lymphocytosis is not 
observed with other TKI and verified its association with higher 
response rates and significantly longer response duration. In 
particular, patients with imatinib-intolerant or imatinib-resistant 
chronic phase who developed lymphocytosis after treatment 
with dasatinib had better progression-free and overall survival, 
suggesting a quite specific immunomodulatory effect of dasatinib.

However, the reasons for the benefit of dasatinib-induced 
lymphocytosis and its underlying mechanisms are not clear and 
deserve further research. In this study, we hypothesized that 
dasatinib may induce lymphocyte mobilization from lymphoid 
organs or peripheral tissues, it may inhibit their physiological 
recirculation from the bloodstream to these organs and tissues, 
or both mechanisms. To our knowledge, there are no reports 
studying the effects of dasatinib intake on lymphocyte migration 
ex vivo. Therefore, our aim was to study whether the intake of 
dasatinib changes the migratory pattern of the lymphocytes of 
the patients as a possible cause of lymphocytosis, to gain insight 
into the immunomodulatory effect of this TKI.

PATIENTs AND METhODs

study Patients and samples
A total of 17 CML patients treated with dasatinib were included 
in this study. The patients were enrolled in the DASAPOST phase 
II study (NCT01802450), designed to evaluate the efficacy and 
safety of treatment change to dasatinib in patients previously 
treated with first line imatinib who had shown late suboptimal 
response (patients with complete cytogenetic response (CCyR) 
without major molecular response (MMR) after at least 18 
months of treatment) according to the ELN 09 recommendations. 
DASAPOST study was approved by the Clinical Research Ethics 
Committee of Hospital Universitari Germans Trias i Pujol 
(Badalona, Barcelona, Spain). Patients were treated with dasatinib 
(Sprycel) 100 mg QD administered orally as continuous daily 
dosage. A group of healthy donors and a different cohort of CML 
patients were also included in some experiments. This last cohort 
included CML patients treated for more than three months with 
first line or second line dasatinib (100 mg QD) administered 

both naïve CD45RA+ and central memory CD45RO+ T-cells. Similarly, naïve B-cells 
diminished with dasatinib. Finally, such changes in the migratory patterns did not occur 
in those patients whose lymphocyte counts remained unchanged after taking the drug.

Discussion: We, therefore, conclude that lymphocytosis induced by dasatinib reflects 
a pronounced redistribution of naïve and memory populations of all lymphocyte subsets 
including CD4+ and CD8+ T-cells and B-cells.

Keywords: Dasatinib, lymphocytosis, CCR7, migration, chronic myeloid leukemia
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orally as continuous daily dosage. The analysis of this second 
cohort was approved by the Clinical Research Ethics Committee 
of Hospital Universitario La Princesa (Madrid, Spain) (Reference 
number PI-561). The study was conducted in accordance with 
the Declaration of the Helsinki principles. Written informed 
consent was obtained from each patient and healthy controls 
prior to sample collection. All measurements of BCR-ABL/ABL 
levels (international scale, IS) were centralized in a sole EUTOS 
(European Treatment and Outcome Study for CML) laboratory.

PB samples were obtained the day the patients switched to 
dasatinib for DASAPOST patients, and at any time point after 
three months of dasatinib treatment for patients in the other cohort 
described above. For each patient, two samples were collected: one 
before the dasatinib dose (preintake sample) and the other one 2 h 
after drug intake (postintake sample). Only patients having paired 
preintake and postintake samples were included in the analysis.

Dasatinib used for in vitro assays was purchased from 
Selleckchem, Houston, TX, USA (HPLC purity 99.8%).

Immunophenotyping
Immunophenotyping of preintake and postintake samples was 
performed on fresh whole blood within 24 h after extraction using 
the following monoclonal antibodies (mAbs): CD45-V500 (BD; 
clone HI30), CD3-PerCP (BD; clone SK7), CD8-APC-H7 (BD; 
clone SK1), CD16-Pacific Blue (BD; clone 3G8), CXCR4 (CD184)-
PECy7 (BD; clone 12G5), CD56-Brilliant Violet 421 (Biolegend; 
clone HCD56), CCR7 (CD197)-PE (RyD; clone 150503), CD27-PE 
(BD; clone M-T271), CD45RA-FITC (BD; clone HI100), CD45RO-
PECy7 (BD; clone UCHL1). Monoclonal isotype controls (IC) 
were used to define basal levels of immunofluorescence. Whole 
blood was incubated with the antibodies for 15 min followed by 
standard lysis and washing steps. A minimum of 100,000 events 
were acquired with FACSCanto™ II flow cytometer and analyzed 
using FACSDiva software (both from BD Biosciences, USA). First, 
lymphocytes were identified as CD45+ and then T, B and NK 
cells were identified as CD3+, CD19+ and CD3-CD16+CD56+ 
lymphocytes, respectively. CXCR4 and CCR7 expression was 
evaluated on CD8+ T-cells (CD3+CD8+) and CD4+ T-cells 
(CD3+CD8-). Finally, naïve (TN), central memory (TCM), effector 
memory (TEM), and CD45RA+ effector memory (TEMRA) T-cells 
were defined as CCR7+CD45RA+, CCR7+CD45RO+, CCR7-
CD45RO+, and CCR7-CD45RA+ T cells, respectively, following 
the strategy showed in Figure 1. CD27 was used to identify naïve 
CD27- B-cells and memory CD27+ B-cells.

Migration Assay
PB mononuclear cells (PBMCs) from preintake and postintake 
samples were separated by Ficoll gradient centrifugation and 
serum starved in RPMI+0.1% BSA for 30 min. The chemokines 
CCL19+CCL21 (1 μg/ml) and CXCL12 (0.5 μg/ml) (all 
PeproTech, Rocky Hills, NJ, USA; SDS-PAGE and HPLC purity 
≥ 98%) were added to 24-well plates in a final volume of 600 μl. 
Polycarbonate filter (5-μm pore size, 6.5-mm membrane, 10-mm 
thickness, Costar, Cambridge, MA, USA) transwell-inserts were 
put on top of the wells and starved cells (5x105 cells in 100 μl) 

were added into the upper chamber of the transwell and were 
allowed to migrate for 3h at 37°C in 5% CO2 atmosphere.

The assay included two control wells: input cells (maximum 
of cells = 500,000) and basal migration without chemoattractant 
in the lower chamber. After 3 h, the migrated cells in the lower 
chamber were collected into tubes and antibodies against CD45, 
CD3, CD4, CD8, and CD56 were added to each tube. Events 
were acquired for 210 s by flow cytometry (FACSCanto™ II) and 
data were analyzed using FACSDiva software. Gates were set as 
described in the Immunophenotyping section.

Two parameters were used to evaluate lymphocyte migratory 
capacity: the percentage of migrated cell and the migratory 
index. The percentage of migrated cells was calculated as the 
ratio between the number of cells migrated in response to CCL19 
and CCL21, or CXCL12 and the number of cells present in the 
input well. The migratory index was defined as the ratio between 
the number of cells migrated in response to each chemokine and 
the number of cells migrated into the basal well.

Similarly, in vitro effects of dasatinib were analyzed with PBMC 
from healthy donors, which were pretreated with dasatinib (100 
nM) for 1 h and allowed to migrate for 3 h in the presence of the 
inhibitor.

statistical Analyses
Descriptive analysis of the sample: variables were described by their 
measures of central tendency (mean) and dispersion (standard 
deviation (SD)) or standard error of the mean (SEM). Normality 
was tested with Shapiro-Wilk test and homoscedasticity was tested 
with Levene test. Preintake and postintake samples were compared 
by using both parametric (paired samples t-test) and nonparametric 
(Wilcoxon matched-pairs test) methods as appropriate. Adjusted 
p-value (p-adj) was calculated when an adjustment was necessary 
due to multiple comparisons (fdr test). P values ≤ 0.05 were 
considered statistically significant. All analyses were performed 
using GraphPad Prism version 6 software or R version 3.5.2.

REsULTs

Dasatinib Intake Inhibits the Migratory 
Capacity of T-Lymphocytes
To study the acute effects of dasatinib intake on lymphocyte 
migration, we obtained samples from 17 CML patients the day they 
began dasatinib treatment. PB samples were taken before the first 
drug intake (preintake) and 2 h later (postintake) from all patients. 
We first studied the acute effects of the first dasatinib intake on 
PBMC migration by performing a standard transwell assay using 
CCL19+CCL21 or CXCL12 as chemoattractants. Migrated cells 
were quantified and phenotyped for the main T lymphocyte 
subpopulations (CD4+ and CD8+ T-cells) and NK-cells.

Interestingly, the migratory index toward CCL19+CCL21 
was significantly reduced in both CD4+ and CD8+ T-cells 
(Figure 2A, upper panels). A similar tendency was found when 
the percentage of migration was analyzed, although differences 
did not reach significance (p = 0.097 for both CD4+ and CD8+ 
T-cells) (Figure 2A, lower panels).
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Conversely, the migration of NK-cells toward CCL19+CCL21 
was not affected by dasatinib intake. Furthermore, there was no 
significant effect on the migration of CD4+ T-cells, CD8+ T-cells, 
and NK-cells toward CXCL12 in postintake samples (Figure 2A).

Next, we aimed to analyze whether the inhibition observed 
in Figure 2A was due to a direct effect of dasatinib on the 
migratory capacity of lymphocytes. To this end, we performed 
migration experiments with PBMC from healthy donors (n = 11) 
pretreated in vitro with dasatinib for 1 h. This experiment 

revealed that dasatinib inhibited spontaneous T-cell migration, 
whereas chemotaxis toward CCL19, CCL21, and CXCL12 was 
not significantly affected (Figure 2B).

The First Dasatinib Intake Influences 
CCR7 Expression on T-Lymphocytes
In view of the previous results, an alternative explanation for the 
findings shown in Figure 2 could be the presence of a higher 

FIgURE 1 | Gating strategy to identify differentiation stages of T-cells. Lymphocytes were selected with a SSC/CD45 gate. Then, CD4+ and CD8+ T-cells were identified 
as CD3+CD8- or CD3+CD8+ lymphocytes, respectively (upper left). CCR7 expression on CD4+ and CD8+ T-cells is shown in a histogram (upper right). Finally, T-cell 
maturation stages were defined based on the differential expression of CCR7, CD45RA, and CD45RO on CD8+ (lower left) or CD4+ T-cells (lower right). TN = naïve 
T-cells (CD45RA+CCR7+); TCM = central memory T-cells (CD45RO+CCR7+); TEM = effector memory T-cells; TEMRA = CD45RA+ effector memory (CD45RA+CCR7-).
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proportion of CCR7 negative T-cells in the PB of the patients 
immediately after dasatinib intake. To confirm this hypothesis, 
we determined the percentage of CCR7+ and CXCR4+ cells in 
both CD4+ and CD8+ T-cell subsets and in NK-cells, both in 
preintake and postintake samples after the first dasatinib dose. This 
analysis first revealed that the percentage of expression of these 
chemokine receptors was very heterogeneous among patients 
before the first dasatinib intake (Figure 3A). This variability was 
already observed in CML patients at diagnosis (data not shown). 
After dasatinib intake, the percentage of CCR7+ cells in both 
CD4+ and CD8+ T lymphocytes was significantly lower (Figure 
3A, upper panels), whereas no significant changes were observed 
for CXCR4 in both CD4+ and CD8+ T-cells (Figure 3A, lower 

panels). Furthermore, no significant differences were observed in 
NK-cells (data not shown).

Dasatinib Favors the Accumulation of 
Effector T-Cells and Memory B-Cells in 
Peripheral Blood
CCR7 expression in combination with other molecules defines 
T-cell maturation stages. After the observation that dasatinib 
intake significantly decreased the proportion of CCR7+ T-cells, 
we performed a more detailed phenotypic analysis of lymphocyte 
subsets according to the expression of CCR7, CD45RA, and 
CD45RO. We observed an important redistribution of the 

FIgURE 2 | Dasatinib intake reduces CD4+ and CD8+ T-cell migration toward CCL19 and CCL21. (A) Blood samples were collected before (pre) and 2 h after 
(post) the first dasatinib intake in DASAPOST patients. Peripheral blood mononuclear cells (PBMCs) migration was studied by transwell assays, and compared 
between paired preintake (gray bars) and postintake (black bars) samples from DASAPOST patients (n = 12). The proportion of migrated cells in different cell 
populations is shown as migratory index (upper panels) and percentage of input (lower panels). (B) Migration transwell experiments with healthy donor PBMCs 
(n = 11) preincubated for 1 h (black bars) or not (gray bars) with dasatinib in vitro. Data are represented as means + SEM. Statistically significant p-adj values are 
shown on the graphs. ns, not significant.
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FIgURE 3 | (A) The first dasatinib intake changes the proportion of CCR7 positive T-cells. Percentages of CCR7+ and CXCR4+ lymphocytes in CD4+ and CD8+ 
T lymphocytes are compared between paired samples collected before (PRE) and 2 h after (POST) the first dasatinib intake from DASAPOST patients (CCR7, 
n = 17;CXCR4, n = 13). Data are represented as dot plots with lines connecting samples corresponding to the same patient. (B) T- and B-cell subsets redistribute 
differently in response to dasatinib therapy. Percentages of naïve (CCR7+CD45RA+)(TN), CD45RA+ effector memory (CCR7-CD45RA+)(TEMRA) and central memory 
(CCR7+CD45RO+)(TCM) CD4+ and CD8+ T-cells in total CD4+ and CD8+ T-cells (upper panels) and total lymphocytes (middle panels) are compared between paired 
preintake and postintake samples collected before (gray bars) and 2 h after (black bars) the first dasatinib intake from DASAPOST patients (n = 12). Percentages 
of memory B-cells in total B-cells and total lymphocytes in the same cohort of patients are shown (lower panels). Data in (B) are represented as mean + SEM. 
Statistically significant p-adj values are shown on the graphs. ns, not significant.
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different subsets within both CD4+ and CD8+ T-cells. In 
particular, dasatinib clearly increased the proportion of terminal 
effector CCR7-CD45RA+ T cells (TEMRA) in both the CD4+ and 
CD8+ T-cell subsets whereas in total lymphocytes only CD8+ 
TEMRA changed (Figure 3B, upper and middle panels).

Conversely, the proportion of T-cell subsets expressing CCR7, 
which include central memory CCR7+CD45RO+ (TCM) and naïve 
CCR7+CD45RA+ (TN) T-cells, significantly diminished: CD8+ 
TCM in both total CD8+ T-cells and total lymphocytes, CD4+ TCM 
in total lymphocytes, and TN in both CD4+ and CD8+ T-cells and 
total lymphocytes (Figure 3B, upper and middle panels).

Similarly, B-cell differentiation stages were identified by 
CD27 expression. We observed higher proportions of memory 
B-cells in total B-cells and total lymphocytes from the postintake 
samples (Figure 3B, lower panels).

Finally, we investigated whether these findings occurred after 
every drug intake. To this end, preintake and postintake samples 
from the same patients after 3 and 6 months of treatment and from 
patients from another cohort treated for more than 3 months with 
dasatinib, were also analyzed. Similar as to the first drug intake, 
chemotaxis to CCL19 and CCL21 significantly diminished 
in the postintake samples of patients previously treated with 
dasatinib: percentage of input 17% in the preintake sample vs. 
10% in the postintake sample (p = 0.0215). Furthermore, we 
could also confirm a redistribution of maturation stages and 
an accumulation of CD4+ and CD8+ TEMRA lymphocytes in PB 
(data not shown).

A Minority of Patients Do Not show 
Increased Absolute Lymphocyte Counts 
After Dasatinib Intake
The composition of the main lymphoid subsets also changed 
from the first intake, with a significant increase of absolute counts 
of B-cells, NK-cells, and T-cells (CD4+ and CD8+) 2 h after the 
intake (Figure 4A, left panel). Furthermore, the proportion of total 
T-cells and the CD4+ T-cells subset in total lymphocytes decreased 
in the postintake samples, whereas the proportions of CD8+ 
T-cells, B-cells, and NK-cells increased (Figure 4A, right panel).

Accordingly, absolute lymphocyte counts in blood increased 
significantly after the first dasatinib intake in most patients. 
However, we observed that 3 out of 17 CML patients did not 
have changes in absolute lymphocyte counts in the postintake 
samples. Therefore, we next divided the patients into "mobilizers" 
(n = 14) and "non mobilizers" (n = 3) (Figure 4B).

The mobilizers had, in addition to increased absolute counts 
of all lymphocyte subsets in postintake samples (Figure 4C, 
left panel), also increased percentage of total lymphocytes, 
as well as NK-cells and B-cells (Figure 4C, right panel). 
Conversely, a significant reduction of the proportion of CD3+ 
T-cells was observed in the postintake samples. Furthermore, 
the proportion of CD4+ T-cells in total T-cells significantly 
decreased whereas CD8+ T-cells increased. As expected, 
no differences in the proportion or absolute numbers of the 
different populations were observed in those three patients who 
did not have changes in lymphocyte counts between preintake 
and postintake samples (Figure 4C).

We next analyzed CCR7 expression in these two groups of 
patients and found that mobilizers had less CCR7+CD4+ T-cells 
than non mobilizers (Figure 4D). A similar tendency was found 
for CCR7+CD8+ T-cells, although the difference did not reach 
significance (p = 0.098).

These two groups of patients were compared in terms of the 
migratory capacity of T lymphocytes, since CCR7 expression on 
those cells tended to be different between the two groups. Both 
CD4+ and CD8+ T-cells showed lower migratory index toward 
CCL19+CCL21 in mobilizers (Figure 4E), whereas the migratory 
index toward CXCL12 was not significantly different between 
preintake and postintake samples from mobilizers (Figure 4E). 
Interestingly, no differences in CD4+ or CD8+ T-cell migration 
to any of the chemokines tested were observed in non mobilizers 
patients after dasatinib intake (Figure 4E).

DIsCUssION AND CONCLUsION
In addition to having potent effects on malignant cells, TKI also 
target kinases in normal cells, a process that is now known to 
have consequences in the immune system (Ilander et al., 2014). 
In this context, dasatinib, a second-generation broad-spectrum 
TKI, has many unique effects on the immune system such as a 
well-described rapid, dose-dependent, and substantial increment 
of lymphocyte numbers in the PB 1–2 h after an oral intake 
(Mustjoki et al., 2013). Nevertheless, neither the molecular 
mechanisms underlying this redistribution of lymphoid cells nor 
its immunological effects have been completely characterized. 
Other groups have claimed many different reasons to explain 
the lymphocytosis occurring during dasatinib therapy including 
viral reactivations and genetic mechanisms (Ilander et al., 2014; 
Paydas, 2014; Schiffer et al., 2016). However, to our knowledge, 
this is the first report associating the effects of dasatinib on T-cell 
migration in CML patients with lymphocytosis. Interestingly, the 
reduction of the migratory capacity of lymphocytes in response 
to CCR7 ligands in the post samples of patients is associated 
with an accumulation of CCR7 negative effector T lymphocytes 
into PB but not with direct effects of dasatinib on the migration 
toward CCL19 or CCL21, as we could observe in the in vitro 
experiments. Conversely, we found a significant reduction of 
lymphocyte spontaneous migration.

In order to confirm whether all these changes underlie the acute 
lymphocytosis caused by dasatinib, we separately analyzed three 
non mobilizers patients who did not have changes in the absolute 
lymphocyte count in the postintake samples and compared them 
with the mobilizer group of patients, which included most subjects 
of this study. Interestingly, these non mobilizers did not undergo 
any of the changes described here, including the redistribution of 
chemokine receptor expression or the change in the percentage of 
migration. A limitation of these results is the low number of non 
mobilizers. The differences are clear and our data are potentially 
interesting. However, to confirm these results, further studies with 
a higher number of patients would be required.

Our results therefore suggest that dasatinib-mediated 
lymphocytosis is partly due to a redistribution and accumulation 
of terminally differentiated CCR7 negative lymphocytes, both 
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CD4+ and CD8+ T-cells, as well as memory B-cells, in the 
bloodstream. Moreover, we favor the hypothesis that dasatinib 
recruits lymphocytes from SLO. Alternatively, this TKI may 
affect the capacity of terminally differentiated lymphocytes of 
exiting to the peripheral tissues, causing a lymphocyte blockage 
on the bloodstream translated into higher absolute lymphocyte 
counts. The inhibition of spontaneous migration in the in vitro 
experiments supports this last possibility in a scenario where CCR7 

positive cells would eventually leave the bloodstream following a 
chemotactic gradient whereas CCR7 negative lymphocytes would 
remain temporally "blocked" in PB due to yet undefined effects 
of dasatinib on motility, adhesion and/or deformability of CCR7 
negative lymphocytes.

Still an alternative or additional in vivo effect of dasatinib could 
be the inhibition of chemokine signals required for access of 
lymphocytes to tissues from the bloodstream, which would lead 

FIgURE 4 | Non mobilizers do not show changes in lymphocyte subsets, chemokine receptor expression and migratory capacity. (A) Absolute counts (left panel) and 
percentages (right panel) of T-, CD4-, CD8-, B- and NK-cells in total lymphocytes are compared between paired preintake and postintake samples collected before 
(gray bars) and 2 h after (black bars) the first dasatinib intake from DASAPOST patients (n = 17). (B) Patients from DASAPOST study were classified as mobilizers (n 
= 14) or non mobilizers (n = 3) depending on whether their absolute lymphocyte counts increased after the first dasatinib intake or not. (C) Absolute counts (left panel) 
and proportions (right panel) of total lymphocytes, T-cells, NK-cells, B-cells, CD4+ and CD8+ T-cells are compared between paired preintake and postintake samples 
from mobilizers (n = 14) and non mobilizers (n = 3). (D) Expression of CCR7 on CD4+ and CD8+ T-cells is compared between paired preintake and postintake 
samples from mobilizers (n = 9) and non mobilizers (n = 3). (E) Migration of CD4+ and CD8+ T-cells toward CCL19+21 or CXCL12 is compared between paired 
preintake and postintake samples from mobilizers (n = 9) and nonmobilizers (n = 3). Data are represented as medians+SEM. Statistically significant p-adj values are 
shown on the graphs. ns: not significant. Red bars, mobilizers; Blue bars: non mobilizers; light colors: preintake samples; dark colors: postintake samples
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to a transient accumulation of those lymphocytes and the typical 
lymphocytosis mediated by this TKI. In addition, dasatinib 
might block the intimate molecular connection between antigen 
receptor activation, both in B- and T-cells, and regulation of 
cell adhesion to other immune cells or to stromal cells through 
molecules including integrins and chemokine receptors 
(Carrasco and Batista, 2006; de Gorter et al., 2007; Arana et al., 
2008). This is quite intuitive since the immune synapse requires 
a temporary but stable interaction which is guaranteed by 
the adhesive connections between the cells involved and the 
surrounding microenvironment (Martín-Cófreces et al., 2018). 
In this regard, dasatinib inhibits kinases that are essential in both 
the B-cell receptor and T-cell receptor signalosomes like LYN, 
SYK, and BTK, and LCK, ITK, and ZAP-70, respectively (Berg 
et al., 2005; Chakraborty and Weiss, 2014; Seda and Mraz, 2015). 
Moreover, it is important to note that some of these signaling 
modules, including LCK and ZAP-70 are shared by chemokine 
receptors and the T-cell receptor and that some of the dasatinib 
targets, e.g., LYN or ITK phosphorylate actin-regulatory proteins 
like the hematopoietic linage cell-specific protein 1 (HS1). HS1 
plays a crucial role as an actin-regulatory protein and, therefore, 
in lymphocyte cytoarchitecture (Carrizosa et al., 2009). It is likely 
that the inhibition of all these pathways by dasatinib results in 
detachment and egress of lymphocytes from the SLO into PB.

This explanation has already been suggested for the mobilization 
of chronic lymphocytic leukemia or mantle lymphoma cells 
that occurs with B-cell receptor inhibitors like ibrutinib and 
fostamatinib (Buchner et al., 2010; de Rooij et al., 2012; McCaig 
et al., 2012; Chang et al., 2013; Purroy et al., 2017). In addition to 
these effects, dasatinib also inhibits the metastatic dissemination 
of solid tumors, an effect which seems to be mediated mainly 
through the inhibition of SFK (Montero et al., 2011).

Finally, we have recently demonstrated that dasatinib 
disrupts the homotypic interaction of endothelial cells through 
phosphorylation of the myosin light chain which, in turn, is 
probably dependent on the inhibition of SFK (Kreutzman et al., 
2017). This effect is reversible but the temporary loss of integrity 
of the endothelial surface where lymphocytes roll could interfere 
with their extravasation and explain, at least in part, the temporal 
accumulation of lymphocytes in the bloodstream.

As we have discussed above, dasatinib could be affecting 
different signal transduction pathways. At this stage it is unclear 
which molecular target/s are responsible for the effects of 
dasatinib described here. However, the identification of these 
targets is beyond the scope of our study.

Previous reports suggested that dasatinib induces a preferential 
mobilization of cytotoxic lymphocytes (Mustjoki et al., 2009; Nagata 
et al., 2010; Kreutzman et al., 2011; Mustjoki et al., 2013). Our results 
extend those observations and further demonstrate that effector 
CD4+ T-cells and memory B lymphocytes accumulate after dasatinib 
intake. These findings suggest that dasatinib is somehow affecting 
effector/memory lymphocytes independently of their linage. This 
connects with the interesting field of the different contractile, motile, 
adhesive, and migratory properties of lymphocytes depending on 
their maturation stage and/or homing patterns (Jacobelli et al., 2013; 
Mueller et al., 2013; Martín-Cófreces et al., 2018).

From a clinical perspective, the positive association between 
lymphocytosis and clinical response (Lee et al., 2011; Paydas, 
2014; Schiffer et al., 2016) would be justified not only by the 
mobilization and accumulation of cytotoxic lymphocytes but 
also by effector CD4+ T-cells and memory B lymphocytes that 
we have demonstrated here. It is important to highlight that this 
rapid mobilization of effector lymphocytes may have prognostic 
significance and occurs in the majority of patients, whereas a 
maintained lymphocytosis (defined as 3.6x109/L on at least two 
consecutive occasions after at least four weeks of treatment) occurs 
in a moderate percentage of patients treated with dasatinib (Lee 
et al., 2011; Mustjoki et al., 2013; Schiffer et al., 2016). In addition, 
we have shown for the first time that this rapid mobilization can 
be already seen the day the patients begin the treatment and it is 
likely to occur daily, as indicated by the results obtained in the 
same patient on the day the treatment begins and several months 
later. A chronic daily mobilization of effector CD4+ T-helper, 
cytotoxic CD8+ T-cells, and memory B lymphocytes into tissues 
infiltrated by the CML, such as PB and bone marrow, may account 
for the beneficial immunomodulatory effects of dasatinib.

One possible downside of this effect is that lymphocytosis 
may be associated with both beneficial effects and toxicity of 
dasatinib. Thus, the incidence of pleural effusion seems to be 
higher in patients who develop lymphocytosis, although it is 
only statistically significant in patients with advanced disease 
(Paydas, 2014; Schiffer et al., 2016; Hughes et al., 2019). A possible 
explanation to this association is that the extent of disruption of 
the endothelial cell monolayer (or other stromal cells of the SLO) 
is related to the magnitude of detachment and egress of effector 
lymphocytes; either because detachment is a consequence of the 
disassembly of endothelial cell-cell contacts, or because both 
effects are caused by the action of the drug on the same target. 
The increase in permeability would therefore be associated with 
a greater number of effector lymphocytes in peripheral blood, and 
both circumstances would favor a pleural effusion with effector 
lymphocytes, which may explain the exudative nature of the 
pleural effusion. It should be mentioned that in the largest study 
of patients receiving dasatinib therapy, advanced age and dose 
and longevity of treatment were found to be the only risk factors 
associated to pleural effusion (Hughes et al., 2019). In that sense, 
the prevalence of effusion with the current 100-mg QD scheme 
has been considerably reduced with respect to previous schedules, 
while the mobilization that we have described here seems to occur 
in the majority of patients with that same scheme. In addition, 
the lymphocyte mobilization induced by dasatinib seems to be 
controllable by drug dose (Mustjoki et al., 2013) and recent sub 
analyses of DASISION trial showed that dose reductions for adverse 
effects did not affect efficacy. This fact would offer us a therapeutic 
window to avoid toxic effects on the vascular endothelium but to 
take clinical advantage of the immediate mobilization of circulating 
effector and memory cells from all lymphoid subsets.
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Dasatinib Reversibly Disrupts Endothelial
Vascular Integrity by Increasing Non-Muscle
Myosin II Contractility in a ROCK-Dependent
Manner
Anna Kreutzman1,2, Beatriz Colom-Fern�andez1, Ana Marcos Jim�enez1, Mette Ilander2,
Carlos Cuesta-Mateos1, Yaiza P�erez-García1, Cristina Delgado Ar�evalo1,3, Oscar Br€uck2,
Henna Hakanen2, Jani Saarela4, Alvaro Ortega-Carri�on1,3, Ana de Rosendo1,
Alba Juanes-García1,3, Juan Luis Steegmann5, Satu Mustjoki2,
Miguel Vicente-Manzanares6, and Cecilia Mu~noz-Calleja1

Abstract

Purpose: Dasatinib is a short-acting dual ABL/SRC family
tyrosine kinase inhibitor (TKI), which is frequently used to treat
chronic myeloid leukemia. Although very effective, patients tak-
ing dasatinib often display severe adverse effects, including pleu-
ral effusions and increased risk of bleeding primarily in the
gastrointestinal tract. The actual causes of these side effects are
currently undetermined. We hypothesize that endothelial cells
(ECs) that line the inner walls of blood vessels and control the
traffic to the underlying tissues might be involved.

Experimental Design: The effects of TKIs on ECs were studied
by various assays, such as real-time cell impedancemeasurements,
live-cell microscopy, wound healing, Western blot, and an in vivo
model.

Results: Dasatinib uniquely causes a profound, dose-depen-
dent disorganization of the EC monolayers. Dasatinib promoted

the disassembly of cell–cell contacts, altered cell–matrix con-
tacts, and further altered the wound healing. A key observation
is that this effect is fully reversible after drug washout. In line
with these in vitro observations, intraperitoneal administration
of dasatinib to mice caused significant vascular leakage in
the intestine. The underlying molecular mechanism of dasa-
tinib-induced reorganization of the actin involves ROCK acti-
vation, which increases the amount of the phosphorylation of
myosin light chain and consequently activates the non-muscle
myosin II.

Conclusions: Our data are consistent with a scenario in
which dasatinib triggers a transient increase in vascular leak-
age that probably contributes to adverse effects such as
bleeding diathesis and pleural effusions. Clin Cancer Res; 23(21);
6697–707. �2017 AACR.

Introduction
Dasatinib is a short-acting tyrosine kinase inhibitor (TKI)

approved for the treatment of chronic myeloid leukemia (CML)

and Phþ acute lymphoblastic leukemia. Dasatinib is a more
potent inhibitor of the oncoprotein BCR-ABL1 than other
approved, first-line TKIs, such as imatinib (1). In addition to
BCR-ABL1, dasatinib inhibits a broad range of kinases, including
members of the SRC, TEC, and SYK families (2). Moreover,
dasatinib has a unique half-life of only 3 to 4 hours, and the
peak plasma concentration (around 100 nmol/L) is achieved
already 1 to 2 hours after oral intake of the drug (3, 4). Although
dasatinib is very effective in the treatment of Phþ leukemias,
patients display frequent adverse effects such as diarrhea, pleural
effusion, lymphocytosis, thrombocytopenia, and increased risk
of bleeding, which primarily involves the gastrointestinal tract
(5–7).Most of these events subside if the treatmentwith dasatinib
is withdrawn. Importantly, themechanisms underlying these side
effects have not been elucidated, but are commonly attributed to
the effect of dasatinib on off-target kinases expressed in cells other
than leukemic blasts.

Endothelial cells (ECs) line the inner walls of the blood vessels,
acting as an active barrier that controls blood vessel permeability.
They alsomediate the controlled exchange of substances between
the blood and the underlying tissues, for example, nutrients in the
gut, and oxygen and carbon dioxide in the lungs. In addition, ECs
mediate leukocyte diapedesis, enabling the ingress of leukocytes
into tissues. This process guarantees the physiological homing of
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leukocytes and the onset of the inflammatory reaction. During
inflammation, the adhesiveness of active leukocytes as well as the
permeability of the endothelial monolayer increases. However,
pathological sustenance of the inflammatory process as well as
other factors can further maintain endothelial permeability
increased, leading to edema, hemorrhage, and deleterious leuko-
cyte infiltration (8).

The impermeability of the endothelial barrier is maintained by
the strength of cell–cell junctions. Close to the lumenof the blood
vessel, ECs display tight junctions mediated by occludins and
claudins. At the center of the contact, cadherin-dependent adher-
ent junctions seal the contact. ECs express VE-cadherin (CD144),
which constitutes a canonical marker of EC junctions. A major
regulator of junctional integrity is the actin cytoskeleton, best
illustrated by the increased permeability induced by treatment
of EC monolayers with actin polymerization inhibitors (9).
VE-cadherin connects with actin through alpha-catenin and the
actin-binding protein vinculin (10). These proteins are part of
mechanosensitive relays that transmit myosin II–generated forces
to the junctions. For example, thrombin-mediated activation of
RhoA and its target Rho-associated protein kinase (ROCK)
facilitates myosin light chain (MLC) phosphorylation activat-
ing non-muscle myosin II (NMII), which contracts actin at the
contact, causing retraction and increasing permeability (11).
Interestingly, inhibition of contraction also increases perme-
ability (12), suggesting that deviations from the force balance
at cadherin–cadherin junctions compromise the barrier func-
tion. Importantly, junctions are also connected to cell–matrix
adhesions through the actin cytoskeleton. ECs make discrete
contacts ("focal adhesions") with the basement membrane
(13). Focal adhesions congregate integrin receptors as well as
signaling intermediates, including proteins that link integrins
to the actin cytoskeleton. In the context of EC monolayers, focal
adhesions participate in the barrier function by acting as
anchorage points for actin cables that also connect to the
VE-cadherin–dependent contacts at cell–cell junctions (14).
Thus, alterations to the cell–matrix contacts may be transmitted
to the junctions, thereby perturbing permeability.

In this study, we demonstrate that dasatinib (with doses similar
to those found in the plasma of patients treated with the drug) is
the only TKI, which is approved for the treatment of CML, that
disrupts the integrity of endothelial monolayer. This occurs
through a combination of effects that include the disassembly
of cell–cell contacts and the alteration of cell–matrix adhesions,
that result in cells that fail to migrate collectively (15). The
disassembly of the cell–cell contacts together with the alterations
to the cell–matrix adhesions is accompanied by decreased imped-
ance of the cell monolayer, consistent with impaired integrity of
the monolayer and increased permeability. Importantly, these
effects are dose-dependent and reversible. Indeed, dasatinibwash-
out restored cell–matrix adhesions, cell–cell contacts, and imped-
ance.We further show that local ROCK activation and its resulting
MLC phosphorylation underlies the actin-remodeling effect of
dasatinib. This unique effect of dasatinib on ECs can also be
observed in vivo as mice treated intraperitoneally with dasatinib
displayed vascular leakage particularly in the gut, and therefore
our results bring novel insights to the pathogenesis of the adverse
effects of dasatinib.

Materials and Methods
Cell culture

Human umbilical vein endothelial cells (HUVECs) were iso-
lated and cultured as previously describedup to the fourth passage
(16). TKIs that are currently used in the treatment of CML
(dasatinib, imatinib, nilotinib, bosutinib, and ponatinib; ref. 1)
were purchased from LC Laboratories or Selleckchem. The inhi-
bitors were used at clinically relevant concentrations and times,
mimicking the half-life and the peak plasma concentration of
dasatinib (3, 4).

Measurement of endothelial cell impedance
The iCELLigence real-time cell analyzer (RTCA) measures cel-

lular adhesion in real-time using E-plates, which are coated with
high-density gold arrays for measuring electrical impedance
(ACEA Biosciences Inc.). The iCELLigence biosensor measures
cellular adhesion, which is converted to Cell Index (arbitrary
units) by the iCELLigence software (version 1.1.1501). HUVECs
were grown confluent on E-Plate L8-plates. Background of the E-
plates was determined in 400 mL medium in the real-time cell
analyzer (RTCA) station. Next, 100 mL of the HUVEC suspension
was added (10,000 cells/well). E-plates were placed into the RTCA
station for impedance measurement every minute for 24 hours.
Thenext daywhen the cellswere confluent, TKIsmentioned above
(1) were added to the cells at given concentrations in duplicates.
E-plates were placed back into the RTCA station, and measure-
ments were done every minute for 24 hours. All cell indexes were
normalized (set to 1) to the last time-point before the addition of
the compounds as described in the RTCA SoftwareManual (ACEA
Biosciences Inc.)

Immunofluorescence analysis of cell–cell and cell–matrix
adhesions

HUVECs were grown to confluence on gelatin-coated cover-
slips. Cells were then treated with the indicated dose of dasatinib,
imatinib, or vehicle (DMSO) for 2 hours. For washouts, cells were
treated for 2 hours, rinsed twice withHBSS, andmedium replaced
with inhibitor-free HUVEC medium. Cells were fixed using 4%
paraformaldehyde in PBS for 10 minutes. For VE-cadherin stain-
ing (cell–cell contacts), antibody was diluted in TBS þ 1% BSA.

Translational Relevance

We describe here the cellular basis and molecular mecha-
nism underlying dasatinib-induced pleural effusions and
bleeding diathesis, which are some of the most common
adverse effects of this short-acting dual ABL/SRC tyrosine
kinase inhibitor (TKI). Our data demonstrate that clinically
relevant concentrations of dasatinib, but not other TKIs, dis-
rupt the endothelial monolayer and increase its permeability
both in vitro and in vivo. Importantly, these effects are dose-
dependent and rapidly reversible after drug washout. The
ability to increase endothelial permeability transiently opens
newpossibilities to use dasatinib in othermalignancies, a clear
example being coadjuvant therapy to favor delivery of targeted
treatments into solid tumors. Finally, targeted kinase inhibi-
tion has dramatically changed the treatment of hematological
malignancies. Given that TKI therapy is potentially lifelong, a
detailed characterization of the pathogenesis of the most
frequent and serious adverse events is critical to the clinical
management and to optimize patient outcomes.

Kreutzman et al.

Clin Cancer Res; 23(21) November 1, 2017 Clinical Cancer Research6698



For actin and vinculin, cells were permeabilized for 10 minutes
using 0.2% Triton X-100 in TBS and stained with Alexa647-
phalloidin (Invitrogen) for F-actin or a 1:500 dilution of hVin-1
mAb (Sigma-Aldrich) þ Alexa568-conjugated secondary anti-
body (Invitrogen). Cells were examined using a 4-laser (405,
488, 568, 647 nm) Leica SP5 spectral confocal scanning micro-
scope fitted with a HyD detector (Leica Biosystems) and a 63�,
1.40NA PLANAPO oil objective. Images were acquired using
LAS AF software (Leica) and analyzed using ImageJ (NIH).

Live microscopy
HUVECs were grown to confluence on 0.2% gelatin-pretreated

cover slips for 24 hours, and DIC images were obtained in an
inverted microscope (Olympus IX83) fitted with a full-housing
Pekon incubator for temperature and CO2 control. Samples were
imaged using a 20� NA 0.75 immersion (oil) objective and a
Hamamatsu EM-CCD (512� 512) camera. Images were sequen-
tially collected every 60 seconds using Xcellence software (Olym-
pus). Dasatinib or imatinib was added in situ as indicated in
Figure 3.

Wound healing
HUVECs were grown to confluence in m-Slide 4-well (Ibidi)

previously coatedwithfibronectin (3mg/mL).Woundsweremade
by dragging a 10-mL sterile pipette tip across the monolayer.
Cells were incubated with dasatinib (100 nmol/L), nilotinib
(5 mmol/L), imatinib (10 mmol/L), bosutinib (500 nmol/L), and
without TKI for 12 hours. Pictures were taken every 15 minutes
using the Olympus IX83microscope as described in the previous
section. Images were combined using a stitching algorithm (17)
and analyzed using ImageJ (NIH).

Quantification of phosphorylated myosin regulatory light
chain (RLC)

Phosphorylated RLC (Ser19) was quantified by densitometric
analysis of confocal images. Briefly, condition-matched images
were Z-projected using ImageJ, then analyzed for integrated
intensity along a 1,024 � 1,024 image. Then, the total cellular
surface was calculated by thresholding the cell contours and
calculating the overall surface covered by the cell monolayer. On
average, % coverage was >95% for DMSO, dasatinib þ Y-27632;
85% for Y-27632; and 60%–75% for dasatinib. The integrated
intensity was corrected for the % coverage in each condition and
values were referred to 100%, which was the mean of the mea-
surements of cells treated with DMSO. Data represent the mea-
surements of >10 fields (40�) from two independent experi-
ments, corresponding to >200 cells. Statistical significance was
determined according to the Mann–Whitney test after every
condition failed the Shapiro–Wilk normality test.

Western blot
Confluent HUVECs were treated with DMSO or inhibitors for

the times indicated in Figure 5. Washouts were carried out by
rinsing the cells with HBSS at 37�C, followed by incubation with
complete medium for the indicated times. After incubation, cells
were scraped in Laemmli 2� buffer. Lysates were separated in 7%
and 13.5% SDS/PAGE gels. Samples were transferred to PVDF
membranes, blocked with 4% BSA, and incubated with antibo-
dies against pThr18/pSer19 MLC, pSer19 MLC, pThr696 MYPT1,
pThr853 MYPT1, and total MYPT1 were from Cell Signaling
Technology. Antibody against total MHCII-B was from Biolegend

and antibody against tubulin was from Sigma. After incubation
with species-matched, HRP-conjugated antibodies and thorough
rinsing with TBS-Tween, blotted images were acquired in an
ImageQuant LAS-4000 workstation (GE). Bands were subjected
to densitometry using ImageJ and normalized using the loading
control (total MHCII-B or tubulin).

Viability assay
Confluent HUVECs were treated with dasatinib 5, 10, 25, 50,

and 100 nmol/L for 3 hours. The entire supernatant was collected,
and 7AAD was added. Events were acquired for 60 seconds from
each tube with FACSVerse (BD Biosciences). Simultaneously, the
number of detached cells was counted.

In vivo endothelial permeability assay
Female C57BL/6J mice (The Jackson Laboratory and Envigo)

were treated 3 days with dasatinib (50 mg/kg), imatinib (100
mg/kg), bosutinib (50 mg/kg; all LC laboratories) or vehicle
(Citric acid, pH 3.0) intraperitoneal once a day. At the third
day, 30 minutes after the drug administration, Evans Blue (5
mg/mL in PBS, Sigma-Aldrich) was injected intravenously to
the tail vein. The mice were euthanized after 30 minutes.
Spleen, lungs, brains, and small intestine were collected and
weighted. 0.5 mL of formamide (Sigma-Aldrich) was added
and incubated at 55�C for 24 hours. The intensity of Evans Blue
in the organs was determined by detecting absorbance at
wavelength 610 nm. The animal experiments were approved
by the Animal Experiment Board of the State Provincial Office
of Southern Finland. All studies have been performed in accor-
dance with the ethical standards laid down in the 1964 Dec-
laration of Helsinki and its later amendments.

Statistical analysis
The results were compared by one-way ANOVA Kruskal–

Wallis test. Significance was set at P < 0.05, and all analyses were
performed using GraphPad Prism software (version 5.0c;
GraphPad).

Results
Dasatinib reversibly disrupts the integrity of the endothelial
monolayer in a dose-dependent manner

To assess the hypothesis that the adverse effects of dasatinib are
at least partially basedon its effect onECs,we studied the effects of
dasatinib andother TKIs that are currently used in the treatment of
CML, on the integrity of monolayers of HUVEC. This was done by
impedance measurements, which is a good readout of the integ-
rity of a monolayer (18).

We selected different concentrations of dasatinib, imatinib,
nilotinib, bosutinib, and ponatinib and vehicle alone (DMSO)
that mimic the actual concentrations found in the serum of TKI-
treated patients (19–21). Real-time follow-up of the cell contacts
showed that the addition of dasatinib quickly decreases cell
impedance in a dose-dependent manner. After 2 hours of treat-
ment with 5 and 10 nmol/L dasatinib, we observed a mild
decrease in impedance (Fig. 1A). In contrast, 25 and 50 nmol/L
dasatinib induced a steep decrease, whereas 100 nmol/L (a dose
similar to the levels found in the plasma of patients 1 hour after
oral uptake of 100 mg dasatinib) caused a profound decrease in
impedance (Fig. 1A). Conversely, treatment with 2 mmol/L ima-
tinib for 2 hours had no significant effect, and 10 mmol/L

Dasatinib Disrupts Adhesive Structures on Endothelial Cells
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decreased the impedance only slightly (Fig. 1B). Clinically rele-
vant concentrations of nilotinib (1 and 5 mmol/L), bosutinib (100
and 500 nmol/L), and ponatinib (20 and 100 nmol/L) had no
effect either on the impedance readings (Fig. 1C). The inhibitors
were dissolved inDMSOanddiluted at least 1:5,000 in cell culture
media to avoid any effects on the impedance (Fig. 1D).

To address whether the effect of dasatinib was due to non-
reversible damage to the endothelial monolayer, we removed the
inhibitor, added fresh medium and measured the impedance for
another hour in the absence of dasatinib. Importantly, impedance
quickly recovered to levels comparablewith thosemeasured at the
beginning of the experiment (Fig. 1A).

Dasatinib induces a fast and reversible disorganization of the
actin cytoskeleton and the appearance of large gaps in
endothelial monolayers

To address thepossible cellular effects of dasatinib that decrease
the impedance of the HUVEC monolayers, we examined the
appearance of the HUVEC monolayers after treatment with the
inhibitor. Initially, we stained polymerized F-actin with fluores-
cently tagged phalloidin (Fig. 2A).We found that 10 to 25 nmol/L
dasatinib induced very small gaps between cells (Fig. 2A) and a
modest decrease of the junctional F-actin (the F-actin found at the
cell–cell contacts), consistent with the mild effect of these doses
on impedance. On the other hand, 50 nmol/L dasatinib had a
much more dramatic effect. We observed a deep decrease of
junctional actin and the appearance of thin, F-actin–rich lamelli-
podia facing larger gaps between cells. Finally, 100 nmol/L
dasatinib promoted a complete loss of the integrity of the mono-
layer. Cells appeared as single entities or in small islets with a high
percentage of protrusive cells as revealed by thin rims of F-actin at

round edges (Fig. 2A, arrowheads). Conversely, 10 mmol/L of
imatinib had no effects on the monolayer.

Because the major effect of dasatinib focused on the cell–cell
junctions, we examined these in more detail by visualizing the
adherens junction marker VE-cadherin, which was no longer
detected on the surface of dasatinib-treated HUVECs (Fig. 2B).
However, dasatinib washout rapidly restored VE-cadherin at the
reformed cell–cell junctions. These data indicate that dasatinib
induces the rapid disappearance of VE-cadherin from the cell–cell
contacts concomitant to their dissolution.

We next analyzed the dynamics of contact dissolution and
reformation using time-lapse live-cell microscopy. By imaging
confluent HUVECs every minute after the addition of dasatinib,
we observed that the drug quickly disrupted the cell–cell contacts,
and large gaps between the cells could be observed as early as 6
minutes after dasatinib addition (Fig. 3A, top). After 1 hour, the
endothelial monolayer was disorganized and only scattered cell–
cell contacts remained. Individual, spindly, isolated cells were
readily observed (Fig. 3A; Supplementary video S1). Conversely,
imatinib had no significant effect on the integrity of the mono-
layers (Fig. 3A, bottom). Again, dasatinibwashout led to the rapid
recovery of the integrity of the monolayer, which was apparent
after 10minutes and comparablewith untreatedmonolayers after
40 minutes (Fig. 3B, Supplementary video S2).

Dasatinib prevents endothelial cell wound healing by
inhibiting the formation of cell–cell contacts

The effect of dasatinib on the integrity of the EC monolayer
suggested a crucial role for a dasatinib target in the organization of
polarized actin at cell–cell junctions. This led us to hypothesize
that dasatinib would also prevent the formation of cell–cell

Figure 1.

Dasatinib uniquely lowers HUVEC impedance in a reversible and dose-dependent manner. HUVECs were cultured on iCELLigence E8 plates overnight to gain
full confluence. When confluent, different concentrations of (A) dasatinib, (B) imatinib, (C) nilotinib, bosutinib, ponatinib, or (D) DMSO were added to the
wells for 2 hours. Dasatinibwaswashed out from thewells, and the cellswere left to recover for another hour while recording the impedance. The cell impedancewas
measured every minute with iCELLigence for 24 hours. The experiment shown is representative of three experiments performed.
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contacts if the integrity of the monolayer had been compromised
by alternative means (e.g., mechanical wounding of the mono-
layer). In this scenario, cells are required to migrate first and then
form stable contacts.

To test this hypothesis, we performed wound-healing assays
in the presence of different TKIs. The wound area decreased
similarly in the presence of nilotinib, bosutinib, and imatinib
as in the control wounds and healed completely in 420 min-
utes. Conversely, dasatinib significantly slowed down the heal-
ing process (Fig. 4A and B), with �30% of the wound still open
after 12 hours from scratching. Time-lapse movies of the
closing wounds (Supplementary videos S3 and S4) revealed
that dasatinib compromised the integrity of the advancing
endothelial monolayer, promoting the emergence of isolated
cells that migrated individually, i.e., detached and lacking any
contact with other cells of the monolayer nearby. Careful
examination of the advancing dasatinib-treated monolayers
revealed loss of cell–cell contacts and mesenchymal traits in
many individual cells (e.g., lamellipodia in cells in the rear
cohorts) (Fig. 2A, arrowheads). These data suggest that dasa-
tinib does not prevent cell migration, but it inhibits the for-

mation of intercellular contacts, promoting a more individual,
non-collective type of migration and thereby preventing the
reestablishment of the integrity of the monolayer.

Dasatinib increases ROCK/non-muscle myosin II activity
The effect of dasatinib in the organization of the actin cyto-

skeleton and the disappearance of junctional actin suggested an
alteration in a signaling pathway involved in actin remodeling. A
major regulator of actin remodeling is NMII (22). To test the
involvement of NMII in dasatinib-induced actin remodeling, we
treatedHUVECmonolayers with dasatinib and other TKIs that are
currently used in the treatment of CML andmeasured its effect on
Ser19 and Thr18/Ser19 phosphorylation of MLC. These phos-
phorylations are bona fidemarkers of the activation ofNMII (23),
which is the main actin-related molecular motor expressed in
these cells (24). Western blot and image intensity quantification
revealed that dasatinib induced a modest, but reproducible,
increase in the amount of MLC phosphorylated in Ser19 and
Thr18/Ser19, consistent with a dasatinib-induced reorganization
of the actin by modulation of NMII activity (Fig. 5A–C). These
changes also altered the distribution of cell–matrix adhesions,

Figure 2.

Dasatinib disorganizes actin cytoskeleton and breaks cell–cell junctions in a dose-dependent and reversiblemanner. HUVECswere cultured on cover slips precoated
with gelatin until confluent. A, Dasatinib dose–response was analyzed by visualizing the actin-cytoskeleton by microscope. When confluent, the cells were
treated with dasatinib for 2 hours at different concentrations (or imatinib 2 hours, 10 mmol/L). Thewells were then fixed and further stained with Alexa647-phalloidin
to detect F-actin. B, Confluent HUVECs were treated with 100 nmol/L dasatinib or 10 mmol/L imatinib for 2 hours. After the treatment, some wells were
washed three times with warm medium, and the cells were recovered in cell culture conditions for 1 hour. The wells were then fixed and further stained for
VE-Cadherin. F-Actin was simultaneously stained to observe the concomitant disorganization of the actin cytoskeleton. All images were taken with a Leica DMR
fluorescence microscope fitted with a Xenon lamp and a 20� immersion (oil) objective. Images are representative of 20 fields acquired per condition in three
independent experiments. Scale bar, 50 mm.
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which were sharper and better defined in dasatinib-treated cells
compared with control conditions (Fig. 5D). Together, these data
indicate that dasatinib increases the mesenchymal traits of endo-
thelial cells, perturbing the cell–cell junctions by increasingNMII-
mediated contractility.

Next, we aimed at elucidating the specific mechanism by
which dasatinib promotes these changes in endothelial mono-
layers. Based on the alterations in NMII phosphorylation, we
hypothesized that ROCK was involved in the mechanism
altered by dasatinib. To address this, we treated HUVEC cells
with the specific ROCK inhibitor Y-27632 in the absence, or
presence, of dasatinib. We found that, consistent with previous
results, Y-27632 reversibly abrogated phosphorylation of
MYPT1 on Thr696 and Thr853, which are two dependent sites
through which ROCK prevent NMII dephosphorylation and
inactivation (Fig. 5E). Dasatinib restored some MLC phosphor-
ylation despite the presence of Y-27632 (Fig. 5A–C) and also
MYPT1 phosphorylation on Thr853, and specially Thr696
(Fig. 5E). These results indicate that dasatinib promotes the
activation of ROCK, even overcoming the inhibiting effect of
Y-27632. Also, these experiments constitute the proof of a
molecular mechanism by which dasatinib promotes local
ROCK activation and alters the organization of the actin
cytoskeleton.

Therapeutic concentrations of dasatinib are not toxic for
endothelial cells

The dramatic effects observed in the presence of dasatinib
could be due to acute toxicity of the drug. A major argument
against this possibility is the reversibility of the cellular effects

when the drug was washed out. If dasatinib was toxic for the
cells, the cells would not be able to recover their ability to
reform cell–matrix adhesions or the integrity of the endothelial
monolayer. To further rule out toxicity-related effects, we
treated HUVEC with different clinically relevant concentrations
of dasatinib and cell viability from four different EC mono-
layers was assayed using 7AAD. The mean percentage of non-
viable 7AAD-positive cells in the control wells was 5.4%, and
with 5 nmol/L dasatinib 5.4%, 10 nmol/L 7.5%, 25 nmol/L
6.9%, 50 nmol/L 7.5%, and 100 nmol/L 7.5% (P ¼ 0.026).
Moreover, the number of detached cells was counted from the
supernatant of each well by constant flow for 60 seconds and
compared with the control well (no dasatinib). No significant
increase was observed in the number of cells in the supernatant
in respect to the control condition (mean fold change of
detached cells in respect to the control well (1) was 1.0 with
5 nmol/L dasatinib, 1.1 with 10 nmol/L, 1.1 with 25 nmol/L,
1.1 with 50 nmol/L and 1.2 with 100 nmol/L dasatinib; P ¼
0.13). These results are consistent with low toxicity at this dose
of dasatinib on ECs.

Dasatinib causes vascular leakage in vivo
To correlate our observations in an in vivo setting, we performed

an Evans Blue assay, which measures blood vessel permeability
in vivo (25). Mice were treated intraperitoneally for 3 days with
dasatinib (50 mg/kg), imatinib (100 mg/kg), or bosutinib
(50 mg/kg) once a day. This dose of dasatinib causes similar side
effects, such as lymphocytosis, than those seen in humans at a
therapeutic dose (26). On the third day, 30 minutes after the
administration of the drugs, Evans Bluewas injected intravenously.

A

B

Dasatinib
100 nmol/L

Imatinib
10 mmol/L

Dasatinib
washout

0 min Recovery 40 min Recovery20 min Recovery10 min Recovery

Pretreatment 1 min 31 min11 min6 min 51 min

Inhibitor added

Figure 3.

Live imaging on the effect of dasatinib on cell–cell junctions. HUVECswere cultured on cover slips pre-coatedwith gelatin.When confluent, the cells were placed in a
microscope, and 100 nmol/L dasatinib or 10 mmol/L imatinib were added. Images were taken every minute for 1 hour. After 1 hour, the cells were washed
three times and recovered while obtaining images every minute for 1 hour. The live images were obtained in an inverted microscope (Olympus IX83) fitted
with a full-housing Pekon incubator to control temperature and CO2. Samples were imaged using a 20x NA 0.75 immersion (oil) objective and a Hamamatsu
EM-CCD (512 � 512) camera.
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The mice were euthanized after 30 minutes, and different organs
were collected into solvent, and Evans Blue concentration was
measured.

Dasatinib significantly increased the amount of Evans Blue in
the small intestine compared with the control group and the
other TKIs (dasatinib mean 13.6, vehicle 1.0, imatinib 2.8,
bosutinib 1.5 mg Evans Blue/mg tissue; P ¼ 0.0089; Fig. 6A,
Supplementary Fig. S5). The amount of detected Evans Blue in
the spleen was also higher in the mice which had been treated
with dasatinib (dasatinib mean 11.1, vehicle 6.6, imatinib 3.9,
bosutinib 7.6 mg Evans Blue/mg tissue; P ¼ 0.04; Fig. 6B). In
contrast, no significant differences of Evans Blue were found in
the brain (dasatinib mean 6.7, vehicle 0.3, imatinib 0.6, bosu-
tinib 2.2 mg Evans Blue/mg tissue) and lungs (dasatinib
mean 25.1, vehicle 38.9, imatinib 2.4, bosutinib 2.2 mg Evans
Blue/mg tissue).

Discussion
Many studies have reported the immune-related adverse

effects of dasatinib (7, 27–33). However, these side effects do
probably not account for all the observed deleterious effects of
the treatment in human patients, for example, pleural effusions
and bleeding diathesis. These are critical events that physicians
take into account when prescribing the drug, but data on their
molecular basis remains scarce. Interestingly, we found that
dasatinib, in contrast to the other studied TKIs, compromises
the barrier function the vascular endothelium, which is con-
sistent with some of the observed unique side effects of
dasatinib.

Pleural effusions are the most characteristic adverse events in
patients with dasatinib-treated Phþ leukemia. Depending on
the study, 10% to 35% of the treated patients develop pleural

Figure 4.

Dasatinib impairs wound closure and alters collective cell migration. A, HUVECs were grown to confluence in m-Slide 4-well and scratched with a 10-mL pipet tip
in the presence of the doses of dasatinib, imatinib, nilotinib, and bosutinib as indicated in Material and Methods. Percentage of open area either for dasatinib,
imatinib, bosutinib, and control every hour is represented. Data is the mean� SD of two independent experiments in which we represent the % area of the coverslip
not covered with cells at every time point. B, Representative images of the experiments quantified in (A), control and dasatinib wound at 0, 240, 450, and
720 minutes.
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effusions at some point of their treatment. These effusions have
traditionally been considered as unique side effect to dasatinib
treatment as they are extremely rare during imatinib, nilotinib,
and ponatinib treatment (34–37). Recent studies showed that a
small percentage of bosutinib-treated patients has pleural effu-
sions; however, most of them had a history of pleural effusions
with previous treatments with dasatinib (38). In contrast,
pleural effusions are rarer in patients treated first-line with

bosutinib (39). Pleural effusions may depend on different
cellular systems and an increase in the endothelial barrier
permeability of both vascular and lymphatic vessels in intimate
contact with the visceralis pleura could contribute to the onset
of pleural effusions. Interestingly, we did not observe signifi-
cant differences in vascular leakage in the lungs of mice treated
with different TKIs. As seen in our results, also the control mice
had an elevated amount of Evans Blue in the lungs, which

Figure 5.

Cell-cell junction dissolution induced by dasatinib involves non-muscle myosin II activation and altered ROCK activity. A, HUVECs were grown to confluence
in tissue culture dishes, then treated with the indicated doses of the indicated inhibitors for 1 hour. In the wash conditions, cells were incubated with the
inhibitors for 1 hour, removed and allowed to recover for an additional 1 hour. Cells were lysed and blotted for MLC phosphorylated on Ser19 or Thr18/Ser19
as indicated. Tubulin is shown as loading control. The experiment shown is representative of three performed. B, Confocal images of HUVECs grown to confluence
in gelatin-covered coverslips and incubated with the indicated inhibitors (100 nmol/L dasatinib, 20 mmol/L Y-27632, alone or in combination) for 1 hour.
Cells were fixed and stained for MLC phosphorylated on Ser19 and F-actin. Scale bar, 50 mm. C, Quantification by densitometric analysis of fields as shown in
(B; see Materials and Methods for details). Data represent the measurements of >10 fields (40�) from two independent experiments, corresponding to >200 cells.
Statistical significance was determined according to Mann–Whitney test. D, Confocal images of HUVECs grown to confluence in gelatin-covered coverslips
and incubated with DMSO or 100 nmol/L dasatinib for 2 hours. Cells were fixed and stained for vinculin to visualize focal adhesions. Images are representative
of 20 fields acquired per condition in three independent experiments. Scale bar, 50 mm. E, HUVECs grown to confluence in tissue culture dishes were treated
with Y-27632 (20 mmol/L), alone or in combination with dasatinib for 1 hour. In the wash condition, inhibitors were removed and cells allowed to recover for an
additional 1 hour. Cells were lysed and blotted for phosphorylated MYPT1 (residues Thr696 and Thr853). MHCII-B (myosin II heavy chain) is shown as a loading
control. The experiment shown is representative of three experiments performed.
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might be caused by contamination of blood from large vessels
while removing the lungs, rendering possible differences in
vascular leakage undetectable. Another possibility is that the
barrier function of the lung is intrinsically less efficient than in
other organs. Lung microvasculature is non-contractile, and
proteins of the connexin family permit passage to molecules
under 1 kDa in size (40). The molecular weight of Evans Blue is
close to 1 kDa; hence, it is not unsurprising that it appears in
the lungs of control animals. Evans Blue might therefore be
inadequate to assess lung permeability, but it is excellent to
account for endothelial permeability in contractile endotheli-
um, e.g., in the gut. Moreover, the effusions observed in the
patients are likely related to the cumulative, long-term use of
dasatinib, as effusions normally occur after weeks of treatment
and are dose-dependent (41). We propose that dasatinib causes
accumulative damage and leakage due to its reversible effect on
the barrier function of ECs when the clinical concentration is
achieved.

Another typical adverse effect of dasatinib is the onset of
hemorrhage and bleeding diathesis (41). Such events have
rarely been reported in patients with CML treated with other
TKIs (38, 39, 42, 43). The pathophysiology of bleeding diath-
esis associated with dasatinib therapy remains poorly under-
stood. Typically, this has been attributed to thrombocytopenia
and/or the reversible inhibition of platelet aggregation caused
by dasatinib (44, 45). Bleeding has been observed in up to
23% of patients treated with dasatinib who had failed imati-
nib treatment. The majority of the bleeding was localized to
the gastrointestinal tract (5). Moreover, an overview of >900
patients undergoing treatment with dasatinib displayed
hemorrhages in various tissues in 40% of the patients. Also,
14% of the patients displayed gastrointestinal bleeding.
Most of these patients were receiving high doses of dasatinib
(>100 mg) or two doses per day (46). The specific occurrence
of gastrointestinal bleedings correlates with the oral adminis-
tration of dasatinib, which therefore involves direct contact of
the drug with the local gastrointestinal endothelium. Our mice
experiment reproduced these observations of the dasatinib-
treated patients.

Another possible effect of the disruption of the endotheliumby
dasatinib in vivo is an exposure of the subendothelial matrix,
which may cause platelet immobilization and a subsequent
decrease of the number of circulating platelets. Interestingly, the
platelet count in peripheral blood drops quickly after dasatinib
intake, recovering back to baseline a few hours later (4). In this
scenario, dasatinib-induced thrombocytopenia might be caused
not only by a central and chronic effect on megakaryocytopoiesis
and platelet production (47), but also by an acute peripheral,
transient effect at the endothelial level.

Many different phosphatases and kinases act as regulators of
the endothelial barrier function, like those involved in the
activation of NMII, including ROCK and MLC. In migrating
cells, SRC phosphorylates ROCK on Y722, decreasing its asso-
ciation to RhoA, thereby preventing NMII phosphorylation via
this axis. This mechanism is involved in adhesion turnover at
the leading edge (48). We propose a model in which an Src
family kinase (e.g., SRC) phosphorylates and inactivates ROCK
on Y722, maintaining NMII activation in check to maintain the
homeostasis of cell–cell junctions. Dasatinib would inhibit this
SFK, promoting ROCK activation, which would in turn phos-
phorylate MYPT1 on Thr696 and Thr853. This phosphorylation
inhibits the phosphatase, increasing NMII phosphorylation
(49). Interestingly, dasatinib reverses the inhibitory effect of
Y-27632. This could be due to an allosteric effect by which
dephosphorylation of ROCK in Y722 (caused by dasatinib)
would decrease the affinity of Y-27632 for ROCK. Alternatively,
an additional kinase could be mediating the phosphorylation
of MYPT1 on Thr696 and Thr853. The latter is unlikely because
ROCK phosphorylates those residues directly (49).

Despite all this, these findings do not rule out additional
mechanisms or other kinases. Several possibilities emerge: one
is that there is simultaneous inhibition of two, or more,
kinases, that account for a joint phenotype as described here.
This can occur in an additive, synergistic, or cascading manner.
Another nonexclusive possibility is that dasatinib has more
than one mechanism of inhibition of a given kinase: clear
examples would be the inhibition of scaffolding functions or
the inhibition of the kinase domain of the putative kinase. In
this scenario, the blockade of the kinase activity would prevent
the release of an autoinhibitory domain (in the kinase itself, or
in another adaptor), which would result in the blockade of an
entire pathway.

The ability of dasatinib to open transiently and dose-depen-
dently endothelial cell–cell junctions would not only explain
some of the side effects of the drug such as bleeding, thrombo-
cytopenia, and pleural effusions, but it would also promote its use
to deliver other therapeutic drugs to previously unreachable
anatomic locations. In this view, dasatinib could be useful as
coadjuvant therapy to transiently increase the endothelial barrier
permeability and favor the delivery of additional targeted treat-
ments into organs, for example, solid tumors. In addition, our
wound-healing experiments suggest that this drug has angiostatic
activity as it interferes with the establishment of the endothelial
monolayer and would hinder the formation of new vessels and
the consequent delivery of nutrients and oxygen to the tumor.

In summary, we demonstrate that clinically relevant concen-
trations of dasatinib disrupt the endothelial monolayer dose
dependently and reversibly, which is accompanied with impaired

Figure 6.

Dasatinib causes endothelial leakage in vivo. Blood vessel
permeability was studied by an Evans Blue assay. The
mice were treated i.p. 3 days either with dasatinib
(50mg/kg), imatinib (100mg/kg), bosutinib (50mg/kg),
or vehicle, and albumin binding Evans Blue was injected
i.v. After 30 minutes, the mice were sacrificed, and
spleen, lungs, brains, and small intestine were collected
into solvent, and Evans Blue concentration was
measured. Increased concentration of Evans Blue was
observed in the (A) small intestine and (B) spleen of
dasatinib-treated mice.
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integrity and increased permeability. The effect was observed also
in vivo, as mice treated with dasatinib displayed vascular leakage
especially in the gut. Our results bring novel insights to the
pathogenesis of the typical side effects observed in dasatinib-
treated patients.
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