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ABSTRACT
The importance of the tumor microenvironment (TME) in chronic lymphocytic leukemia 
(CLL) is widely accepted. Yet, the understanding of the complex interplay between 
the various types of bystander cells and CLL cells is incomplete. Whereas numerous studies 
have indicated that bystander cells provide CLL-supportive functions, it has only recently 
become clear that CLL cells actively engage in the shaping of a supportive TME in a process 
called coevolution. In this review, we describe several recently discovered coevolutionary 
mechanisms, focusing on the role CLL cells play in A) inducing differentiation and 
migration of bystander cells, and B) the interactions between bystander cells. Upon T cell 
interactions, CLL cells secrete cytokines and chemokines such as migratory factors CCL22 
and CCL2, which results in further recruitment of T cells but also of monocyte-derived 
cells (MDCs). Concurrently, CLL-secreted cytokines such as IL-10 suppress cytotoxic T 
cell functions. With respect to effects on MDCs, CLL cells induce differentiation towards 
a tumor-supportive M2 phenotype and suppress phagocytosis. Lastly, CLL-associated 
MDCs contribute to suppression of T cell function by producing immune checkpoint factor 
PD-L1. Deeper understanding of the active involvement and cross-talk of CLL cells in TME 
shaping may offer novel clues for designing therapeutic strategies.
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INTRODUCTION
Chronic lymphocytic leukemia (CLL) is a prototypic malignancy that not only depends 
on intrinsic genetic defects, but is maintained by interaction with bystander cells in 
microenvironmental niches such as the lymph node (LN). Bystander cells involved include T 
cells, monocyte-derived cells (MDCs), stromal cells, endothelial cells, fibroblastic reticular 
cells, and pericytes. Signals emanating from these cells critically affect CLL cells in several 
key malignancy features such as cell survival, chemo-resistance, cell proliferation, and 
migration1. These signals furthermore result in an immune-tolerant milieu in the CLL LN, 
in which the response to both pathogens2 and neo-antigen expressing malignant cells3  
is dampened.

Multiple types of signaling molecules are involved in these communication processes: 
first, interleukins such as interleukin (IL)-4 and IL-21 are involved in cell survival and 
proliferation4,5. Second, chemokines including CCL2, 3, 4 and 22 have important roles 
in both the chemo-attraction of cells towards the tumor microenvironment (TME)6,7 
and tumor cell survival8. Third, growth factors such as Insulin-like growth factor 1 can 
promote survival9. Fourth, membrane bound factors from bystander cells such as CD40L 
and integrins can induce cell survival10. Fifth, small vesicles such as microvesicles and 
exosomes containing RNA, proteins, lipids or metabolites that are produced by either 
bystander cells11 or CLL cells12 could transmit signals.

Although it is by now well established that the factors secreted by bystander cells are 
essential for CLL sustenance (summarized in a recent review by Ten Hacken & Burger1), 
it has also become clear that these interactions are reciprocal in nature. As shown in 
other tumor types, upon contact with tumor cells, bystander cells can undergo changes 
that drive tumor progression, a mechanism dubbed coevolution in accordance with 
the phenomenon occurring in ecological systems13. Considering that CLL bystander cells 
include immune cells normally involved in highly-adaptable immune responses, they are 
highly susceptible to (malignant) B cell-derived signals. Next to local changes leading to 
tumor advance, bystander cell alterations lead to systemic changes that can orchestrate 
recruitment of peripheral cells towards the TME6. Although various studies have suggested 
that bystander cell changes can take place at the genetic level6, recent evidence has 
shown unaltered stromal genomes, suggesting that microenvironmental signals are not 
mediated via genetic events6. These findings indicate that the stromal alterations are 
reversible, and that identification of the factors driving stromal cell changes may yield new  
therapeutic options.

In this review we analyze recent literature and our own recent findings to provide an 
overview of current evidence that signals emanating from CLL cells are crucial in creating 
a tumor-supportive TME (Figure 1). Second, as several reports show interdependency 
of multiple bystander cells, we address how communications among bystanders in 
the context of CLL can contribute to supportive TME coevolution. We focus on T cells, 
MDCs and stromal cells that can form a tetrad together with the CLL cell exchanging 
reciprocal signals. For each of these, the effects of CLL cells towards the bystander cells 
are discussed, followed by the indirect effects between bystander cells. 
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van Attekum et al.: CLL’s role in coevolution. Figure 1
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Figure 1: model of interactions in coevolutionary shaping between CLL cells with bystander cells. 
Although signals emanating from bystander cells such as T cells, monocyte derived cells (MDCs) 
and stromal cells have been more extensively studied in CLL, the coevolutionary important signals 
towards and amongst the bystander cells are only recently starting to become elucidated.

T CELL INTERACTIONS
Although it has been described that CD4+ Th1 cells recognize CLL antigens3, activated Th1 
cells also induce CLL cell proliferation and survival14. Furthermore, T cells induce a gene 
expression profile in CLL cells that indicates activation of oxidative phosphorylation in CLL 
cells15. With respect to pro-tumor signals from T cells, survival inducing (Interferon(IFN)-γ16, 
IL-44, and CD40L17) and antigen-independent proliferation factors (CD40L in combination 
with IL-215) are expressed (Figure 2). These pro-survival signals converge at the upregulation 
of BCL-2 family members via different signaling cascades, specifically the Nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) pathway18 and Protein kinase 
B (AKT) pathway19. With respect to CLL proliferation, Mitogen-activated protein kinase 
(MAPK) and Signal Transducer and Activator of Transcription (STAT)3 pathways play 
additional roles20. In addition, interaction of CLL cells with T cells sensitizes CLL cells to 
additional pro-tumor signals; first, B cell receptor signaling is enhanced by a microRNA-
155-dependent mechanism after CD40L stimulation21. Second, CLL cells upregulate 
adhesion protein CD44 after CD40L stimulation, leading to hyaluronic acid binding, which 
increases retention in the LN22. Third, next to a direct survival-inducing effect of T cell-
secreted IFN-γ on CLL cells, CD38 is upregulated on CLL cells after IFN-γ stimulation. 
CD38 can subsequently relay MDC-derived CD31 survival signals23, although this has been 
difficult to confirm in vitro24.
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Functional effects of CLL cells on conventional T cells
Various groups have described aberrations in the T cell population in CLL patients. 
The total number of both CD4+ and CD8+ T cells is increased25 and a skewing of their ratio 
towards CD8+ cells occurs in both mouse26 and human27. This skewing does not precede 
the occurrence of CLL, as it is not present during monoclonal B cell lymphocytosis28, but 
even at an early disease stage, expansion of the CD8+ T cell population is correlated 
with adverse outcome27. These findings indicate that CLL cells are the causative agent in 
this correlation. Furthermore, with respect to T cell developmental stages, an increase in 
effector cells at the expense of naïve cells is observed29. Next to the effects of CLL cells 
on T cell skewing, CLL cells suppress T cell function30 and suppress effective synapse 
formation by causing  non-polarized release of lytic granules31. Lastly, CLL cells are involved 
in the induction of migration of T cells towards the LN7. 

Functional effects of CLL cells on non-conventional T cells
The majority of peripheral blood (PB) T cells express the αβ T cell receptor (TCR), and only 
1-10% of CD3+ T cells in the PB carry a highly conserved γδ TCR32. Vγ9Vδ2 T cells form 
the predominant γδ T cell subset present in the PB. In contrast to the recognition of peptidic 
antigens by αβ T cells, Vγ9Vδ2 T cells respond to stress molecules in malignant cells, in 
a T cell receptor-dependent yet MHC-independent process. As a consequence, these 
γδ-T cells could suppress CLL cells acting independently of MHC antigen presentation32. 

T cell

CLL cell

T cell expansion 25

T cell skewing 26,27

T cell exhaustion: 

PD-1 27, IL10 39, antigens 30

Chemoattraction: 

CCL3 45, 4 45, 22 7

Survival:
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CD40L 5, IL21 5 MDC
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van Attekum et al.: CLL’s role in coevolution. Figure 2

Figure 2: interactions between CLL cells and T cells that contribute to microenvironmental shaping. 
Within the tetrad of CLL cell, T cell, MDC, and stromal cell, relevant effects (underlined) and signaling 
molecules involved are indicated.
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Compared to healthy donors however, these γδ cells show a dysfunctional phenotype in 
CLL33. Interestingly, we found that these defects are spontaneously reverted when patient 
derived γδ-T cells are cultured in absence of CLL cells34, in support of continuous, active 
subversion by CLL cells.

As immune suppressive cells, regulatory T cells (Treg) on the other hand secrete several 
immune suppressive cytokines such as IL-10 and their number correlates with worse 
prognosis in several tumors35. In CLL, the frequency of Forkhead box protein (FOXP)3+ 
Treg cells is increased in advanced disease36. IL-10 production by Treg cells is higher in 
the CLL LN than in PB37, in accord with microenvironmental signals engaging in immune-
suppressive skewing.

Proposed mechanisms for CLL cell effects on T cells
Functional alterations

Several mechanisms have been linked to the suppression of T cell function by CLL cells. 
First, CLL cells overexpress immune inhibitory factors such as Programmed death-ligand 
(PD-L)1 and PD-L238 and T cells from CLL patients have increased levels of the PD-1 
receptor27. In the Eμ-T-cell leukemia/lymphoma protein (TCL)1 mouse model, it has been 
shown that this overexpression is not biased by ageing as adoptive transfer of T cells to 
these leukemic mice also induces PD-1 on T cells38. Next to PD-1 mediated signaling, 
CLL cells produce the immune inhibitory cytokine IL-1039. Second, unknown contact-
dependent factors produced by CLL cells actively impair the T cell synapse formation40, 
in a mechanism that seems independent of the impaired antigen-presenting capacity 
of CLL cells themselves. Third, in a mechanism similar to prolonged antigen exposure 
during chronic infection, T cells in CLL likely adopt an exhausted phenotype due to 
long-term exposure to unknown antigens expressed by leukemic cells30. This phenotype 
is characterized by increased expression of exhaustion markers CD160 and CD24430 and 
an inability to produce adequate levels of immune-activating cytokines upon stimulation41, 
similar to the phenotype of T cells directed towards chronic virus infections. Very recently, 
a link between CLL mediated T cell dysfunction and immune metabolism was suggested 
by data showing that T cell exhaustion at least partially results from suppression of glucose 
metabolism42.  Whether impaired metabolism is a direct consequence of competition for 
fuels between the tumor cells and T cells as has been shown in experimental models43 or 
is solely due to CLL-mediated decreased AKT/mTOR signaling42 has still to be resolved. 
It is important to note that the mechanistic causes for T cell expansion and skewing 
remain largely obscure, but the defects in T cell function might underlie the compensatory 
expansion seen in CLL patients27.

T cell chemotaxis

Several factors secreted by CLL cells can induce migration of T cells towards the CLL LN. 
C-C motif chemokine (CCL)22 for instance, is secreted by CLL cells in the LN, which results 
in the recruitment of T cells7. Interestingly, as CCL22 preferentially induces migration of 
Th2 and Treg CD4+ cells44, secretion of this chemokine could underlie a skewing in the LN 
towards CLL-supporting and immune-suppressive T cells at the expense of cytotoxic 
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T cells. Next to T cell recruitment via CCL22, CLL cells secrete CCL3 and CCL4 upon 
interaction with MDCs45 and levels of CLL3 correlate with increased T cell numbers in ex 
vivo CLL LNs46. Finally, the fact that T cells show a reduced motility upon direct contact 
with CLL cells47, could indicate that T cells are retained in the LN once recruited.

MONOCYTE-DERIVED CELL INTERACTIONS
Monocyte-derived cells (MDCs) include monocytes, macrophages, and dendritic cells. 
These cells can on the one hand secrete essential survival factors for CLL cells, while on 
the other hand they can potentially mount an immune response against malignant cells as 
co-stimulators of B or T cell-mediated responses48. According to the dichotomized view of 
macrophage differentiation proposed in normal biology, M1 differentiated immunogenic 
macrophages mainly convey anti-tumor signals, while M2 wound healing macrophages are 
pro-tumorigenic overall49. This binary differentiation model has however been challenged 
by others50, suggesting that macrophages can exhibit a plethora of other phenotypes, 
depending on the combined extracellular signals they receive. The delayed disease 
development associated with MDC depletion in the TCL1 mouse model51,52 suggests that 
MDCs have a crucial, tumor-supportive function in CLL. Their supportive role is furthermore 
indicated by the observation that a higher number of MDCs correlates with worse prognosis 
in CLL patients53,54. Whereas MDCs play important roles in CLL cell survival induction55 
and have migratory effects on CLL cells55 (Figure 3), their role in proliferation induction 
is subordinate; stimulation of CLL cells by macrophages does not induce proliferation 
(unpublished observation) and furthermore no spatial correlation between MDC-marker 
CD68 and proliferation marker Ki67 exists in ex vivo LNs56. Regarding their role in survival 
induction, we have recently found that MDC-mediated survival depended on chemokine 
signaling via CCR119. Nurse-like cells (NLCs) are monocyte-derived cells which develop 
following prolonged in vitro cultures with CLL blood samples55 and these cells have been 
identified in both the spleen and LNs of CLL patients57. NLCs are thought to induce CLL 
survival effect via factors such as A proliferation inducing ligand (APRIL), B-cell activating 
factor (BAFF) or CXCL12 (reviewed by Ten Hacken & burger1). In line with this, transgenic 
APRIL overexpression in the TCL1 mouse led to faster disease progression58. By contrast, 
using a novel APRIL-overexpression system and an APRIL decoy receptor, we have recently 
found in vitro that direct effects of APRIL produced by macrophages on CLL cells are 
negligible56.  This discrepancy could be reconciled by postulating that in vivo effects of 
APRIL may be indirect, as exemplified by the recent finding that immunosuppressive IL-10 
is produced by non-malignant B cells upon stimulation of APRIL receptor TACI59-61. 

Functional effects of CLL cells on MDCs
In line with the overall pro-tumor effect of CLL-associated MDCs51,52, we62 and other 
groups63,64 have found pro-tumor M2 differentiation ex vivo and in vitro in the presence of 
CLL cells. Functionally, these cells indeed show impaired immuno-competence, as antigen 
presentation and immune-response initiation are decreased65. In addition, CLL-associated 
monocytes are defective in their phagocytic function66. Moreover, dendritic cells in mice 
that have undergone adoptive transfer of TCL1 CLL cells show a decrease of MHC class 
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II expression and an increase of the immune suppressive molecule PD-L151. We56 and 
others52 have found that the CLL LN is interspersed with macrophages. As recruitment of 
these supportive macrophages depends on chemokine gradients emanating from the LN, 
it is postulated that CLL cells can provide these migratory signals. Indeed, it has been 
recently shown that in the TCL1 mouse model, the peritoneal cavity, a reservoir for CLL 
cells, harbors an increased number of monocytes compared to non-transgenic mice51.

Proposed mechanisms for CLL cell effects on MDCs
Monocyte polarization

Several CLL-secreted factors have been suggested to contribute to the pro-tumorigenic 
M2 differentiation of monocytes, which include nicotinamide phosphoribosyltransferase 
(NAMPT)63 and high mobility group box 1 (HMGB1)67. As NAMPT is also secreted by CLL-
differentiated MDCs, it could form a positive feedback loop keeping MDCs in a CLL-
supportive state63. Besides the potential direct effects of these factors in inducing M2 
differentiation, CLL-associated monocytes are primed via an unknown mechanism for 
M2 differentiation as they show an increased phosphorylation of downstream STAT 
molecules after stimulation with M2-differenting cytokines IL-4 and IL-1051. The persistent 
M2-differentiating signals emanating from the LN-residing CLL cells in combination 
with PD-1 stimulation of MDCs, both by CLL cells68 and in an autocrine fashion51, could 
explain their immune dysfunction. Interestingly, it has recently been shown that this tumor 
supportive phenotype is reversible, as IFN-γ stimulation results in transdifferentiation of 
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Figure 3: interactions between CLL cells and MDCs that contribute to microenvironmental shaping. 
Within the tetrad of CLL cell, T cell, MDC, and stromal cell, relevant effects (underlined) and signaling 
molecules involved are indicated.
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pro-tumorigenic (M2) CLL-associated monocytes towards M1 macrophages69. Similarly, 
inhibiting PD1 signals could restore macrophage function68.

MDC Chemotaxis

Although several chemokines could account for the recruitment of monocytes towards 
the CLL LN, a critical role for CCR2 has recently been proposed. Adoptive transfer of CLL 
cells from TCL1 mice to CCR2 knockout mice led to a decrease in monocyte numbers 
in the spleen. These data are in line with our recent observations using primary human 
CLL cells, in which we found that inhibition of specifically CCR2 by small molecules could 
completely abrogate the migration of monocytes towards CLL cells62. Others have found 
that knockout of macrophage migration inhibitory factor (MIF) reduced the number of 
macrophages in the spleen of TCL1 mice, suggesting an additional role for this chemokine70.

STROMAL CELL INTERACTIONS
Stromal cells constitute the connective tissue of organs and supply them with structure, 
anchoring and supportive signals. By definition, they are of non-hematopoietic origin. 
Different types of stromal cells include fibroblasts, reticular cells, and endothelial cells. 
Stromal cells can play a supportive role in various tumor types, including CLL. They were 
initially described to reside in the CLL bone marrow, but were subsequently identified 
in almost every organ including the LN71. Via several mechanisms, stromal cells can 
directly support CLL cells by increasing their survival72 and migration (reviewed by Ten 
Hacken & Burger1), but also by inducing CLL cell proliferation73 and by changing CLL cell 
metabolism74 (Figure 4). 

Next to these direct effects, stromal cells can govern changes in CLL cells that make 
them more receptive to other microenvironmental signals. Locally secreted Hypoxia-
inducible factor-1α for instance can induce changes in chemokine receptor expression in 
CLL cells that consequently retains them in the TME75. 

Functional effects of CLL cells on stromal cells and mechanisms
As with T cells and MDCs, which types of cytokines are secreted by stromal cells depends 
on the extracellular signals they receive. In CLL, it has been reported that stromal cells 
subvert to so-called cancer associated fibroblasts following interaction with malignant 
cells resulting in the secretion of tumor supportive cytokines76. Stromal cells require AKT 
signaling to support CLL cells77. A bidirectional cross-talk in which CLL cells induce AKT 
and Extracellular signal-regulated kinase (ERK) signaling has been described78 and Platelet-
derived growth factor is one secreted factors that can cause this activation79. Several other 
groups have pointed at the importance of CLL-secreted exosomes in the differentiation 
to cancer-associated fibroblasts76. One mechanism of action of exosome-mediated 
differentiation is transfer of microRNA-202-3p, which alters mRNA levels in stromal cells80.  
Also, CLL cells can increase CXCL13 secretion by stromal cells via lymphotoxin-β-receptor 
activation, which leads to recruitment of CLL cells81.
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INDIRECT EFFECTS
We have so far discussed several direct reciprocal interactions between CLL cells and 
bystander cells. Considering that all cells within an ecosystem partake in its coevolutionary 
shaping, interactions between bystander cells can likewise contribute to the formation of 
a supportive TME in CLL.

Functional effects between monocyte-derived cells and T cells and 
mechanisms
Based on their role in the normal immune response, it is to be expected that MDCs can 
also affect the phenotype of T cells in the context of CLL. Indeed, MDCs contribute to 
T cell skewing in CLL as skewing was reverted after depletion of MDCs via clodronate 
treatment in the TCL1 mouse model51 (Figure 5). 

MDCs are furthermore involved at several levels of T cell suppression; first, MDCs can 
induce expression of PD-1 on T cells63, while PD-L1 is upregulated on CLL-differentiated 
monocytes51, both contributing to T cell suppression. Second, CLL-differentiated 
monocytes inhibit T cell proliferation63 and third, they can inhibit T cell activation and 
promote the differentiation towards Treg cells64.

In addition to CLL cells, CLL-differentiated MDCs can secrete chemokines that can 
attract T cells towards the LN, such as C-X-C motif chemokine (CXCL)12. This chemokine 
furthermore enhances the expression of CLL cell survival stimuli such as IFN-γ82. Similarly, 
in mouse studies, splenic monocytes show increased levels of T cell attracting chemokines 
such as CXCL9 and 10 after adoptive transfer of TCL1 CLL cells51. Concurrently, expression 
of the receptor for these chemokines (CXCR3), increases on T cells51. This indicates that 
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Figure 4: interactions between CLL cells and stromal cells that contribute to microenvironmental 
shaping. Within the tetrad of CLL cell, T cell, MDC, and stromal cell, relevant effects (underlined) and 
signaling molecules involved are indicated.
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supporting cells are not only recruited to the TME via induction of attracting chemokines 
in the LN, but also by an increased susceptibility to recruitment via chemokine receptor 
upregulation.

A subset of MDCs, the myeloid-derived suppressor cell (MDSC; expressing CD11b and 
CD33 and low levels of Human Leukocyte Antigen-DR), has recently gained attention in 
CLL, as it has been shown in other tumor types that these cells are increased in number and 
can suppress T cell immune responses83. In CLL, an expanded MDSC cell population64,84 
and suppression of T cells by MDSCs64 has been shown. The number of MDSCs furthermore 
correlated with the number of CLL cells in patients84. These data indicate that MDSCs 
might also suppress the T cell response in the context of CLL. 

Differentiation and immune suppressive effects of T cells on MDCs have not been 
extensively studied in CLL. Regarding migratory effects, we have recently found that 
stimulation of CLL cells with T cells or T cell factor CD40L induced a strong upregulation 
of several monocyte-attracting chemokines such as CCL2, 3, 4, 5, 7, 24, CXCL5, 10, and 
IL-10. We furthermore found that CCL2 can subsequently attract monocytes62. 

CONCLUSIONS AND OUTLOOK
In parallel with macroenvironments found in nature, coevolution is the driving force in 
establishing stable supportive interactions between elements within the TME. Considering 
the data summarized in this review, we here discuss potential consequences for CLL 
research and therapy.
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Figure 5: interactions between different bystander cells that contribute to microenvironmental 
shaping. Within the tetrad of CLL cell, T cell, MDC, and stromal cell, relevant effects (underlined) and 
signaling molecules involved are indicated.
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Open questions: what are the dynamics of coevolution in CLL?
The recent insight in clonal dynamics stemming from Next Generation Sequencing of 
longitudinal CLL samples may offer some clues into the complex interactions in the TME, 
although several questions have yet to be answered. First, the change in clone sizes in 
CLL patients over time regardless of therapy85 suggests that natural evolutionary sweeps 
are taking place. The nature of this important driving force in coevolution is however not 
known in CLL, but a reasonable assumption is that also here the TME is actively involved. 
Second, it has been shown in other tumors that different clones of the same tumor can 
benefit other clones86. In that light, the different CLL clones existing in the TME should be 
considered as separate players (instead of one) when studying coevolutionary shaping. 
Future research should therefore take into account the interactions between subclones 
and the effects of the microenvironment on these different clones. Understanding these 
evolutionary parameters is key to effectively treat CLL, because abolishing one interaction 
is often insufficient to breach a supportive ecosystem87, as adaptations by one of 
the contributing elements can compensate for the loss of another.

Therapeutic consequences
Although knowledge of these compensatory mechanisms would aid to design effective 
treatment,  the potential side-effects that novel therapies have on bystander cells should 
moreover be considered. Because MDC-mediated antibody responses for instance depend 
on BTK88, ibrutinib treatment reduces FcγR-mediated cytokine production88, inhibits 
activation68, and changes metabolism68 in monocytes, which can inhibit their immune 
function. The outgrowth of adoptively transferred CLL cells was however impaired in Btk 
knockout recipient mice, and macrophages deficient for its upstream kinase Lyn showed 
diminished CLL-supportive capacity ex vivo89. This suggests that the effects of ibrutinib on 
macrophages would be clinically beneficial. The depletion of immune-suppressive MDSCs 
by ibrutinib90 could furthermore support its beneficial clinical effects. Lastly, ibrutinib targets 
T cell-expressed BTK homolog Interleukin-2-inducible kinase (ITK), which is an important 
modulator of T cell signaling and function91. Interestingly, as ITK inhibition preferentially 
affects Th2 cells because Th1 cells express a compensatory kinase, a potentially beneficial 
Th1 anti-tumor skewing occurs91. In the context of CAR-T cell therapy, a T cell expansion 
and increased tumor clearance was found when concurrently treating with ibrutinib92, 
altogether indicating that ibrutinib treatment can overcome the suppressive effects of CLL 
cells on T cells. The effects on bystander cells of kinase inhibitor idelalisib are generally 
CLL-supportive, as idelalisib reduces cytotoxic cytokine production of T cells93 and in 
macrophages it reduces ADCC94 and migration95, although inhibition of specifically PI3Kγ 
leads to an immunostimulatory macrophage differentiation96. Given the critical pro-tumor 
effects of bystander cells, these findings suggest that complete tumor eradication after 
debulking treatment with chemotherapeutics can only be achieved after restoration of T 
cell function by ibrutinib92 or Lenalidomide97 that can be complemented with CLL-directed 
CAR T cells and PD-L1 inhibition98. In addition, as ibrutinib treatment results in migration 
of CLL cells out of the LN, subsequent CLL-attracting chemokine inhibition could avoid 
(re)formation of a tumor-supportive microenvironment and increase the effectiveness of 
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cytotoxic therapies. The effectiveness of this migration inhibition approach has for instance 
been shown in vivo in prostate cancer, in which metastases were reduced after CXCR4 
inhibition99. In conclusion, future insights into the dynamics of coevolution and the effects 
of (existing) therapies on these dynamics would therefore substantially aid in designing 
optimal treatment strategies.
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