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Significance

 Class A GPCRs, including the 
chemokine receptor CXCR4, can 
form oligomers, but their 
functional relevance remains 
poorly understood. This study 
provides evidence for the role of 
constitutive CXCR4 oligomers in 
lymphoid neoplasms, where they 
drive prosurvival signaling, 
migration, and tumor growth. We 
developed a nanobody-based 
BRET method to demonstrate 
that endogenous CXCR4 
constitutively oligomerizes in 
lymphoid cancer cells, correlating 
with receptor expression levels. 
Pharmacological disruption of 
these oligomers reduces 
tumor-associated signaling, 
impairs spheroid growth, and 
sensitizes patient-derived 
malignant cells to the apoptosis-
inducing drug venetoclax. Since 
CXCR4 is frequently 
overexpressed and potentially 
clustered in various malignancies, 
this work offers broader 
implications for enhancing 
treatment efficacy, overcoming 
drug resistance, and potentially 
reducing side effects across 
multiple cancer types.
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The chemokine receptor CXCR4 is overexpressed in many cancers and contributes to 
pathogenesis, disease progression, and resistance to therapies. CXCR4 is known to form 
oligomers, but the potential functional relevance in malignancies remains elusive. Using 
a nanobody-based BRET method, we demonstrate that oligomerization of endogenous 
CXCR4 on lymphoid cancer cell lines correlates with enhanced expression levels. Specific 
disruption of CXCR4 oligomers reduced basal cell migration and prosurvival signaling 
via changes in the phosphoproteome, indicating the existence of constitutive CXCR4 
oligomer-mediated signaling. Oligomer disruption also inhibited growth of primary
CLL 3D spheroids and sensitized primary malignant cells to clinically used Bcl-2 inhib-
itor venetoclax. Given its limited efficacy in some patients and the ability to develop 
resistance, sensitizing malignant B cells to venetoclax is of clinical relevance. Taken 
together, we established a noncanonical and critical role for CXCR4 oligomers in lym-
phoid neoplasms and demonstrated that their selective targeting has clinical potential.

leukemia | CXCR4 | receptor oligomerization | drug sensitization

 The treatment landscape of B cell malignancies like chronic lymphocytic leukemia (CLL) 
has undergone significant transformations after the introduction of effective oral targeted 
therapies such as BTK-, PI3K-, and Bcl-2 inhibitors (venetoclax) and next-generation 
anti-CD20 monoclonal antibodies ( 1 ). Nevertheless, the unresponsiveness of some patients, 
along with acquired resistance and the nearly universal subsequent relapse of the disease, 
underscores the ongoing need for a potentially curative treatment ( 2 ). The chemokine recep-
tor CXCR4 is overexpressed in many human cancers, including lymphoid neoplasms. In 
these disease states, CXCR4 induces signaling that promotes tumor survival and metastasis 
upon activation by its endogenous ligand CXCL12 ( 3 ). In CLL, CXCR4 was shown to 
promote a protective tumor microenvironment by allowing migration into the lymph node 
and altering the behavior of adjacent cells to support tumor survival and growth ( 4 ). CXCR4 
signaling also drives the retention of malignant cells in the bone marrow, thereby protecting 
these cells from chemotoxic stress and targeted therapies administered ( 5   – 7 ). These obser-
vations support a central critical role for CXCR4 signaling in the biology of lymphoid 
neoplasms and position CXCR4 as an important drug target to treat such diseases ( 8 ,  9 ).

 CXCR4 belongs to the class A G protein–coupled receptors (GPCRs). Since GPCRs 
regulate numerous (patho-)physiological processes and are highly amenable to drug interven-
tion, they represent a major class of drug targets ( 10 ). Although classically perceived as mon-
omeric signaling units, GPCRs are increasingly recognized to exist and signal as dimers or as 
higher-order oligomeric complexes ( 11 ). For example, it is well established that the function-
ality of class C GPCRs is critically dependent on the formation of homo- and heterodimers 
( 12 ,  13 ). In contrast, the role of oligomerization in regulating receptor function and influ-
encing downstream signaling outcomes remains unclear for the larger class A GPCR family. 
Some class A GPCRs appear to form transient dimers and higher-order oligomers ( 14 ,  15 ). 
However, the physiological roles of such complexes remain poorly understood to date.

 A large body of evidence indicates that CXCR4 is capable of forming dimers and 
higher-order oligomers (i.e., clusters of three or more receptors) ( 16                 – 25 ). Upon recom-
binant overexpression to levels mimicking an oncogenic setting, CXCR4 exists almost 
exclusively as dimers or higher-order oligomers ( 18 ,  19 ). In malignant lymphocytic T-cells, 
CXCR4 mainly resides in higher-order oligomers while it is largely monomeric in primary 
healthy T-cells ( 24 ), thus suggesting that CXCR4 oligomers exist and contribute to malig-
nancy. Moreover, CXCL12-mediated migration of CXCR4-expressing T-cells was reported 
to be dependent on enhanced higher-order oligomer formation ( 24 ,  26 ), illustrating that 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mj.smit@vu.nl
mailto:r.heukers@vu.nl
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2424186122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2424186122/-/DCSupplemental
https://orcid.org/0000-0001-8320-214X
https://orcid.org/0000-0001-5692-5975
https://orcid.org/0000-0003-4285-6598
https://orcid.org/0000-0002-1410-7285
https://orcid.org/0000-0002-2411-2379
https://orcid.org/0009-0004-4884-7726
https://orcid.org/0000-0002-7312-8529
https://orcid.org/0000-0002-0599-3510
https://orcid.org/0000-0003-0561-6640
https://orcid.org/0000-0003-3630-4228
https://orcid.org/0000-0002-3135-5109
mailto:
https://orcid.org/0000-0003-2713-0238
mailto:
https://orcid.org/0000-0003-4498-7751
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2424186122&domain=pdf&date_stamp=2025-6-7


2 of 11   https://doi.org/10.1073/pnas.2424186122� pnas.org

CXCR4 oligomerization impacts receptor function. However, it 
remains to be clarified whether CXCR4 oligomerization drives 
malignancy. Additionally, it is important to investigate which spe-
cific protumorigenic effects of CXCR4 are associated with signa-
ling pathways unique to receptor oligomerization.

 In this study, we set out to investigate the malignant potential 
of CXCR4 oligomerization. Using nanobody-based biolumines-
cence resonance energy transfer (BRET) and direct stochastic 
optical reconstruction microscopy (dSTORM) single-molecule 
imaging, we studied CXCR4 oligomerization in a panel of lym-
phoid neoplasm cell lines and primary cultures. Using mass 
spectrometry-based phosphoproteomics, we assessed signaling 
downstream of CXCR4 oligomers. Specific changes at the phos-
phosite level led us to uncover basal cell migration, spheroid 
growth, and cell survival as phenotypic consequences of constitu-
tive CXCR4 oligomer-mediated signaling. Moreover, the attenu-
ation of these phenotypes obtained by pharmacologically 
disrupting CXCR4 oligomers suggests that such clusters can serve 
as a therapeutic target with clinical potential. 

Results

Detection of Endogenous CXCR4 Oligomers Using a Nanobody-
Based BRET Approach. Oligomerization of CXCR4 has been 
extensively studied in heterologous expression systems (18, 19). To 
investigate whether this also occurs in a native setting, we developed 
a method for the detection of untagged GPCR oligomers in living 
cells. Such analysis requires a detection molecule that binds to 
CXCR4 with high affinity, without altering the oligomeric state of 
the receptor or its basal receptor signaling. One of the previously 

selected CXCR4-binding nanobodies (27), VUN415, displayed 
such properties (SI Appendix, Table S1). To allow the detection of 
CXCR4 clusters by BRET, VUN415 was either genetically fused 
to NanoLuciferase (NanoLuc, Nluc) or conjugated to a fluorescent 
dye (Fig. 1A). Close proximity of two or more receptors enables 
BRET between nanobody donor and acceptor constructs bound to 
different CXCR4 protomers, thereby providing information about 
the relative receptor oligomeric state. Indeed, increasing equimolar 
concentrations of the two nanobody fusion constructs led to a 
concentration-dependent, saturable increase in nanobody binding 
on CXCR4-overexpressing HEK293T cells (SI Appendix, Fig. S1A), 
as well as an increase in BRET ratio (Fig.  1A). This detection 
was CXCR4 specific, as no binding of the probes (SI Appendix, 
Fig. S1A), and therefore no BRET, was observed in CHO-K1 or 
CRISPR Cas9 CXCR4-knockout HEK293T cells, which both lack 
CXCR4 expression (SI Appendix, Fig. S1B). In addition, no BRET 
was observed in these CXCR4negative models when using a fixed 
saturating nanobody concentration with varying donor:acceptor 
probe ratios (SI Appendix, Fig. S1 C and D). No BRET signals were 
observed when VUN415-ATTO565 was replaced by unlabeled 
VUN415 (SI Appendix, Fig. S2). Collectively, these results indicate 
our BRET approach is highly specific, quantitative, and can be 
used effectively to monitor the oligomerization status of CXCR4 
in subsequent mechanistic experiments.

 Dimerization and higher-order oligomerization of proteins can 
be artificially induced through fusion to FK506-binding protein 
(FKBP) domains and subsequent chemical crosslinking ( 28 ). At 
low expression levels where CXCR4 is expected to be predominantly 
monomeric ( 18   – 20 ), a robust increase in nanobody oligomerization 
BRET was observed upon stimulation with crosslinker AP20187 
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Fig. 1.   Detection of endogenous CXCR4 oligomers 
using nanobody-based BRET. (A) Schematics and 
results for the nanobody-based nanoBRET method 
to detect receptor oligomerization in CXCR4-
overexpressing HEK293T, CHO-K1, and HEK293T 
CXCR4 CRISPR-Cas9 KO cells. Increasing equimolar 
concentrations of detection nanobodies VUN415-
NanoLuc (“Nluc”) and VUN415-ATTO565 were used. 
(B and C) Nanobody-based BRET measurement of 
receptor oligomerization using (B) untagged and 
FKBP-tagged CXCR4 or (C) ecdysone-inducible 
CXCR4. Stimulation with (B) 1 μM of dimerization 
ligand AP20187 (“AP”) to induce dimerization or (C) 
increasing concentrations tebufenozide to induce 
receptor expression, as indicated. (D) Schematics 
and data of endogenous oligomer detection in 
Namalwa cells using VUN415-NanoLuc (Nluc) as 
donor together with VUN415-ATTO565 or ITGB1-
Nb-HL555 as acceptor. Data are mean ± SD and 
are representative of at least three independent 
experiments, each performed in triplicate.
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for FKBP-tagged CXCR4 and not for the untagged receptor 
( Fig. 1B   and SI Appendix, Fig. S3 ). This shows that increased BRET 
values observed with our nanobody-based BRET approach is a 
consequence of receptor oligomerization. To verify that CXCR4 
oligomerization depends on its expression level, as suggested previ-
ously ( 18 ,  19 ), an ecdysone-inducible CXCR4 expression construct 
was generated ( 29 ). Stimulation with ecdysone agonist tebufenozide 
indeed led to a concentration-dependent increase in CXCR4 
expression, as well as nanobody-based oligomerization BRET signal 
( Fig. 1C   and SI Appendix, Fig. S4 ).

 After the initial validation of the nanobody-BRET approach in 
HEK293T cells, we assessed the existence of endogenous CXCR4 
oligomers. We focused on lymphoid neoplasms as enhanced CXCR4 
levels are considered to play a prominent pathological role ( 30   – 32 ). 
Using the Namalwa Burkitt lymphoma cell line as a proof-of-concept, 
we observed a robust increase in BRET signal in cells treated with 
CXCR4 detection nanobodies, whereas no BRET occurred when 
combining VUN415-Nluc with a fluorescently labeled nanobody 
against the highly expressed integrin β1 ( Fig. 1D  ). The lack of BRET 
for the integrin β1 control was not due to a lack of nanobody 

binding, as clear concentration-dependent binding to Namalwa cells 
was observed (SI Appendix, Fig. S5 ). Hence, our nanobody-based 
BRET approach specifically showed the presence of heterologously 
and endogenously expressed CXCR4 oligomers.  

Enhanced Oligomerization of Endogenous CXCR4 on Lymphoid 
Cancer Cell Lines. Subsequently, we assessed whether CXCR4 
oligomerization is associated with elevated expression of endogenous 
receptors on cancer cells. First, concentration–response curves 
for nanobody-based oligomerization detection were generated 
for a small selection of lymphoid cancer cell lines with varying 
CXCR4 expression levels and disease subtypes (Fig.  2A and 
SI Appendix, Fig. S6). In the CLL cell line MEC-1 with very low 
CXCR4 expression, no oligomerization BRET signal was detected, 
confirming specificity of the BRET assay for cells other than the 
HEK293T CXCR4 CRISPR Cas9 KO and CHO-K1 cells. We 
observed concentration-dependent increases in BRET signal for 
CXCR4low RPC1-WM1 (Waldenstrom macroglobulinemia) 
cells and CXCR4high Z-138 (mantle cell lymphoma, MCL) cells, 
with similar BRET50 but much higher BRETmax values for the 
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Fig. 2.   Differential oligomerization of endogenous 
CXCR4 receptors in lymphoid cancer cell lines. (A) 
Nanobody-based BRET measurement of CXCR4 
oligomerization in lymphoid cancer cell lines MEC-1, 
RPCI-WM1, and Z-138. Data are representative of at 
least three independent experiments and depicted 
as mean ± SD. (B) Normalized CXCR4 oligomerization 
BRETmax plotted against flow cytometry surface 
receptor expression levels for the lymphoid 
cancer cell line panel. Data are pooled mean ± 
SEM of at least three independent experiments, 
each performed in triplicate. (C and D) Effects on 
nanobody-based receptor oligomerization BRET 
of enhanced CXCR4 expression using doxycycline-
inducible CXCR4 in RPCI-WM1 cells (C) or silencing 
of CXCR4 using scramble shRNA or CXCR4-
targeting siRNA in Z-138 cells (D). Oligomerization 
data, normalized to the BRETmin value of each 
individual cell line, are representative of at least 
three independent experiments and depicted as 
mean ± SD. Expression data, corrected for AF488 
background, are depicted as mean ± SEM of at least 
three independent experiments. (E) Data of dSTORM 
imaging and spatial point distribution analysis using 
Voronoi segmentation on Z-138 (CXCR4high) cells. 
Full reconstructed dSTORM image and analyzed 
region of image (“Cropped dSTORM”), indicated 
by the blue circle, are visualized. Corresponding 
thresholded binary map and Voronoi polygon 
area plot are shown. In Voronoi polygon area plot, 
the blue line indicates the obtained data, whereas 
99% CI of Monte–Carlo simulation are indicated by 
red and light blue lines. Representative analysis of 
two independent experiments is shown. (F) Cluster 
diameter for Z-138 cells is displayed based on the 
spatial point distribution analysis. Data (violin plot) 
are pooled from eight analyzed areas, obtained 
from two independent experiments per cell line. 
Dashed lines represent quartiles, and the solid line 
represents the median. (G) Cluster stoichiometry 
analysis of Z-138 cells. Data are pooled mean ± 
SEM of eight analyzed areas, obtained from two 
independent experiments per cell line.
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latter. Although different plate reader gain settings were used 
between cell lines, this did not affect the transformed BRETmax 
values (SI Appendix, Fig. S7) and can therefore be considered to 
accurately reflect relative oligomerization levels. Out of a large 
and diverse panel of lymphoid neoplasms, oligomeric complexity 
of endogenous CXCR4 generally correlated with the receptor 
expression levels (Fig. 2B). Notably, some cell lines exhibited higher 
oligomeric complexity than expected based on their expression level, 
including cell lines PGA-1, L363, and CII. These deviations could 
be explained by other factors influencing oligomeric complexity, 
including membrane lipid composition (33, 34).

 Of the tested cell lines, Z-138 and Maver-1 stood out as cell lines 
with the highest level of CXCR4 oligomers ( Fig. 2B   and SI Appendix, 
Fig. S6 ). To further investigate the link between receptor expression 
and oligomerization, we tested the effects of genetic manipulations 
of CXCR4 expression on CXCR4 oligomerization. Doxycycline- 
inducible expression of CXCR4 enhanced its oligomeric state in 
RPC1-WM1 ( Fig. 2C  ) and MEC-1 cells (SI Appendix, Fig. S8A﻿ ), 
whereas siRNA-mediated silencing of CXCR4 caused a marked 
reduction of endogenous receptor oligomerization in Z-138 ( Fig. 2D  ) 
and Namalwa cells (SI Appendix, Fig. S8B﻿ ). These data effectively 
demonstrate that CXCR4 expression is an important driver of recep-
tor oligomerization in endogenous systems.

 To validate the BRET-based findings of endogenous CXCR4 oli-
gomerization, we employed dSTORM single-molecule imaging ( 35 ), 
using AlexaFluor™ 647-conjugated VUN415 (VUN415-AF647), on 
CHO-K1 (CXCR4negative ) and Z-138 (CXCR4high ) cells. To assess 
the specificity of VUN415-AF647, samples were incubated with an 
excess of CXCR4 antagonist AMD3100, which is known to displace 
VUN415 but does not affect CXCR4 oligomerization ( 19 ) 
(SI Appendix, Fig. S9 A  and B ). VUN415 can be competed off by 
small molecule CXCR4 binding compound AMD3100. Z-138 cells 
contained specific localized events as demonstrated by their elevated 
number compared to the corresponding nonspecific localized events 
in the AMD3100-treated sample (SI Appendix, Fig. S9B﻿ ).

 Next, we performed a statistical cluster analysis based on 
Ripley’s K function, Voronoi segmentation, and localization out-
put to analyze the CXCR4 cluster stoichiometry on Z-138 cells. 
Voronoi segmentation was applied to the obtained spatial distri-
bution patterns of the localized events and compared to random 
distributions generated by Monte–Carlo simulations ( Fig. 2E  ). 
Z-138 cells showed significant clustering of CXCR4 receptors
( Fig. 2E  ). The average CXCR4 cluster diameter was 48.6 ± 0.6
nm ( Fig. 2F  ). Cluster stoichiometry analysis showed a large pop-
ulation of higher-order CXCR4 oligomers ( Fig. 2G  ). Collectively, 
these dSTORM findings validate the existence of endogenous 
CXCR4 oligomers detected by BRET and provide stoichiometric 
insights into the organization of CXCR4 into multimeric struc-
tures in lymphoid cancer cells.  

Pharmacological Disruption of Endogenous CXCR4 Oligomers. 
In order to investigate a potential function of CXCR4 clusters, 
we sought to disrupt these clusters and investigate the resulting 
functional consequences. Previously, we and others have 
shown that the inverse agonistic minor pocket-binding small 
molecule IT1t, inverse agonistic peptide TC14012 as well as 
the antagonistic N-terminus-binding nanobody VUN401, can 
disrupt CXCR4 oligomers (18, 19). Because completely different 
types of molecules (small molecule, peptide, and nanobody) are 
able to exert similar effects on CXCR4 oligomers and associated 
downstream signaling, we wondered whether other CXCR4 
ligands displayed a similar mode of action. The identification of 
other, different oligomer-disruptors would reduce the chance that 
the phenotypic observations can be attributed to nonspecific IT1t 

and VUN401 effects. First, we evaluated the effects of clinical 
candidates AMD070 (AMD11070, mavorixafor) and TG-0054 
(burixafor) on CXCR4 oligomerization by assessing changes in 
BRET between Rluc- and YFP-tagged CXCR4 in HEK cells 
(Fig.  3A) and spatial intensity distribution analysis (SpIDA, 
Fig. 3B). In both assays, AMD070, IT1t and VUN401 reduced 
the CXCR4 oligomerization, whereas TG-0054 did not. VUN401 
and the small molecules all inhibited the binding of fluorescently 
labeled CXCL12 to CXCR4 (SI Appendix, Fig. S10A), and inhibit 
CXCL12-induced miniGi recruitment without inducing canonical 
signaling via G proteins (SI Appendix, Fig. S10 B and C), indicating 
the ligands are antagonists, not agonists.

 As IT1t interfered with VUN415 binding to CXCR4 ( Fig. 3C   
and SI Appendix, Fig. S11 ), VUN415 cannot be used to monitor 
endogenous modulation of CXCR4 clustering by IT1t. Fortunately, 
out of a panel of different CXCR4-binding nanobodies, VUN416 
binding was unaffected by IT1t and did not modulate CXCR4 
oligomerization itself ( Fig. 3D   and SI Appendix, Table S1 ). This 
makes VUN416 a suitable candidate to be engineered into a BRET 
sensor for the assessment of the effects of IT1t on endogenous 
CXCR4 oligomers. A mix of VUN416-NanoLuc and VUN416- 
ATTO565 was able to detect endogenous CXCR4 oligomers in 
Z-138 cells, the lymphoid cancer cell line with the highest CXCR4 
oligomeric state ( Fig. 3E  ). More importantly, while IT1t did not
affect the binding of these probes (SI Appendix, Fig. S11B﻿ ), it com-
pletely abolished the oligomer BRET values ( Fig. 3E  ). Fortunately, 
AMD070 did not affect the CXCR4 binding of oligomer detection 
nanobody VUN415 (SI Appendix, Fig. S11C﻿ ), allowing the probing 
of endogenous oligomer disruption by this ligand. Without affecting 
the binding of the detection nanobodies, AMD070 indeed partially 
reduced the endogenous CXCR4 oligomers in Z-138 cells ( Fig. 3F  ). 
This indicates that the oligomer-disrupting activity of IT1t and to
a smaller extent AMD070 is also apparent in highly CXCR4-
expressing Z-138 cells.  

Constitutive CXCR4 Oligomers Drive Basal Cell Migration and 
Antiapoptotic Signaling in MCL Cells. To investigate the functional 
consequences of CXCR4 oligomerization, we first examined the 
effect of CXCR4 monomerizing small molecule IT1t and nanobody 
VUN401 on the phosphoproteome of Z-138 cells. Because these 
cells display the largest CXCR4 oligomerization status, we expect to 
find the largest changes in protein phosphorylation upon CXCR4 
oligomer disruption in these cells. By phospho-enrichment, 
as described previously (36), we identified a total of 15,563 
phosphopeptides (purity >80%) (Fig.  4A). This enabled highly 
sensitive and specific quantifications to be performed across >15,000 
phosphosites (localization probability >0.75; Class I), and between 
cells treated with cluster-disrupting agents and untreated controls 
(Fig.  4A and SI  Appendix, Fig.  S12). Extensive coverage of the 
phosphoproteome enabled an unbiased and deep characterization 
of phosphorylation events following CXCR4 cluster disruption, 
which we subsequently used as a proxy to decipher cellular impact 
and molecular consequences of interfering with CXCR4 cluster 
formation.

 We found that disruption of CXCR4 oligomers changed phos-
phosites of cell migration mediators, such as the Rac1 effector 
protein serine/threonine-protein kinase PAK2, GTPase-activating 
protein DOCK7, and several cytoskeleton rearranging proteins. 
These phosphoproteins, known to regulate cell migration and 
reorganize the cytoskeleton, are significantly changed in the sig-
naling pathway regulated by Rho GTPase ( Fig. 4B   and SI Appendix, 
Fig. S12C﻿ ). Previously, CXCL12-induced formation of CXCR4 
higher-order oligomers has been reported to be essential for sens-
ing chemokine gradients and promoting directed migration of 
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malignant T-cells ( 24 ,  34 ,  37 ). Therefore, we hypothesized that 
high levels of CXCR4 oligomers might instigate basal signaling 
toward cell migration. We performed a live-cell imaging experi-
ment, where a consistent proportion of the control-treated cells 
(5 to 10%) showed significant basal cell migration during a 4-h 
period. Monomerizing ligands IT1t and VUN401 impaired the 
basal cell migration of this population significantly, whereas non-
monomerizing ligands AMD3100 and VUN415 did not ( Fig. 4C  ). 
When analyzing the trajectories, both IT1t and VUN401 impaired 
the average migration speed of the highly migratory Z-138 cell 
population significantly ( Fig. 4D  ). IT1t showed significant inhi-
bition of the average traveled distance, whereas VUN401 showed 
a similar trend (SI Appendix, Fig. S13 ). Collectively, these results 
highlight a role for CXCR4 oligomers in basal cell migration, 
which can be modulated by oligomer disruptors.

 To elucidate other CXCR4 clustering-dependent phenotypes, 
we performed pathway analyses to identify processes similarly 
affected by IT1t and VUN401 treatment. Of notable interest was 
the shared positive regulation of the apoptotic process by both 
IT1t and VUN401 ( Fig. 5A  ), exemplified by the regulation of a 
large cluster of phosphosites controlling apoptotic events ( Fig. 5B  ). 
Due to the annotated functions of these phosphorylation sites in 
regulating apoptosis, and considering the large cluster of coher-
ently regulated phosphosites pointing toward apoptosis, we exam-
ined cell viability in more detail. CXCR4 oligomer disruption by 
IT1t and to a lesser extent VUN401 impaired cell viability of 
Z-138 cells (SI Appendix, Fig. S14A﻿ ). Although these data hint

toward a protective role for basal CXCR4 oligomer-mediated sig-
naling in these cells, the observed effects were marginal.        

 Therefore, we tested whether CXCR4 monomerization would 
increase the sensitivity of Z-138 cells to cell death. Venetoclax, a 
selective Bcl-2 inhibitor, is a cell-death-inducing agent that is 
approved for CLL and AML patients ( 38 ,  39 ). Cotreatment of 
Z-138 cells with monomerizing ligands IT1t and, to a lesser
extent, VUN401 enhanced the sensitivity for venetoclax-induced 
cell death, as determined by measuring cell metabolic activity with 
a resazurin assay ( Fig. 5C  , data normalized to no venetoclax con-
dition for each CXCR4 molecule to emphasize potentiation, 
﻿SI Appendix, Table S2 ). To evaluate whether this effect extended 
beyond Z-138 cells, we extended our analysis with IT1t to 
Maver-1, JEKO-1, and PGA-1 cells. IT1t exhibited differential 
effects on venetoclax sensitivity across these models, indicating a 
broader but context-dependent impact on Bcl2 inhibition 
( Fig. 5D   and SI Appendix, Fig. S14B  and Table S3 ). The effect of 
IT1t could be blocked by a saturating concentration of the IT1t 
competitor and other CXCR4 binder AMD3100 ( Fig. 5E  ), indi-
cating that the effect is CXCR4-specific. Dual concentration–
response curves of venetoclax and IT1t revealed a dose-dependent 
enhancement in the sensitivity of Z-138 cells for venetoclax-induced 
cell death that saturated at 10 μM IT1t (SI Appendix, Fig. S15A﻿ ). 
As an alternative approach to disrupt CXCR4 oligomers, we low-
ered the CXCR4 expression by a partial knockdown of CXCR4, 
which also showed venetoclax sensitization ( Fig. 5F  ). Moreover, 
the IT1t effect was strongly impaired upon CXCR4 knockdown 
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Fig. 3.   The noncompetitive nanobody tool detects IT1t-
induced disruption of endogenous CXCR4 oligomers in 
Z-138 cells. (A) Disruption of CXCR4 oligomerization by 
indicated concentrations of VUN401, IT1t, AMD070, or 
TG-0054. BRET values were determined in HEK cells 
expressing CXCR4-Rluc and CXCR4-YFP. Data, normalized 
to the buffer-only condition, are the pooled means 
from three experiments ± SEM. (B) SpIDA of HEK293AD 
cells expressing monomeric control β1AR-EYFP (gray), 
unbound CXCR4-EYFP (white), or CXCR4-EYFP bound to 
VUN401 (10 μM, brown), IT1t (10 μM, red), AMD070 (10 μM, 
purple), or TG-0054 (10 μM, orange). Data are the mean ± 
SD, with each data point representing a brightness value 
from one cell normalized to the monomer control. Data 
were obtained from three experiments per condition. 
**P < 0.01, **P < 0.001, **P < 0.0001 compared to vehicle, 
according to one-way ANOVA followed by Dunnett’s 
post hoc test. (C) Levels of BRET-based measurement 
of VUN415-ATTO565 (1 nM) displacement by increasing 
concentrations of indicated CXCR4 antagonists using 
membrane extracts from NanoLuc-CXCR4-expressing 
HEK293T cells. (D) Levels of BRET-based measurement 
of indicated nanobody-ATTO565 (1 nM) displacement by 
increasing concentrations IT1t using membrane extracts 
from NanoLuc-CXCR4-expressing HEK293T cells. Data are 
pooled mean ± SEM of three independent experiments (C 
and D). (E) VUN416-based BRET measurement of CXCR4 
monomerization by 10 μM IT1t in Z-138 cells. (F) VUN415-
based BRET measurement of CXCR4 monomerization by 
10 μM AMD070 in Z-138 cells. Data are mean ± SD and 
are representative of three independent experiments, 
each performed in triplicate.
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( Fig. 5G   and SI Appendix, Fig. S15B﻿ ). In a FACS-based viability 
assay, AMD070 sensitized cells to venetoclax-induced cell death 
to a lesser smaller extent than IT1t, which corresponds well to its 
partial oligomer disruption disrupting capability. The nonmono-
merizing small molecules AMD3100 and TG-0054 did not show 
sensitization to venetoclax-induced cell death.

 Using the Bliss independence model, a synergistic nature was 
observed for the enhancement of venetoclax-induced cell death of 
Z-138 cells by IT1t and, to a lesser extent, VUN401 (SI Appendix, 
Fig. S16A﻿ ). Preincubation with the pan-caspase inhibitor qVD-OPH 
reduced the observed sensitization, suggesting the involvement of 
caspases in this process (SI Appendix, Fig. S16B﻿ ). Collectively, these 
data indicate that CXCR4 clustering promotes antiapoptotic 

signaling and associated phenotypes in lymphoid cancer cell lines, 
which can be targeted using CXCR4-monomerizing ligands  

Disruption of CXCR4 Oligomerization Sensitizes to Cell Death 
and Inhibits Spheroid Growth in Primary CLL and MCL Cultures. 
Finally, we investigated the significance of CXCR4 clusters in 
patient-derived primary CLL and MCL cells. Using our nanobody-
BRET approach, native CXCR4 oligomers could also be detected 
on primary cells from five CLL patients and two MCL patients. 
Also, on these primary cells, the BRET values that indicate native 
CXCR4 oligomers could be almost completely disrupted by IT1t 
(Fig.  6A), similar to the results obtained with cell lines. More 
importantly, also in these primary CLL cultures, IT1t, but not 

A

B

C D
Fig. 4.   CXCR4 oligomers affect basal cell 
migration, antiapoptotic signaling and cell 
viability in MCL cells. (A) Phosphoproteom-
ics study setup and workflow. (B) Protein 
network of downregulated phosphopro-
teins in signaling by Rho GTPases involved 
in cytoskeleton reorganization and cell mi-
gration by 60 min of 1µM IT1t treatment. 
The phosphoproteins depicted with bold 
text are known functional phosphosites. 
(C) Migration trajectory plots of MCL Z-138 
cells for 4 h following treatment with 1 μM 
of AMD3100, IT1t, VUN415, or VUN401. 
Trajectories are representative of at least 
three independent experiments. (D) Aver-
age velocity following treatment with 1 μM 
of AMD3100, IT1t, VUN415, or VUN401 de-
rived from average trajectory information. 
Data are pooled mean ± SEM of at least 
three independent experiments. *P < 0.05, 
**P < 0.01 compared to vehicle, according 
to unpaired t tests.
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the nonmonomerizing ligand AMD3100, potentiated the effect 
of venetoclax (Fig. 6 B and C).

 Given the importance of CXCR4 in lymph node retention 
( 41 ) and the CXCR4 oligomer-driven migration we observed, 
we tested the effects of CXCR4 ligands in a 3D lymph 
node-mimicking CLL model derived from patient peripheral 
blood cells ( 40 ). CXCR4 monomerizers IT1t and AMD070, and 
not AMD3100 and TG-0054, inhibited spheroid growth without 
having cytotoxic effects ( Fig. 6 D  and E  , and SI Appendix, 
Figs. S17 and S18A﻿ ). Compared to AMD070, IT1t inhibited 
spheroid growth more potently and additionally inhibited the 
expression of activation marker CD25, of which expression is 
associated with poor disease outcome (SI Appendix, Fig. S18B﻿ ). 
Taken together, our data indicate that CXCR4 oligomers also 
contribute to prosurvival signaling in CLL patient-derived cul-
tures and that specific disruption of such oligomers is a promising 
therapeutic outlook.   

Discussion

 Despite major improvements in the treatment of B cell lymphoid 
neoplasms, many patients still experience relapsing disease that 
becomes more aggressive with each recurrence, characterized by 
acquired resistance and impaired clinical outcome. Hence, there is a 
need for novel therapeutic interventions, preferably targeting other 
signaling pathways with other modes of action. In this work, we have 
uncovered that CXCR4 oligomers exist on many B cell lymphoid 
cancer cells. Also, our data indicate that such oligomers can induce 
oncogenic signaling and that inhibiting this signaling through oli-
gomer disruption represents a potential therapeutic strategy for the 
treatment of CLL, MCL, and other B cell lymphoid neoplasms.

 High expression of CXCR4 is known to correlate with tumor 
growth, invasion, relapse, and therapeutic resistance ( 3 ). For exam-
ple, in CLL patients, high CXCR4 expression is associated with 
reduced progression-free survival ( 42 ). The signaling output of 

A

B

D

E F G

C

Fig. 5.   CXCR4-monomerizing ligands sensitize MCL 
cell line Z-138 to venetoclax-induced apoptosis. 
(A) Venn diagram depicting overlapping and 
nonoverlapping GO biological processes of 1 µM 
IT1t and VUN401 60-min treatment samples. (B) 
Protein network of downregulated phosphosites in 
apoptosis sensitization triggered by 60 min of 1µM 
IT1t or VUN401 treatment. The phosphoproteins 
depicted with bold text, in yellow rectangles, are 
known functional phosphosites. (C) Resazurin-
based measurement of metabolic activity in Z-138 
MCL cells after 48 h treatment with increasing 
concentrations of venetoclax in the absence 
(vehicle) or presence of 10 μM AMD3100, IT1t, or 
VUN401. (D) Resazurin-based measurement of 
metabolic activity in indicated lymphoid cancer 
cell lines after 48 h treatment with increasing 
concentrations of venetoclax in the absence 
(vehicle) or presence of 10 μM AMD3100 or IT1t. (E) 
Resazurin-based measurement of metabolic activity 
in Z-138 cells after 48 h treatment with increasing 
concentrations of venetoclax in absence (vehicle) 
or presence of 10 μM IT1t ± 100 μM AMD3100. 
(F) Resazurin-based measurement of metabolic 
activity in Z-138 cells upon CXCR4 knockdown and 
48 h treatment with increasing concentrations of 
venetoclax. (G) Resazurin-based measurement 
of metabolic activity in Z-138 cells upon CXCR4 
knockdown (siX4-1 or siX4-2) and 48 h treatment 
with increasing concentrations of venetoclax in 
absence (vehicle) or presence of 10 μM IT1t. Data, 
normalized to the “no venetoclax” condition, are 
pooled mean ± SEM of at least three independent 
experiments, each performed in triplicate (C–F).
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GPCRs, such as CXCR4, is generally evaluated in the context of 
agonist stimulation. For instance, there is ample evidence that 
supports the cancerous role of CXCL12-mediated migration and 
prosurvival signaling ( 3 ,  4 ,  6 ). However, apart from agonist-driven 
receptor activation, constitutive GPCR signaling exists and, in the 
case of CXCR4 signaling, has been reported to promote the 
growth and survival of acute myeloid leukemia in vivo ( 43 ). 
Moreover, colon cancer cells require CXCR4 expression but not 
ligand-induced signaling capacity for chemotherapy resistance 
( 44 ). Our findings indicate that the high oligomeric state of 
CXCR4 in lymphoid cancer cells induces constitutive prosurvival 
signaling and basal migration. Similarly, the constitutive activity 
of breast tumor kinase and the adhesion GPCR GPR64 accelerates 
cell migration, contributing to tumorigenesis ( 45 ,  46 ). Constitutive 
receptor oligomerization-driven signaling has been observed for 
other GPCRs, as exemplified by the requirement of CCR7 oli-
gomer formation for the interaction with and activation of tyros-
ine kinase Src ( 47 ). The CXCR4 oligomerization-driven basal cell 

migration, likely contributing to the invasive and metastatic prop-
erties associated with this receptor, might be particularly impor-
tant for cells that are not exposed to a CXCL12 gradient.

 Most studies focusing on GPCR oligomerization and modula-
tion were performed in heterologous expression systems, which 
may differ from endogenous systems. For instance, the M1 R antag-
onist pirenzepine promotes oligomerization of transfected M1 R 
receptors but prevents the formation of endogenous oligomers 
( 48   – 50 ). Employing our nanobody-based tools, we report the 
pharmacological disruption of endogenous CXCR4 oligomers. 
AMD070 partially disrupted CXCR4 oligomers in lymphoid 
cancer cells, while IT1t appeared to induce a fully monomeric 
receptor state. This was slightly different in heterologous expres-
sion systems, where equal oligomer-disrupting efficacies were 
observed for these two small molecules. These data highlight the 
importance of studying oligomerization in a native context.

 We have tested several small molecules for their ability to dis-
rupt CXCR4 oligomers. Of these, AMD3100, an antagonist 
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Fig. 6.   Disruption of CXCR4 oligomerization sensitizes to 
therapy-induced cell death and inhibits spheroid growth 
in primary CLL and MCL cultures. (A) Effect of IT1t (10 µM) 
on VUN416-NanoLuc binding and nanobody-based BRET 
detection of CXCR4 oligomerization in PBMCs isolated 
from five CLL and two MCL patients. (B and C) Effects 
of AMD3100 and IT1t on venetoclax-induced cell death 
in primary cultures of CLL patients. Full concentration–
response curves for one patient (B) or ΔpIC50 for four 
patients (C) are shown. (D) Effects of 1 and 10 μM of 
indicated CXCR4 antagonists on IL-2/IL-15/IL-21/CpG 
cocktail-induced growth curve in CLL patient-derived 
spheroid model (40). Data are mean ± SEM of cultures 
from four (TG-0054) or five individual patients. (E) Effects 
of indicated CXCR4 antagonists on IL-2/IL-15/IL-21/CpG 
cocktail-induced growth curve in CLL patient-derived 
spheroid model after 0 and 90 h as determined by live-
cell imaging (40). Representative images of a culture 
derived from a single patient are shown. Data are mean 
± SEM of cultures from four (TG-0054) or five individual 
patients. *P < 0.05, **P < 0.01, ****P < 0.0001, according 
to unpaired t tests (A and C).
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lacking oligomer-disrupting properties, is used clinically for 
hematopoietic stem cell mobilization ( 51 ). In addition, the partial 
cluster disruptor AMD070 has recently been approved for the 
treatment of WHIM syndrome, demonstrating that antagonizing 
CXCR4 is clinically safe ( 52 ). In contrast to AMD3100 and 
TG-0054, we found that AMD070, IT1t, and nanobody 
VUN401 disrupted CXCR4 oligomers and inhibited downstream 
signaling toward cell survival and migration. The effects of IT1t 
could theoretically also be attributed to its ability to inhibit con-
stitutive CXCR4-mediated Gαi/o  signaling. However, VUN401 
and AMD070 do not inhibit constitutive CXCR4-mediated Gαi/o  
signaling ( 19 ), and IT1t and VUN401 showed similar effects on 
antiapoptotic and cell migration signaling networks in our studies. 
Moreover, we recently showed that TG-0054, like IT1t, inhibited 
constitutive Gαi signaling of CXCR4, but in contrast to IT1t was 
not able to disrupt CXCR4 oligomeric complexes in HEK293T 
cells ( 53 ). This suggests inhibition of CXCR4 oligomerization to 
be the underlying mechanism rather than inhibition of basal Gαi/o  
activation.

 In our venetoclax sensitization experiments and CLL patient- 
derived 3D spheroid model, the full monomerizing ligand IT1t 
was more potent and efficacious than the partial cluster disruptor 
AMD070. This implies that the extent to which CXCR4 oli-
gomers can be disrupted may impact the therapeutic outcome, at 
least in lymphoid neoplasms. In these pathologies, high-efficacy 
cluster disruptors would be the most attractive candidates for the 
therapeutic targeting of CXCR4. As expression is a primary driver 
of CXCR4 oligomerization, pharmacological intervention with 
cluster disruptors would specifically target malignant cells that 
overexpress CXCR4. This would create an added layer of selectivity 
for targeted therapy in cancer. Our approach could be expanded 
to other GPCRs, like P2Y2 receptors, which are highly expressed 
in pancreatic cancer and form clusters that can be pharmacolog-
ically disrupted ( 54 ).

 The pathological role of CXCR4 oligomerization described in 
this study may extend beyond the context of lymphoid neoplasms. 
Previously, IT1t but not AMD3100 was shown to inhibit 
TLR7-mediated type I interferon signaling in plasmacytoid den-
dritic cells from systemic lupus erythematosus patients ( 55 ). 
Moreover, IT1t inhibited early metastases in an in vivo breast 
cancer zebrafish model ( 56 ). Although future studies are required 
to investigate whether these phenotypes can be (fully) ascribed to 
the oligomer-disruptive effects of IT1t, this added capacity may 
prove beneficial over inhibiting CXCL12-induced Gαi/o  signaling 
by antagonizing compounds like AMD3100. The therapeutic 
potential of inhibiting CXCR4 oligomer-mediated signaling 
might also be extended to other CXCR4-overexpressing cancer 
types. Since disruption of CXCR4 oligomers inhibited multiple 
hallmarks, it is not unlikely that cluster disruption can result in 
the potentiation of other commonly used cell-death-inducing agents.

 Taken together, this study demonstrates the existence of native 
CXCR4 oligomers in lymphoid neoplasms and CXCR4 
oligomer-driven signaling with pathophysiological importance. 
Selective targeting of CXCR4 clustering in lymphoid neoplasms 
and other cancers may have therapeutic potential on its own or 
by potentiating other therapeutics.  

Materials and Methods

A detailed description of the Materials and Methods is provided in the SI Appendix.

DNA Constructs and Molecular Cloning. CXCR4, nanobody, reporter, and 
shRNA constructs were either described previously or developed as described 
in the SI Appendix, Detailed Materials and Methods.

Patient Material. All procedures involving patient material were approved by 
the AMC Ethical Review Biobank Board under the number METC 2013/159 and 
conducted in accordance with the Declaration of Helsinki.

Cell Lines and Cell Culture. Cells obtained from the American Type Culture 
Collection were cultured according to the provider’s instructions. MEC-1, PGA-
1, L363, CCRF-CEM, Jeko-1, CII, Namalwa, Maver-1, and Z-138 were described 
previously (57). RPCI-WM1 and TMD8 were kindly provided to Marcel Spaargaren 
by Dr. S.P. Treon and Dr. G. Lenz, respectively.

Nanobody Generation and Production. Nanobodies were produced in BL21 
Codon+ bacteria and purified using immobilized affinity chromatography via 
6x-His tags.

Fluorescent Labeling of Nanobodies. The labeling of CXCR4 nanobodies 
with ATTO565 fluorescent dyes (ATTO-TEC, #AD565-41, #AD565-31) using
thiol-maleimide coupling and N-hydroxy-succinimide chemistry was described 
previously (58).

Transfection of HEK293T Cells. HEK293T cells were transfected with 25 kDa 
linear polyethyleneimine (PEI, Polysciences Inc.).

Receptor Oligomerization CXCR4-Rluc and CXCR4-YFP. For receptor oli-
gomerization experiments using tagged receptors, HEK293T cells were trans-
fected with Myc-CXCR4-Rluc and HA-CXCR4-YFP. After consecutive incubations 
with CXCR4 ligands and substrate coelenterazine-h, bioluminescence was meas-
ured at 475 to 30 nm and 535 to 30 nm using a PHERAstar plate reader.

CAMYEL Constitutively Active CXCR4. To assess potential inverse agonism of 
ligands on basal Gαi/o activation, HEK293T cells were transfected with a consti-
tutively active CXCR4 mutant (HA-CXCR4 N119S) and CAMYEL. After consecutive 
incubations with CXCR4 ligands and substrate coelenterazine-h, bioluminescence
was measured at 475 to 30 nm and 535 to 30 nm using a PHERAstar plate reader.

Oligomer Detection Using Nanobody-Based BRET in Transfected HEK293T 
Cells. To detect nanobody-based oligomerization BRET, HEK293T cells were
transfected with HA-CXCR4 pcDEF3 or HA-CXCR4 pEUI. For FKBP experiments, 
HEK293T cells were transfected with HA-CXCR4 or HA-CXCR4-FKBP.

ELISA for Surface Expression of Ecdysone-Inducible CXCR4. CXCR4 surface 
expression was detected with the monoclonal mouse anti-CXCR4 antibody 12G5 
and horseradish peroxidase-conjugated goat-anti-mouse antibody. Binding was
determined with 1-step Ultra TMB-ELISA substrate (Thermo Fisher Scientific), and 
the reaction was stopped with 1M H2SO4. Optical density was measured at 450 nm  
using a CLARIOstar plate reader.

Membrane Extract Preparation. Membrane extracts from HEK293T cells 
expressing NanoLuc-CXCR4 were prepared as previously described (58).

Displacement of Fluorescent Nanobodies and CXCL12. Membrane extracts 
from NanoLuc-CXCR4-expressing HEK293T cells and increasing concentrations 
of unlabeled ligands were incubated in a white flat-bottom 96-well plate. Next, 
fluorescent ligands were added. After the addition of substrate furimazine 
(NanoGlo Luciferase Assay System, Promega), luminescence was measured using 
a PHERAstar plate reader with 610 nm/LP and 460/80 nm filters.

Mini-Gαi Recruitment. To measure CXCR4-induced mini-Gαi recruitment,
HEK293T cells were transfected with HA-CXCR4-NanoLuc and Venus-mini-Gαi. 
After consecutive incubations with CXCR4 ligands and substrate furimazine, 
bioluminescence was measured at 475 to 30 nm and 535 to 30 nm using a 
PHERAstar plate reader.

cAMP Measurement. cAMP accumulation in Namalwa cells was measured using 
the Ultra cAMP kit (Lance) according to the manufacturer’s instructions. HTRF 
was measured using a PHERAstar plate reader after excitation at 337 nm and 
emission at 620 and 665 nm.

Flow Cytometry for CXCR4 Surface Expression Determination. CXCR4 sur-
face expression was determined using mouse anti-CXCR4 antibody 12G5 and
goat anti-mouse IgG (H+L) AlexaFluor™ 488. Samples were analyzed utilizing 
an Attune Nxt Flow Cytometer (Thermo Fisher Scientific) at the AUMC Microscopy 

http://www.pnas.org/lookup/doi/10.1073/pnas.2424186122#supplementary-materials
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Cytometry Core Facility (MCCF), and data analysis was conducted using FlowJo 
version 10 (BD Biosciences).

Oligomer Detection Using Nanobody-Based BRET in Lymphoid Cancer 
Cell Lines. CXCR4 oligomers were detected in lymphoid cancer cells and PBMCs 
derived from CLL patients using VUN415/VUN416-NanoLuc and VUN415/
VUN416-ATTO565 or ITGB1-Nb-HL555 (QvQ). Fluorescence was measured using
a CLARIOstar plate reader at 563/30 nm excitation and 592/30 nm emission. 
Luminescence was measured using a PHERAstar plate reader with 610 nm/LP 
and 460/80 nm filters after the addition of substrate furimazine.

Lentivirus Production and Transduction. MEC-1 and RPCI-WM1 cell lines
with inducible HA-CXCR4 expression and Namalwa and Z-138 cell lines with
constitutive siRNA CXCR4 or scramble shRNA expression were generated by len-
tiviral transduction, as previously described (59, 60). Knockdown efficiency and 
enhanced CXCR4 surface expression in the different cell lines were validated 
by determining CXCR4 surface expression levels as described before. CXCR4 
expression in the doxycycline-inducible cell lines was induced using 1 µg/mL 
doxycycline (Sigma-Aldrich).

dSTORM. Fixed samples from RPCI-WM1, Z-138, and CHO-K1 cells were stained
with VUN415-AF647 and mounted in oxygen scavenger-containing Glox buffer, 
as previously described (61). Imaging was performed on a Ti-E microscope (Nikon)
equipped with a 100x Apo TIRF oil immersion objective (NA 1.49) and Perfect 
Focus System 3 (Nikon). Acquired stacks were analyzed using v.1.2.1 of a cus-
tom ImageJ plugin called DoM (Detection of Molecules) (https://github.com/
ekatrukha/DoM_Utrecht), as previously described (61). The acquired localization 
output by DoM was imported into the application ClusterViSu (https://github.
com/andronovl/SharpViSu) that conducts a statistical cluster analysis based on 
Ripley’s K-function and Voronoi segmentation, as previously described (62).

SpIDA. SpIDA was performed with HEK293AD cells expressing CXCR4-EYFP. 
Imaging was performed using a commercial laser-scanning confocal microscope 
(Leica SP8) equipped with a 63×/1.40 NA oil immersion objective, a white light 
laser, and photon counting hybrid detectors. For image analysis, the open-source 
custom-made code (https://github.com/PaoloAnnibale/MolecularBrightness) was
loaded onto the Igor Pro software (WaveMetrics).

Phosphoproteomics. After sample preparation, phosphopeptides were enriched 
by automated Fe(III)-NTA. Flowthroughs and elutions were dried and injected
directly into a liquid chromatography-coupled mass spectrometer. The phos-
phoproteome measurement was performed on an Orbitrap Exploris 480 mass 
spectrometer (Thermo Fisher Scientific) coupled with an UltiMate 3000 UHPLC 
system (Thermo Fisher Scientific). Data search was performed using MaxQuant 
(version 2.1.3.0) with an integrated Andromeda search engine, against the 
human Swiss-Prot protein database. Quantitative data filtering was conducted
using the Perseus software (version 1.6.14.0).

Constitutive Cell Migration Assessment. The effect of CXCR4 ligands on the 
constitutive migration of Z-138 cells was tested by mixing cells with BD Matrigel™ 
and Ibidi µ-slide Chemotaxis (IbiTreat surface modification), according to the
manufacturer’s instructions. Time-lapse video microscopy was conducted using 
a Nikon Ti2 microscope. Image analysis was performed using the open-source 
image processing software ImageJ2, version 2.14.0/1.54f. The manual tracking 
plugin was employed to analyze the trajectories of cells exhibiting high basal 
motility. The Ibidi Chemotaxis and Migration Tool ImageJ plugin was utilized to 
generate Rose plots and extract average trajectory information.

Resazurin Assays for Venetoclax Sensitization. Resazurin-based fluorescent 
cytotoxicity readouts were performed using Z-138, Jeko-1, and Maver-1 cells or 
PMBCs and measured using a CLARIOstar plate reader at 540/30 nm excitation 
and 590/30 nm emission.

FACS Viability Assays for Venetoclax Sensitization. FACS viability assays 
were performed with Z-138, Jeko-1, and Maver-1 cells using MitoTracker Orange 
(ThermoFisher Scientific, M7510) and Topro-3 (ThermoFisher Scientific, T3605) 
and analyzed using an Attune NxT Flow Cytometer.

Spheroid Assays. Growth of three-dimensional (3D) cultures of CLL patient-
derived PBMCs was measured using an IncuCyte live-cell imager (Essen
Biosciences). Spheroid area was quantified using IncuCyte software as a proxy 
for spheroid growth. After culture, T cell activation and viability were measured 
using a Canto II flow cytometer (BD Biosciences).

Data Analysis. All graphs and bar plots were visualized, and statistical analyses 
were performed using Prism version 10.0 (GraphPad) unless indicated other-
wise. Curves were fitted using least squares nonlinear regressions, assuming a 
sigmoidal fit (for concentration–response curves). The significance of differences 
was determined as indicated in the figure legends. Schematics for assay formats 
were generated using Biorender.com.

Data, Materials, and Software Availability. The phosphoproteomics data have 
been deposited to the ProteomeXchange Consortium through the PRIDE partner 
repository with the dataset identifier PXD053673 (63). All other data are included 
in the manuscript and/or SI Appendix.
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