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Simple Summary: Interaction with the tumor microenvironment is of importance for the survival of
tumor cells as well as response to treatment. Soluble chemokines and ligands are of significant interest.
The CX3CL1/CX3CR1 axis is involved in inflammation, acting as a chemotactic cytokine. Recruiting
inflammatory and immune cells to the TME. Targeting tumor growth-supporting monocytes as
nurse-like cells has been suggested to be a promising therapeutic strategy. In the present study, we
investigated whether autologous monocytes supported the survival of CLL cells and the potential
therapeutic effects of a CX3CR1 antagonist. Our data indicated that the CX3CR1 antagonist inhibited
the growth-supportive effects of CX3CR1-expressing autologous monocytes on CLL cells. No effects
were observed in healthy donors. No direct effects were observed on B cells, neither from CLL
patients nor from healthy donors. Further studies are warranted to explore the anti-tumor effects of
the CX3CR1 antagonist in CLL as well as other malignancies.

Abstract: Background/Objectives: Nurse-like cells (NLCs) derived from monocytes in the tumor
microenvironment support the growth of chronic lymphocytic leukemia (CLL) cells. Here, we
investigated the effects of a CX3CR1 (fractalkine receptor) antagonist (KAND567) on autologous
monocytes and their pro-survival effects on CLL cells in vitro. Methods: Plasma concentration of
CX3CL1 was determined by ELISA and CX3CR1 expression by flow cytometry. CD19+ cells and
autologous monocytes from patients with CLL and healthy donors were treated with KAND567 either
in co-culture or alone. The apoptosis of CD19+ cells and monocytes was determined by Annexin
V/PI staining and live-cell imaging. Results: Plasma concentration of CX3CL1 (fractalkine) was
significantly higher in patients with CLL (n = 88) than in healthy donors (n = 32) (p < 0.0001), with
higher levels in patients with active compared to non-active disease (p < 0.01). CX3CR1 was found on
monocytes but not B cells in patients and controls. Levels of intermediate and non-classical CX3CR1+

monocytes were higher in patients with CLL than in controls (p < 0.001), particularly in those with
active disease (p < 0.0001). Co-culture experiments revealed that autologous monocytes promoted the
survival of both malignant and normal B cells and that KAND567 selectively inhibited the growth of
CLL cells in a dose-dependent manner but only in the presence of autologous monocytes (p < 0.05).
Additionally, KAND567 inhibited the transition of monocytes to NLCs in CLL (p < 0.05). Conclusions:
Our data suggest that the CX3CR1/CX3CL1 axis is activated in CLL and may contribute to the
NLC-driven growth-promoting effects of CLL cells. KAND567, which is in clinical trials in other
disorders, should also be explored in CLL.
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1. Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of CD5+ B
cells in lymphoid tissues [1]. The clinical manifestations of CLL vary widely, from asymp-
tomatic non-active disease to progressive disease with potential therapeutic challenges [2].
The introduction of small molecule inhibitors of BTK and BCL-2 has dramatically improved
the prognosis of CLL and increased the understanding of CLL pathobiology, but drug
resistance may occur, resulting in a lack of disease control and unmet medical needs [2,3].

The interaction between tumor cells and the tumor microenvironment (TME) is impor-
tant for the growth of tumor cells and treatment sensitivity [4,5]. The TME is a complex
compartment, including several types of immune and inflammatory cells involved in the
proliferation and survival of tumor cells as well as drug resistance [6]. In CLL, this intricate
interplay is accomplished through a network of adhesion molecules, chemokines/cytokines
and receptors, as well as a direct interaction between leukemic cells and stromal cells, T
cells, NK cells, and specialized tumor-associated macrophages (TAM) such as nurse-like
cells (NLCs) [7].

NLCs are large, oval-shaped, elongated monocytes/macrophages with an M2-like
phenotype, including high surface expression of CD68, CD163, CD206, CD11b, and HLA-
DR [8]. NLCs are found in secondary lymphoid organs of patients with CLL and in in vitro
cultures of peripheral blood mononuclear cells (PBMCs) [9]. NLCs protect CLL cells from
cell death and drug-induced apoptosis through the expression of BAFF, APRIL, CD31,
plexin-B1, and brain-derived neurotrophic factor, as well as by the secretion of chemotactic
chemokines such as CXCL12, CXCL13, and CCL21 [10]. Targeting the TME in addition to
the tumor cells has been suggested to be a potential new treatment strategy for CLL [2].

Chemokines are a family of small cytokines ranging from 8 to 10 kDa. CX3CL1
(fractalkine) is a chemokine with a transmembrane and a soluble form, having a wide
range of biological effects [11]. Soluble CX3CL1 acts as a chemotactic cytokine, while the
membrane-attached variant is a binding molecule. CX3CL1 levels are increased in inflam-
matory disorders and cancer, with both positive and negative effects [12]. The CX3CR1
receptor (fractalkine receptor) is expressed by monocytes, dendritic cells, macrophages,
T cells, and NK cells. The binding of CX3CL1 to CX3CR1 stimulates the activation of
heterotrimeric G proteins associated with the receptor. CX3CR1 activates several signal-
ing pathways, such as MAPK and AKT that are involved in tumor biology [13]. The
CX3CL1/CX3CR1 axis has an anti-tumor effect by acting as a chemotactic cytokine re-
cruiting immune cells such as NK and T cells [14], but the complex can also activate
pro-tumoral responses [15]. The CX3CL1/CX3CR1 axis might be of interest in CLL and
other malignancies as a therapeutic target structure [16].

The aim of the present study was to investigate the inhibitory effects of a CX3CR1
small molecule antagonist (KAND567, previously named AZD8797) on the interaction
between CLL cells and the TME by co-culturing autologous monocytes with CLL cells [17].
A drug with anti-tumor effects, distinct from those directly targeting the tumor cells and
complementary to such drugs, would be clinically desirable. Combining drugs that target
the tumor cells and the TME may lead to potent anti-tumor responses [18].

2. Materials and Methods
2.1. Patient and Healthy Control Samples

Samples were collected from patients with CLL who were followed at the Department
of Hematology, Karolinska University Hospital Solna. They had either non-active (early-
stage) disease (n = 70) or active symptomatic disease (n = 29). Age-matched healthy donors
(n = 32) were also included. The International Workshop on Chronic Lymphocytic Leukemia
(iwCLL) Guidelines were used to classify non-active and active disease [19]. Ethical ap-
proval was obtained from the National Ethics Authority (https://www.government.se/

https://www.government.se/government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
https://www.government.se/government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
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government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
(accessed on 24 February 2024)). Patients and healthy donors provided written informed
consent in accordance with the WMA Declaration of Helsinki before sample collection.
Clinical characteristics and number of patients included in the various experiments are
presented in Tables S1 and S2 and Figure S1A,B.

2.2. ELISA

Plasma concentration of CX3CL1 was analyzed in 29 patients with active disease, 59 pa-
tients with non-active disease, and 32 healthy donors using a human CX3CL1/Fractalkine
Quantikine ELISA Kit from R&D Systems, Inc., Minneapolis, MN, USA, following the
manufacturer’s instructions. A VersaMax Microplate Reader from Molecular Devices, San
Jose, CA, USA, was used at 450 nm.

2.3. Cell Surface Expression of CX3CR1 (Flow Cytometry)

Whole blood collected from patients with CLL and healthy donors was stained with
specific antibodies (Table S3) within 2 h of sampling. The blood samples were then treated
with a red cell lysis solution (Beckman Coulter, Indianapolis, IN, USA) and washed with a
cell staining buffer (BioLegend, San Diego, CA, USA) as previously outlined [20]. The cells
were analyzed using a FACS Canto II flow cytometer (BD Bioscience, San Jose, CA, USA)
and the FlowJo software (Tree Star Inc., Ashland, OR, USA, version 10.8.1).

2.4. Isolation of Monocytes and B Cells

PBMC were isolated by density gradient centrifugation using Ficoll-Paque Plus (Cy-
tiva, Marlborough, MA, USA), washed, and resuspended in Phosphate-Buffered Saline
(PBS) (Gibco, Life Technologies, Karlsruhe, Germany) containing 1% FBS (Gibco) and
2 mM EDTA (Ambion, Austin, TX, USA). Subsequently, the cells were incubated with
anti-human CD14 antibody-conjugated Microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) and separated using LS columns (Miltenyi Biotec) to positively select CD14+

cells. If the CD14 negative cell fraction of CLL patients contained >80% CD19+ cells (flow
cytometry), no further enrichment was carried out, and we considered the leukemic cell
population (CD19+ fraction). The corresponding fraction from healthy donors always
contained <80% CD19+ cells and was further enriched using the negative B cell isolation
kit II (milltenyi Biotec) according to the manufacturer’s instruction. The purity of each cell
population was analyzed by flow cytometry. The CD14+ fraction of CLL patients contained
94.3 ± 1.2% (mean ± SEM) CD14+ cells while the corresponding figures for the CD14+

fraction from healthy donors were 98.2 ± 0.2% CD14+ cells. The CD19+ fraction of CLL
patients contained 82.7 ± 1.9% CD19+ cells, and the corresponding fraction of healthy
donors contained 94 ± 1.7% CD19+ cells.

2.5. Annexin V/PI Apoptosis Assay and Trypan Blue Staining

Cells were washed and resuspended in RPMI 1640 (Gibco) medium containing
10% FBS, 100 µg/mL penicillin-streptomycin (Gibco), 1% L-glutamine (Gibco), and 0.2%
DMSO (Sigma-Aldrich, Saint Louis, MO, USA) and referred to as the culture medium
(CM). KAND567, a CX3CR1 small molecule antagonist (Kancera AB, Stockholm, Sweden)
(www.kancera.com (accessed on 24 February 2024)), was dissolved in DMSO. Cells were
cultured in humidified air with 5% CO2 at 37 ◦C. CD14+ and CD19+ fractions (106 cells/mL)
were either cultured separately or co-cultured (1:1) in 24-well plates (TPP, Trasadingen,
Switzerland) for 120 h. Various concentrations of KAND567 were used (250, 1000, 5000 nM)
in some experiments, but in most cases, 1000 nM of KAND567 was added, which corre-
sponded to the concentration achieved in non-CLL patients who participated in ongoing
clinical trials with KAND567 (Kancera AB).

CD19+ cell fractions cultured alone or in co-culture with CD14+ cells were collected
every 24 h. After collection, cells were stained with Annexin V/PI (Table S3) and analyzed
in flow cytometry with FlowJo software [21]. CD14+ monocytes cultured alone were

https://www.government.se/government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
https://www.government.se/government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
https://www.government.se/government-agencies/the-swedish-ethics-review-authority-etikprovningsmyndigheten/
www.kancera.com
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detached at 48 and 120 h using RPMI containing 10 mM EDTA without FBS. A portion
of cells was stained with a 0.4% trypan blue solution (Sigma-Aldrich) and counted in a
microscope using a Bürker chamber (VWR, Stockholm, Sweden). The remaining cells were
stained with Annexin V/PI.

2.6. CD14+ Monocyte Morphology Assay

Monocytes (105 cells/mL) in CM containing KAND567 were seeded in a Lab-Tek
II Chamber Slide (Nalge Nunc International, Rochester, NY, USA) and cultured in a hu-
midified atmosphere at 37 ◦C. After 48–120 h of incubation, the CM was replaced with a
solution of Nitrotetrazolium Blue Chloride (NBT) [50 mL PBS with 0.05 g NBT powder
(Sigma-Aldrich), 0.85 g Bovine Serum Albumin (BSA) powder (Sigma-Aldrich), and 100 µL
PMA], and then further incubated at 37 ◦C for 30 min. The culture chamber was removed
after fixing the cells with methanol for 30 sec. The slide was washed in PBS and analyzed
using a ZEISS Axio Observer microscope (20×) (Zeiss, Oberkochen, Germany) in bright
field. Cell counting was performed using the Image J software (National Institute of Health,
Bethesda, Maryland, USA, version 1.53k).

2.7. The IncuCyte Apoptosis Assay

CD14+ monocytes, CD19+ CLL cells, or healthy donor CD19+ cells were seeded in
96-well plates at a concentration of 106 cells/mL in the CM containing Incucyte® Caspase-
3/7 Green Dye (1:1000) (Sartorius, Gottingen, Germany). Live-cell images (20×) were
taken every 2 h (4 images per well) for 120 h using the Incucyte® S3 Live-Cell analysis
instrument (Sartorius). Plates were allowed to settle for 45 min before the first image
capture to ensure even cell distribution. The apoptotic cell count was determined by
analyzing adherent and non-adherent cells using the IncuCyte analysis software (Sartorius,
version 2021A). The percentage of drug-related apoptosis at each time point was calculated
as the percentage of apoptotic monocytes incubated with KAND567 minus the percentage
of apoptotic monocytes in the CM alone.

2.8. Statistical Analysis

Statistical significance was assessed using GraphPad Prism 9 (GraphPad Software,
Inc., La Jolla, CA, USA, version 9.5.1) and R software (version 4.3.1). When applicable,
we employed Student’s t-test or paired t-test for repeated measurements, and used the
Wilcoxon signed rank test or Wilcoxon matched-pairs signed rank test when these were
not applicable. Differences between data sets were compared using a one-way ANOVA
with Tukey’s multiple comparison test (Kruskal–Wallis with Dunn’s multiple comparison
test for non-parametric analysis). Friedman’s 1st test was utilized to compare changes
over time in patients with no missing data. For data sets with two independent categorical
factors, we analyzed the influence of factors using a two-way ANOVA or Kruskal–Wallis
for non-parametric comparisons. A p-value <0.05 was considered statistically significant.

3. Results
3.1. Plasma CX3CL1 and CX3CR1+ Blood Mononuclear Cells in CLL Patients

Plasma concentrations of CX3CL1 in patients with non-active (n = 59) and active
CLL (n = 29) were significantly higher than in healthy donors (n = 32) (p < 0.05 and
p < 0.0001, respectively). Additionally, CX3CL1 concentrations in patients with active CLL
were significantly higher than in non-active disease (p < 0.01) (Figure 1A). All monocytes in
patients with CLL and healthy donors expressed CX3CR1. No expression of CX3CR1 was
observed on CD19+ CLL cells or CD19+ cells of healthy donors (Figure 1B,C).
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The total number of intermediate (CD14+/CD16+) and non-classical (CD14-/CD16+) 
monocytes was significantly higher in patients with active CLL compared to healthy do-
nors and to patients with non-active disease (p < 0.01 and p < 0.0001, respectively) (Figure 
S2). Also, the number of classical monocytes (CD14+/CD16−) was higher  in patients with 
active than non-active CLL (p < 0.01) (Figure S2). No significant differences for the various 
monocyte subtypes were observed between patients with non-active CLL and healthy do-
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Figure 1. (A) Plasma concentration (ng/mL) of CX3CL1 of individual healthy donors (n = 32) as well
as CLL patients with non-active (n = 59) and active disease (n = 29) as mean ± SEM. (B,C) Frequency
of peripheral blood CX3CR1+ monocytes (CD14+), NK cells (CD56+), T cells (CD3+), and B cells
(CD19+) in (B) CLL patients (n = 29) and (C) healthy donors (n = 15). Significance levels are indicated
at the top. * p < 0.05, ** p < 0.01, **** p < 0.0001, ns: not significant, MNC: mononuclear cells.

The frequency of CX3CR1 expressing NK and T cells was significantly higher than
CX3CR1 expressing B cells in both CLL (Figure 1B) and healthy donors (Figure 1C).

The total number of intermediate (CD14+/CD16+) and non-classical (CD14-/CD16+)
monocytes was significantly higher in patients with active CLL compared to healthy donors
and to patients with non-active disease (p < 0.01 and p < 0.0001, respectively) (Figure
S2). Also, the number of classical monocytes (CD14+/CD16−) was higher in patients
with active than non-active CLL (p < 0.01) (Figure S2). No significant differences for the
various monocyte subtypes were observed between patients with non-active CLL and
healthy donors.

The total numbers of different monocyte populations expressing CX3CR1 in relation to
disease activity are shown in Figure 2. There was no difference between healthy donors and
patients with non-active disease, while in active disease, there was a statistically significant
increase in the total numbers of intermediate and non-classical monocytes expressing
CX3CR1 (p < 0.0001).

Non-classical monocytes in patients with CLL, as well as in healthy donors, had
the highest mean fluorescence intensity (MFI) of CX3CR1 compared to intermediate and
classical monocytes (Figure S3A–C). Patients with active CLL had higher CX3CR1 MFI
values in classical and non-classical monocytes than those with non-active disease and
healthy donors (p < 0.0001 and p < 0.01, respectively). For intermediate monocytes, no
differences in MFI were seen between the groups (Figure S3E).
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Figure 2. Absolute numbers (109/L) (mean ± SEM) of CX3CR1+ monocytes in the total monocyte
population (A) as well as in monocyte subsets (B–D) of patients with non-active (n = 49) and active
CLL (n = 25) as well as healthy donors (n = 22). ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns:
not significant.

3.2. Effect on Survival of CD19+ CLL Cells of a CX3CR1 Antagonist

After 72 h of co-culturing CD19+ cells with autologous CD14+ cells, the frequency
(%) of alive CD19+ cells was higher in both CLL patients and healthy donors compared to
CD19+ cells cultured alone (Figure 3A,B). However, when CLL cells and monocytes were
incubated in the presence of KAND567, the frequency of alive CLL cells was significantly
reduced (p < 0.05) (Figure 3C). KAND567 had no effect on the survival of CLL cells cultured
alone (Figure 3C and Figure S4A). Monocytes from healthy donors supported the growth
of normal CD19+ cells as well, but in contrast to CLL, KAND567 did not affect the survival
of normal CD19+ cells when co-cultured with monocytes (Figure 3D and Figure S4B). There
seemed to be a dose–response relationship for KAND567 when CD19+ cells from CLL
patients were co-cultured with CD14+ cells, which was not the case for healthy donors
(Figure 3E,F). The findings remained consistent when analyzing only patients for whom
data for all time points were available (n = 6) (Figure S5), verifying the robustness of the
findings. In the CD14+ fraction, few non-CD14+ cells were present (see Materials and
Methods), and in the CD19+ fraction of CLL patients, no difference in killing in the presence
or absence of KAND567 was noted, substantiating that the killing effect of KAND567 was
mediated through CD14+ cells.
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Figure 3. Coculture of monocytes (CD14+) and CD19+ cells from CLL patients (n = 15) and healthy
donors (n = 4) in the presence of KAND567 (1000 nM). (A) Growth supportive effect of autologous
CD14+ monocytes for CLL cells and (B) for healthy donor CD19+ cells. (C) Effect of KAND567 on
alive CD19+ cells with and without CD14+ monocytes in CLL patients. (D) Effect of KAND567 on
alive CD19+ cells with and without CD14+ monocytes in healthy donors. The frequency of alive
cells was measured by (alive cells/total cells)*100. (E,F) Dose–response relationship of KAND567 on
survival of CD19+ cells co-cultured with autologous CD14+ cells in CLL patients (n = 11) (E) and in
healthy donors (n = 4) (F). A dose dependency was noted in CLL patients but not in healthy donors.
* p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.05 comparing CD19+ cells and CD14+ cells in the presence
or absence of KAND567.

The effect of KAND567 varied between patients. In co-cultures of CD19+ cells with
CD14+ cells and KAND567, a survival rate of CD19+ cells of or above 50% was observed
in 6 out of 15 patients, who were categorized as non-responsive to KAND567 (Figure S6).
In the remaining nine patients, <50% of leukemic cells were alive after 120 h of co-culture,
categorized as responding to KAND567 (Figure S6). The difference was statistically sig-
nificant (p < 0.0001) (Figure 4A). No difference was found when CLL cells alone were
incubated with KAN567 (Figure 4B). No significant inter-individual variation was found
among healthy donors (Figure S6).
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3.3. KAND567 Inhibited Transition of Monocytes to NLCs

CD14+ cells from both patients with CLL and healthy donors underwent a gradual tran-
sition in vitro over a 120 h incubation period, developing into large, round, or fibroblastic-
shaped adherent cells, consistent with the morphology of NLCs (Figure 5A) [10,22]. KAND567
significantly inhibited the formation of NLCs in CLL patients (p < 0.05) (Figure 5B), whereas
no effect was observed in healthy donors (Figure 5B).
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Figure 5. Morphological transition to NLCs of isolated monocytes (CD14+) from CLL patients and
healthy donors incubated with KAND567. Monocytes from CLL patients (n = 7) and healthy donors
(n = 5) were incubated in the absence or presence of KAND567 (1000 nM). (A) Microscopic photos
(20×) of cells stained with NBT dye. Morphologically unchanged monocytes (red arrows) and NLC
(green arrows). Scale bar = 50 µm. (B) Frequency of NLCs in CD14+ cells of CLL patients and healthy
donors incubated with KAND567 (1000 nM) for 48 h and 120 h resp., * p < 0.05, CM: culture medium.

3.4. KAND567 Induced Cell Death/Apoptosis of CD14+ Cells from CLL Patients but Not from
Healthy Donors

A significantly lower frequency of viable CD14+ cells (trypan blue staining) was
observed in CLL patients after 48–120 h of incubation with KAND567 but not in CD14+

cells of healthy donors (Figure S7A). The CLL monocyte effect was dependent on both dose
and duration of exposure to KAND567 (Figures S7B and S8).

Finally, CD14+ monocytes alone from CLL patients and healthy donors were incubated
with KAND567 for 120 h and analyzed for apoptosis by staining with a caspase3/7 dye
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using the Incucyte Live Imaging system (Figure 6A). Again, two response patterns were
observed. Among the ten CLL patients tested, five showed a significant (p < 0.001) induction
of KAND567-related apoptosis of CD14+ cells (responding patients) compared to healthy
donors (Figure 6B). The remaining five patients did not exhibit any drug-related apoptosis
(non-responding vs. responding patients) (p < 0.001). Healthy donor monocytes remained
unaffected in this experiment.
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4. Discussion

Understanding the micro-milieu in CLL and its interaction with the tumor clone has
gained increasing interest in recent years, though therapeutic possibilities have so far been
largely absent. This study explored the fractalkine axis (CX3CL1/CX3CR1) and its role
in CLL. Plasma levels of the ligand (CX3CL1) and monocyte expression of the receptor
(CX3CR1) were particularly high in patients with active CLL. For the first time, we also
report that a small molecule antagonist of CX3CR1 (KAND567) specifically hindered the
transition of monocytes into NLCs in CLL and blocked their survival-promoting effect on
CLL cells in vitro, leading to tumor cell apoptosis [23].

Significant progress has been made in understanding monocyte subpopulations in
health and disease. Upon release from the bone marrow, classical monocytes have the
potential to transform into intermediate and non-classical monocytes. The intermediate
and non-classical monocyte subsets are closely related, unlike the classical subset [24–26].
Studies in inflammatory diseases have shown an increase in intermediate monocytes as
well as non-classical monocytes [27,28]. Monocytes are also important in the pathogenesis
of various cancers [29,30].

A recent study revealed a significantly elevated number of circulating intermediate and
non-classical monocytes in patients with active CLL [31]. Compared to classical monocytes,
these activated subtypes could secrete high levels of TNF-α and IL-1β, cytokines that may
play a role in the progression of CLL [31]. Another study reported that a decrease in the
number of non-classical monocytes may be linked to CLL progression [32].

The survival of monocytes may partly rely on the CX3CR1/CX3CL1 axis, which
stimulates the expression of anti-apoptotic genes such as BCL-2 and BCL-xL [33,34]. Our
data indicated that the density of CX3CR1 was more pronounced in non-classical monocytes
and increased with the CX3CL1 plasma concentration and CLL disease activity. These
findings align with the observation of elevated blood levels of TNF-α in CLL [32]. TNF-α,
secreted by non-classical monocytes, enhanced the expression of CX3CL1 at both mRNA
and protein levels [31,35]. In previous studies, it has been observed that while NLCs from
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CLL patients and healthy donors share a similar morphology, there are differences in the
expression of phenotypic molecules and production of cytokines/chemokines [8,10]. It has
been suggested that disrupting the formation of NLCs in CLL could be a novel therapeutic
concept [8,10,36,37] as monocytes/NLCs have been found to support the growth of CLL
cells and contribute to treatment resistance [38,39]. Fully differentiated NLCs have been
observed to mature from PBMCs or CD14+ monocytes of CLL patients within 14 days of
in vitro culture [8,10,36]. Trametinib, an inhibitor of MEK in the MAPK kinase pathway, did
not have a direct cytotoxic effect on CLL cells but inhibited the maturation of monocytes
into NLCs. It also induced apoptosis/necrosis of monocytes and increased the survival of
mice in the Eµ-TCL1 CLL mouse model [36]. Our results align with these findings; as a
CX3CR1 antagonist, KAND567, inhibited the transition of CLL-related monocytes to NLCs
and suppressed their CLL-supporting effect, leading to CLL cell apoptosis.

Monocytes may have been activated within the CLL microenvironment by chemokines/
cytokines secreted by the leukemic cells, as well as via cell-to-cell contact [40,41]. This is
consistent with the findings of Boissard et al. [10], which suggest that the transition of
CD14+ monocytes to NLCs in CLL may involve abnormal modifications, while CD14+

monocytes in healthy donors undergo natural maturation to NLCs [10].
The fractalkine (CX3CR1/CX3CL1) axis plays an important role in hyper-inflammation

and has been identified as a potential target for treating inflammatory diseases as well as
solid cancers [42]. Previous research has shown that KAND567 non-competitively displaced
CX3CL1 from CX3CR1, affecting the adhesion and chemotaxis of monocytes [17,35].

The interaction between CX3CL1 and CX3CR1 is crucial for the survival of normal
monocytes [35,36,43]. For the sustenance of CLL-related monocytes, CX3CR1 may be nec-
essary but not CX3CL1 [43]. In CLL, there is an upregulation in monocytes of genes related
to the Raf/ERK signaling pathway [44]. Activation of the Raf/ERK signaling pathway is
essential for the downstream signaling of CX3CR1 and monocyte survival [35,44]. This may
explain why CLL-related monocytes and healthy donor monocytes responded differently
to KAND567, as well as why blocking the MAPK/ERK pathway is also involved in the
downstream signaling of CX3CL1/CX3CR1 and monocyte survival [35,36].

KAND567 induced apoptosis of CLL-related monocytes in the absence of exogenous
CX3CL1. Human monocytes seemed to be unable to produce CX3CL1 when cultured alone
in vitro, and the addition of exogenous CX3CL1 had a substantial anti-apoptotic effect
involving a reduction in oxidative stress [43]. The findings may indicate that the effect
of KAND567 is specific for monocytes in patients with CLL compared to healthy donor
monocytes and might not be related to the surface expression of CX3CR1 [43]. KAND567
is an allosteric modulator of CX3CR1 and is hypothesized to bind intracellularly near the
C-terminus of CX3CR1 [17].

In approximately half of our tested patients, KAND567 inhibited the CLL growth-
supportive effect of monocytes. Additionally, monocytes underwent apoptosis after ex-
posure to KAND567 in many but not all patients. A previous study [22] demonstrated
heterogeneity of monocytes in patients with CLL, noting the absence of NLC development
in vitro in about half of the patients. Furthermore, NLCs generated in vitro from patients ex-
hibited varying proportions of mature CD163+ NLCs, which correlated with the prognosis
of both CLL and aggressive lymphomas. This was associated with the secretion of CCL21
by CD163+ NLC [7,45,46]. Other studies have also indicated differences in NLC maturation
in CLL [39,47]. The varying effects of KAND567 may be attributed to NLC differentiation.

There are several limitations in the study. First, the number of cell co-culture ex-
periments was limited. Second, cells could not be analyzed at all time points and in all
assays simultaneously due to shortage of monocytes. We also had to limit the functional
analyses to the total CD14+ monocyte population rather than co-culturing enriched CD14+

subtypes with CLL cells in refined analyses including different CX3CR1 expression lev-
els [48]. Due to the low number of isolated monocytes available from the blood of patients
with CLL, resulting in also low numbers of NLCs, we were unable to analyze intracellular
pathways and mechanisms for the KAND567-induced blocking of the differentiation of
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monocytes to NLCs in CLL. Further studies are planned to address these questions in
in vitro and CLL mouse models, including biological differences between responding and
non-responding patients.

Further studies are necessary to fully grasp the impact of KAND567 on monocyte
functions in CLL and related disorders. Importantly, KAND567 has already underwent
toxicity/tolerability studies in healthy donors. Phase 2 trials are ongoing based on MTD in
patients with ovarian carcinoma and acute myocardial infarction (Kancera AB, data on file).
Clinical trials of KAND567 in patients with double-refractory CLL are warranted.

5. Conclusions

The tumor microenvironment (TME) plays an important role in supporting the survival
and progression of tumor cells. The fractalkine axis (CX3CL1/CX3CR1) is a key factor in the
interaction between tumor cells and growth-supporting cells in the TME. The present study
has demonstrated that a CX3CR1 antagonist (KAND567) induced apoptosis of monocytes in
CLL and inhibited monocyte maturation to NLCs, “nurse-like cells” The effect of KAND567
was specific for CLL as compared to healthy donors. Additional clinical trials are warranted
in CLL and related disorders to analyze the in vivo mechanisms of action of KAND567.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers16223821/s1. Figure S1. (A) Age (median) of
CLL patients with non-active (n = 70) and active CLL (n = 29) as well as healthy donors (n = 32).
(B) Flow chart of the study showing the numbers of patients and healthy donors enrolled in the
different assays. Figure S2. (A) (A) Absolute numbers (109/L) (mean ± SEM) of total monocytes
and subtypes in patients with non-active (n = 49) and active CLL (n = 25) as well as healthy donors
(n = 22). (B) Percentage (mean ± SEM) of monocyte subtypes in patients with non-active (n = 60) and
active CLL (n = 25) as well as healthy donors (n = 30). Significance levels are indicated at the top.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant. Figure S3. CX3CR1 MFI value on
monocyte subtypes in patients with non-active (n = 60) and active CLL (n = 25), as well as in healthy
donors (n = 30). Significance levels are indicated at the top. ** p < 0.01, *** p < 0.001, **** p < 0.0001,
ns: not significant. Figure S4. Apoptosis (mean ± SEM) in CD19+ cells from (A) CLL patients (n = 12)
and (B) healthy donors (n = 6) incubated with KAND567 (1000 nM) compared to culture medium
alone. Apoptosis in CD19+ cells was detected by Caspase3/7 staining. Data were collected for 5 days
by Incucyte Live Cell Imaging. Figure S5. Frequency of alive B cells (mean ± SEM) over time in the
same CLL patients (n = 6) and healthy donors (n = 4). (A) CD19+ cells cultured alone. (B) CD19+ cells
with autologous CD14+ monocytes. (C) CD19+ cells cocultured with autologous CD14+ monocytes in
the presence of KAND567 (1000 nM). (D) CD19+ cells alone incubated with KAND567. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant. Figure S6. Individual survival curves
for (A) leukemic CD19+ cells from CLL patients (n = 15) and (B) CD19+ cells from healthy donors
(n = 4). CD19+ cells were cultured alone, with autologous monocytes, with autologous monocytes
plus KAND567 (1000 nM), and alone with KAND567, respectively. Non-responding patients (
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32. Kowalska, W.; Zarobkiewicz, M.; Tomczak, W.; Woś, J.; Morawska, I.; Bojarska-Junak, A. Reduced Percentage of
CD14(dim)CD16(+)SLAN(+) Monocytes Producing TNF and IL-12 as an Immunological Sign of CLL Progression. Int.
J. Mol. Sci. 2022, 23, 3029. [CrossRef] [PubMed]

33. Narasimhan, P.B.; Marcovecchio, P.; Hamers, A.A.J.; Hedrick, C.C. Nonclassical Monocytes in Health and Disease. Annu. Rev.
Immunol. 2019, 37, 439–456. [CrossRef] [PubMed]

34. Loh, S.X.; Ekinci, Y.; Spray, L.; Jeyalan, V.; Olin, T.; Richardson, G.; Austin, D.; Alkhalil, M.; Spyridopoulos, I. Fractalkine Signalling
(CX(3)CL1/CX(3)CR1 Axis) as an Emerging Target in Coronary Artery Disease. J. Clin. Med. 2023, 12, 4821. [CrossRef]

35. Cormican, S.; Griffin, M.D. Fractalkine (CX3CL1) and Its Receptor CX3CR1: A Promising Therapeutic Target in Chronic Kidney
Disease? Front. Immunol. 2021, 12, 664202. [CrossRef]

36. Merchand-Reyes, G.; Santhanam, R.; Robledo-Avila, F.H.; Weigel, C.; Ruiz-Rosado, J.d.D.; Mo, X.; Partida-Sánchez, S.; Woyach,
J.A.; Oakes, C.C.; Tridandapani, S.; et al. Disruption of Nurse-like Cell Differentiation as a Therapeutic Strategy for Chronic
Lymphocytic Leukemia. J. Immunol. 2022, 209, 1212–1223. [CrossRef]

37. Hanna, B.S.; McClanahan, F.; Yazdanparast, H.; Zaborsky, N.; Kalter, V.; Rößner, P.M.; Benner, A.; Dürr, C.; Egle, A.; Gribben, J.G.;
et al. Depletion of CLL-associated patrolling monocytes and macrophages controls disease development and repairs immune
dysfunction in vivo. Leukemia 2016, 30, 570–579. [CrossRef]

38. Tan, Y.; Wang, M.; Zhang, Y.; Ge, S.; Zhong, F.; Xia, G.; Sun, C. Tumor-Associated Macrophages: A Potential Target for Cancer
Therapy. Front. Oncol. 2021, 11, 693517. [CrossRef]

39. Boissard, F.; Fournie, J.J.; Quillet-Mary, A.; Ysebaert, L.; Poupot, M. Nurse-like cells mediate ibrutinib resistance in chronic
lymphocytic leukemia patients. Blood Cancer J. 2015, 5, e355. [CrossRef]

https://doi.org/10.1517/14728222.2012.682574
https://doi.org/10.1042/BJ20150520
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1182/blood-2017-09-806398
https://doi.org/10.3390/pharmaceutics15041148
https://doi.org/10.1038/leu.2011.362
https://www.ncbi.nlm.nih.gov/pubmed/22289919
https://doi.org/10.1080/10428194.2020.1811274
https://www.ncbi.nlm.nih.gov/pubmed/32856983
https://doi.org/10.1182/blood-2010-12-326355
https://www.ncbi.nlm.nih.gov/pubmed/21653326
https://doi.org/10.1002/eji.201141907
https://doi.org/10.1093/nar/gki890
https://doi.org/10.3389/fimmu.2013.00023
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3748/wjg.v28.i45.6345
https://doi.org/10.1146/annurev-pathmechdis-012418-013058
https://doi.org/10.3892/or.2015.4088
https://www.ncbi.nlm.nih.gov/pubmed/26135617
https://doi.org/10.3390/ijms23063029
https://www.ncbi.nlm.nih.gov/pubmed/35328450
https://doi.org/10.1146/annurev-immunol-042617-053119
https://www.ncbi.nlm.nih.gov/pubmed/31026415
https://doi.org/10.3390/jcm12144821
https://doi.org/10.3389/fimmu.2021.664202
https://doi.org/10.4049/jimmunol.2100931
https://doi.org/10.1038/leu.2015.305
https://doi.org/10.3389/fonc.2021.693517
https://doi.org/10.1038/bcj.2015.74


Cancers 2024, 16, 3821 14 of 14

40. Friedman, D.R.; Sibley, A.B.; Owzar, K.; Chaffee, K.G.; Slager, S.; Kay, N.E.; Hanson, C.A.; Ding, W.; Shanafelt, T.D.; Weinberg, J.B.;
et al. Relationship of blood monocytes with chronic lymphocytic leukemia aggressiveness and outcomes: A multi-institutional
study. Am. J. Hematol. 2016, 91, 687–691. [CrossRef]

41. Fiorcari, S.; Maffei, R.; Atene, C.G.; Potenza, L.; Luppi, M.; Marasca, R. Nurse-Like Cells and Chronic Lymphocytic Leukemia B
Cells: A Mutualistic Crosstalk inside Tissue Microenvironments. Cells 2021, 10, 217. [CrossRef] [PubMed]

42. Lehto, J.; Huguet Ninou, A.; Chioureas, D.; Jonkers, J.; Gustafsson, N.M.S. Targeting CX3CR1 Suppresses the Fanconi Anemia
DNA Repair Pathway and Synergizes with Platinum. Cancers 2021, 13, 1442. [CrossRef] [PubMed]

43. White, G.E.; McNeill, E.; Channon, K.M.; Greaves, D.R. Fractalkine promotes human monocyte survival via a reduction in
oxidative stress. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 2554–2562. [CrossRef] [PubMed]

44. Maffei, R.; Bulgarelli, J.; Fiorcari, S.; Bertoncelli, L.; Martinelli, S.; Guarnotta, C.; Castelli, I.; Deaglio, S.; Debbia, G.; De Biasi, S.;
et al. The monocytic population in chronic lymphocytic leukemia shows altered composition and deregulation of genes involved
in phagocytosis and inflammation. Haematologica 2013, 98, 1115–1123. [CrossRef]

45. Shields, J.D.; Kourtis, I.C.; Tomei, A.A.; Roberts, J.M.; Swartz, M.A. Induction of lymphoidlike stroma and immune escape by
tumors that express the chemokine CCL21. Science 2010, 328, 749–752. [CrossRef]

46. Redondo-Muñoz, J.; Terol, M.J.; García-Marco, J.A.; García-Pardo, A. Matrix metafloproteinase-9 is up-regulated by CCL21/CCR7
interaction via extracellular signal-regulated kinase-1/2 signaling and is involved in CCL21-driven B-cell chronic lymphocytic
leukemia cell invasion and migration. Blood 2008, 111, 383–386. [CrossRef]

47. Guo, Y.; Pei, H.; Lu, B.; Zhang, D.; Zhao, Y.; Wu, F.; Sun, H.; Huang, J.; Li, P.; Yi, C.; et al. Aberrantly expressed Wnt5a in nurse-like
cells drives resistance to Venetoclax in chronic lymphocytic leukemia. Cell Death Discov. 2022, 8, 82. [CrossRef]

48. Luo, L.; Deng, S.; Tang, W.; Hu, X.; Yin, F.; Ge, H.; Tang, J.; Liao, Z.; Feng, J.; Li, X.; et al. Monocytes subtypes from pleural effusion
reveal biomarker candidates for the diagnosis of tuberculosis and malignancy. J. Clin. Lab. Anal. 2022, 36, e24579. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ajh.24376
https://doi.org/10.3390/cells10020217
https://www.ncbi.nlm.nih.gov/pubmed/33499012
https://doi.org/10.3390/cancers13061442
https://www.ncbi.nlm.nih.gov/pubmed/33810010
https://doi.org/10.1161/ATVBAHA.114.304717
https://www.ncbi.nlm.nih.gov/pubmed/25359863
https://doi.org/10.3324/haematol.2012.073080
https://doi.org/10.1126/science.1185837
https://doi.org/10.1182/blood-2007-08-107300
https://doi.org/10.1038/s41420-022-00884-y
https://doi.org/10.1002/jcla.24579

	Introduction 
	Materials and Methods 
	Patient and Healthy Control Samples 
	ELISA 
	Cell Surface Expression of CX3CR1 (Flow Cytometry) 
	Isolation of Monocytes and B Cells 
	Annexin V/PI Apoptosis Assay and Trypan Blue Staining 
	CD14+ Monocyte Morphology Assay 
	The IncuCyte Apoptosis Assay 
	Statistical Analysis 

	Results 
	Plasma CX3CL1 and CX3CR1+ Blood Mononuclear Cells in CLL Patients 
	Effect on Survival of CD19+ CLL Cells of a CX3CR1 Antagonist 
	KAND567 Inhibited Transition of Monocytes to NLCs 
	KAND567 Induced Cell Death/Apoptosis of CD14+ Cells from CLL Patients but Not from Healthy Donors 

	Discussion 
	Conclusions 
	References

