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CXCR4 has a dual role in
improving the efficacy of
BCMA-redirected CAR-NK
cells in multiple myeloma
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Multiple myeloma (MM) is a plasma cell disease with a preferential bone marrow
(BM) tropism. Enforced expression of tissue-specific chemokine receptors has
been shown to successfully guide adoptively-transferred CAR NK cells towards
the malignant milieu in solid cancers, but also to BM-resident AML and MM. For
redirection towards BM-associated chemokine CXCL12, we armored BCMA
CAR-NK-92 as well as primary NK cells with ectopic expression of either
wildtype CXCR4 or a gain-of-function mutant CXCR4%**** Our data showed
that BCMA CAR-NK-92 and -primary NK cells equipped with CXCR4 gained an
improved ability to migrate towards CXCL12 in vitro. Beyond its classical role
coordinating chemotaxis, CXCR4 has been shown to participate in T cell co-
stimulation, which prompted us to examine the functionality of CXCR4-
cotransduced BCMA-CAR NK cells. Ectopic CXCR4 expression enhanced the
cytotoxic capacity of BCMA CAR-NK cells, as evidenced by the ability to eliminate
BCMA-expressing target cell lines and primary MM cells in vitro and through
accelerated cytolytic granule release. We show that CXCR4 co-modification
prolonged BCMA CAR surface deposition, augmented ZAP-70 recruitment
following CAR-engagement, and accelerated distal signal transduction kinetics.
BCMA CAR sensitivity towards antigen was enhanced by virtue of an enhanced
ZAP-70 recruitment to the immunological synapse, revealing an increased
propensity of CARs to become triggered upon CXCR4 overexpression.
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Unexpectedly, co-stimulation via CXCR4 occurred in the absence of CXCL12
ligand-stimulation. Collectively, our findings imply that co-modification of CAR-
NK cells with tissue-relevant chemokine receptors affect adoptive NK cell
therapy beyond improved trafficking and retention within tumor sites.
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CXCR4, adoptive T cell therapy

Introduction

Chimeric antigen receptor (CAR)-T cell immunotherapy has
emerged as an effective therapeutic option for relapsed and
refractory multiple myeloma (MM) (1, 2). Results from the
pivotal KarMMa (3) and CARTITUDE-1 (4, 5), studies have
demonstrated the efficaciousness of BCMA CAR-T cell therapy to
induce deep remissions for heavily pretreated MM patients.
Nevertheless, the majority of recipients eventually relapse (3, 4, 6).

Mechanisms of acquired resistance to BCMA CAR-T cell therapy
include immune escape due to target antigen loss. The exact
mechanism for immune escape is more complex than previously
reported for CD19 CAR-T cells since complete BCMA antigen loss is
less frequent (7, 8). Other CAR-T cell- and microenvironmental-
related factors for treatment failure include CAR-T cell exhaustion,
limited migration to and persistence within the tumor niche, and the
immunosuppressive BM microenvironment. Furthermore, the
generation of suboptimal autologous CAR-T cells due to T cell
dysfunction in pre-treated patients (9) has prompted the
development of ‘next generation’ cellular products to improve
patient outcomes (10).

CAR-modified natural killer (NK) cells are a powerful, allogeneic
alternative to autologous CAR-T cells. While exhibiting comparable
effector functions, off-the-shelf CAR-NK cells offer several advantages
over CAR-T cells including an intrinsic ability to eliminate tumor
cells in an HLA-unrestricted manner, a favorable safety profile with a
negligible risk of graft-versus-host disease, or cytokine release
syndrome, and more economical methods for CAR-NK production
(11). Indeed, clinical studies demonstrated the efficacy and safety of
CAR-NK cells derived from cord blood (12), induced-pluripotent
stem cells (iPSCs) (13) and cell lines (14). Nevertheless, effective anti-
tumor immunity is reliant upon the ability of adoptively transferred
NK cells to breach the tumor niche (15). NK cells navigate towards
malignant tissues via their chemokine receptors, which respond to
cognate chemokines expressed in the tumor microenvironment
(TME) (11). Ex vivo-manipulation of primary NK cells has been
shown to hinder penetration of the TME, in part, due to chemokine
receptor downmodulation (16-18). For these reasons, engineering
strategies to stably equip effector NK cells with tissue-relevant
chemokine receptors have shown promise in pre-clinical studies for
solid tumors (18-21) and hematological malignancies (16, 22, 23).
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NK cell cytotoxic function is exerted without prior immune
sensitization through secretion of perforin and granzyme-
containing lytic granules. A prerequisite is the formation of the
immunological synapse (IS) (24), and after target cell conjugation,
granule content is released within minutes and can effectuate pro-
apoptotic pathways in target cells in a serial manner (25). NK cells
can also kill tumor cells by caspase-dependent death receptor
engagement by their cognate ligands, e.g., TRAIL and FasL (26).
These effector functions are regulated by several activating and
inhibitory receptors which simultaneously recognize a multitude of
ligands expressed on target cells. A dominance of NK cell activation
receptor signals endows NK cells with innate abilities to mediate
effector functions, i.e, NKG2D signaling is mediated through the
adaptor molecules DAP10 and DAP12, where DAP12 recruits ZAP-
70 and Syk to initiate NK cell activation (27-29). Receptor-proximal
signaling molecules activate the signaling cascade, containing AKT,
MAPKs, ERK1/2, JNK1/2, and p38. Alternatively, NK cells can
couple via CD16/FcyRIIIA to target cells decorated with a
therapeutic antibody (30).

The homeostatic chemokine receptor CXCR4 coordinates
trafficking of NK cells towards the BM niche, where its ligand
CXCLI12 is constitutively expressed. Problematically for adoptive
CAR-NK cell therapy of MM, CXCR4 expression is progressively
lost during NK cell maturation, coinciding with an increase of the
chemokine receptor CXCR3, which generally promotes NK cell
mobilization from the BM into the periphery (31). NK cell homing
to and retention within the BM has been shown to correlate with
improved acute myeloid leukemia (AML) control (15, 32) However,
the chemokine TME is sufficiently skewed during MM development,
whereby CXCL12 downmodulation is paralleled by increased
expression of CXCR3 cognate ligands, creating pathological
conditions generally restrictive to NK cell infiltration (22). This
provides the rationale for reestablishing the responsiveness of NK
cells to BM-associated CXCL12 to improve MM disease control.
Beyond their classical role coordinating chemotaxis, previous reports
in T cells have shown that recruitment of chemokine receptors within
the IS serves to enhance T cell activation (33-35). To this date, a role
for chemokine receptors as co-receptors in CAR-NK cell activation
has not been described.

Here we asked to what degree does CXCR4 impact BCMA
CAR-NK cell anti-tumor efficacy beyond BM homing and
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accumulation. We explored whether enforced CXCR4 expression in
NK cells exerted a co-stimulatory role in the context of CAR-
induced NK cell activation. Based on our findings we conclude that
co-modification of BCMA CAR-NK cells with CXCR4 exceeds
functionalities related to improved trafficking and retention
within tumor sites.

Materials and methods
Generation of y-retroviral vectors

The fully humanized anti-human BCMA CAR was generated
and used as described (36). The human CXCR4 coding sequence
was cloned downstream to the anti-human BCMA CAR sequence
linked via a self-cleaving peptide P2A. The entire CAR and CXCR4
sequences were synthesized by GeneArt, and cloned into the
retroviral vector MP71. For construction of a CXCR4-only
expressing vector, a PCR reaction with primers to introduce a
NotlI and a EcoRI restriction site was run on the human CXCR4
coding sequence downstream of the aforementioned P2A site
contained in a MP71 retroviral vector. The MP71 plasmid was
digested with NotI and EcoRI, followed by ligation of the CXCR4
PCR sequence into the vector backbone.

The mutant form CXCR4"**** was generated by Gibson
assembly. Briefly, the MP71 plasmid BCMA CAR-CXCR4 was
digested with Bstell and EcoRI. An overhang extension PCR was
used to create a CXCR4-fragment with a stop codon at amino acid
position 334. For construction of all other CXCR4 mutant forms,
CXCR4 was cut with Bstell and EcoRI and replaced with mutant
CXCR4-fragment R134N (CXCR4S Protein-dely gequences. All
sequences were verified by restriction digest and Sanger sequencing.

Cytotoxicity assay

NK-92 and YTS NK cell lines cells stably transduced with
various CAR constructs were seeded in 96-well U-bottom plates
and mixed with a fixed number of 5x10* Raji"“™* target cells. SP6-
CAR NK-92 cells were used as a negative control, and tumor cells
only were used for calculation of NK-92 cell-specific killing. Co-
cultures were kept for 17 hours and stopped by inclusion of ice-cold
FACS buffer. Cells were resuspended in blocking buffer
supplemented with Fx True stain. To distinguish effector and
target cells, anti-CD56-PE-Cy7 and anti-CD19-FITC antibodies
in combination with 7-AAD for dead cell exclusion were used.
Samples were acquired on a FACS Canto II flow cytometer (BD
Biosciences), or a MACSQuant X analyzer (Miltenyi Biotec) and
further analyzed with Flow]Jo v. 10.0.8 software.

Multiple myeloma cell line and primary
multiple myeloma cells

Bone marrow-derived cells from three MM patients were
obtained freshly and further purified using a Pancoll gradient
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before freezing. The study was conducted according to the
Declaration of Helsinki and in accordance with local ethical
guidelines; written informed consent of all patients was obtained.
The diagnosis of MM was made by expert Charite-University
Medicine Berlin hematologists and pathologists, and it integrates
cell morphology, immunohistology, marker expression in flow
cytometry, and pathophysiological behavior. Thawed target cells
were used in co-cultures similar to MM.1S-GFP™ cell line. NK-92
effector cells in co-culture were labeled with eFluor670 or with anti-
CD56, and after 6 hours target MM cells were defined by CD38"8"
and eFluor670. A 7-AAD staining was used for live-dead
cell discrimination.

BCMA-bead stimulation and
signal transduction

1x10° CAR-transduced NK-92 cells were pelleted by
centrifugation at 400x g for 5 min. Cells were resuspended with
BCMA protein-coupled magnetic beads (6 pg/mL; ACRO
Biosystems) in PBS. A biotinylated BCMA fragment covers the
N-terminal aa 1-54 that includes the cognate epitope for the scFv
BCMA. BCMA-beads were added to NK-92 cells at 37°C for 5 min.
Following the incubation period, the cells were placed on ice and
lysed with ice-cold 2X RIPA buffer (300 mM NaCl, 100 mM
Tris-HCI, 2% NP-40, 1% C,4H3oNaO,, 0.2% SDS) containing
protease and phosphatase inhibitors. The lysate was incubated on
ice for 30 min and then centrifuged at 13,000 g for 20 min.
Supernatant was processed for immunoblot analysis.

Endocytosis assay

To quantitate the kinetics of BCMA-CAR surface
downregulation, CAR-transduced NK-92 cells were seeded in 1
ml of RPMI/0.5% BSA medium and kept at 37°C in a waterbath. 100
ul BCMA protein-coupled magnetic beads (Acro Biosystems) were
washed, resuspended in medium and added to the cell suspension at
37°C. Cells were incubated for 10 min, centrifuged and resuspended
in medium at 37°C. Aliquots were taken and added to an equal
volume of ice-cold FACS bufter (PBS, 0.5% BSA, 0.05% NaN3). Cell
suspensions were immediately centrifuged at 4°C and resuspended
in FACS buffer. For detection of CARs, a PE-coupled goat anti-
human IgG antibody (Southern Biotech) was used. Cells were then
centrifuged and resuspended in fixation buffer (BioLegend),
followed by analysis on a FACS Canto II instrument.

Ethics approval

The recruitment of voluntary blood and bone marrow donors
was conducted according to the declaration of Helsinki and in
accordance with local ethical guidelines. The study was approved by
the responsible ethic committee at Charite-University Medicine
Berlin (EA2/142/20).
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Results

CAR-CXCR4 co-expression improves
migration of NK cells towards
BM-associated CXCL12 in vitro

To gauge the migration of NK cells towards tissue-specific
chemoattractants, we measured expression levels of chemokine
receptors CXCR3, CXCR4 and CCR6 and adhesion molecule
CD62L on the clinically relevant cell line NK-92. NK-92 cells
were devoid of CCR6 and CD62L, possessed negligible levels of
CXCR4 and ubiquitously expressed high levels of CXCR3
(Supplementary Figures S1A, B).

To assess if ectopically expressed CXCR4 coordinates chemotaxis
of BCMA CAR-expressing NK cells towards CXCL12, we developed a
BCMA CAR retroviral vector (CAR) (36) equipped with either a
wildtype (WT), CXCR4 (CAR-CXCR4) or mutant CXCR4 (CAR-
CXCR4®***%y chemokine receptor sequence (Figure 1A). The
CXCR4™*X sequence is a C-terminally-truncated, gain-of-function
mutant with increased signal transduction, reduced desensitization,
and impaired receptor internalization (37-41). Retroviral transduction
of NK-92 cells with either the CAR, CAR-CXCR4 or CAR-
CXCR4™3*X construct induced comparable levels of BCMA CAR
expression (Figures 1B, C). Substantially higher levels of CXCR4
were detected on NK-92 cells transduced with the bicistronic CAR-
CXCR4 or CAR-CXCR4™*** constructs as compared to CAR NK-92
cells (Figure 1D). Furthermore, CXCR4 expression was greater on
CAR-CXCR4"** NK-92 cells than CAR-CXCR4 NK-92 cells
(Figures 1D, E).

Next, we generated CAR and CAR-CXCR4 primary NK cells
(pNK; CD3™ CD56") from peripheral blood (Figure 1F). These cells
were transduced and expanded in the presence of IL-2 and IL-15
using (Supplementary Figure S1C) anti-CD2/CD355 MACS
activator beads. On Day 9 (2-days post-transduction), gating on
the CD56"CD16"&" population, we observed substantially higher
levels of CXCR4 expression on CAR-CXCR4 and CAR-CXCR4
R334X transduced pNK cells (Figure 1F). CXCR4 expression also
increased modestly in CAR pNK cells, indicating endogenous
CXCR4 upregulation was not induced by viral infection (12, 23,
41). Co-modified CAR-CXCR4 pNK cells expressed CXCR4 at two-
to threefold higher levels (gMFI) when compared to pNK cells
transduced with the conventional CAR (Figures 1F, G).

We functionally characterized the activity of ectopically-
expressed CXCR4 by quantitating phosphorylation of downstream
signaling modules in response to a 5 min CXCL12 exposure. CXCL12
addition triggered phosphorylation of p44/42 MAPK (ERK1,2)
(Figure 1H; Supplementary Figure S1D) in CAR-CXCR4 and
CXCR4™** NK-92 cells to a larger extent than in CAR NK-92
cells. We further confirmed AKT phosphorylation in CAR-CXCR4
NK-92 cells (Supplementary Figures S1E, F) after 5 min CXCLI2 co-
incubations (42).

CAR-CXCR4 co-expression led to fourfold improved
chemotaxis towards CXCL12 (25 ng/ml) compared to NK-92 cells
expressing the conventional CAR (Figure 1I). Along these lines,
both CAR-CXCR4 and CAR-CXCR4"**** pNK cells featured a
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higher migratory ability towards CXCL12 than CAR pNK cells
(Figure 1]). For context, serum concentrations in MM patients are
reportedly in the range of 453 + 124 pg/mL (43). Despite a modest
upregulation of endogenous CXCR4 in pNK cells (Figure 1F), they
retained an inefficient ability to migrate towards CXCLI2 at the
concentrations indicated. Collectively, incorporation of either a WT
or mutant CXCR4 sequence into a BCMA-CAR-encoding retroviral
vector leads to the expression of a fully-functioning protein capable
of instigating enhanced migration towards CXCLI12 in vitro.

Enforced CXCR4 expression enhances the
cytolytic efficacy of CAR-NK cells in vitro

Previous reports in T cells have shown that recruitment of
chemokine receptors within the IS enhances TCR-induced signaling
and IS longevity (33, 35). Canonically, these co-stimulatory effects
have been attributed to a chemokine stimulus acting on the cognate
chemokine receptor. However, the conditions for non-conventional
CAR-dependent signaling processes in NK cells are unknown.
Hence, we first investigated whether enforced CXCR4 expression
boosts the antigen-dependent cytolytic efficacy of BCMA CAR-NK
cells. CAR, CAR-CXCR4, CAR-CXCR4"**** and SP6-control
(irrelevant CAR binder) NK-92 cells were co-cultured with an

engineered BCMA-expressing Raji target cell line (Raji®“™*)

(Supplementary Figure S2). The proportion of viable Raji®*“™*
cells remaining in culture after 17 hours was quantified by flow
cytometry and showed that CAR-CXCR4 and CAR-CXCR4"***X
NK-92 cells possessed a 15-25% higher antigen-dependent killing
capacity compared to CAR NK-92 cells at lower effector-to-target
ratios (E:T: 0.125:1) (Figures 2A, B). To exclude effector cell type-
specific peculiarities, we conducted analogous experiments with the
NK cell line YTS (44) (Supplementary Figure S3A). Indeed,
CXCR4-equipped CAR YTS cells exhibited a higher killing
capacity against RajiBCMA
YTS cells (Supplementary Figures S3B, C).

cells compared to conventional CAR

We next performed a CD107a (LAMP-1) secretory lysosome
degranulation assay to scrutinize whether CXCR4 overexpression
endows BCMA CAR-NK-92 cells with enhanced antigen-
dependent cytolytic efficacy (45, 46). Following 30 min co-

cultures with Raji®“™#

cells, we detected substantially higher
levels (approximately 20%) of LAMP-1 expression on the surfaces
of CAR-CXCR4 and CAR-CXCR4™*** NK-92 cells (Figures 2C,
D). This difference was diminished after 60 min, indicating that
CXCR4 supports a rapid mobilization of Iytic granules following
CAR activation (Figure 2D).

Whereas previous reports have postulated a synergistic,
mutually-reciprocal state of TCR- and chemokine-induced receptor
activation (47, 48), others have alluded to a state whereby CXCL12-
induced signals do not override those emanating from TCR
activation (49, 50). Consistent with the latter, we found that
CXCL12 supplementation did not enhance antigen-dependent
degranulation among CAR-CXCR4 or CAR-CXCR4"™**™ NK-92
cells (Figures 2E-G). This was, in part, because CAR NK cells
lacking CXCR4 overexpression exhibited similar low-level gain-of-
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FIGURE 1

Enforced CXCR4 expression improves migration of BCMA-CAR NK cells towards chemotactic CXCL12 gradients. (A) Schematic of retroviral
constructs encoding a BCMA-CAR (CAR), equipped with either a WT CXCR4 (CAR-CXCR4) or mutant CXCR4 (CAR-CXCR4%***¥) chemokine
receptor sequence. LTR, long terminal repeat; tm, transmembrane region; ic, intracellular signaling domain; SP, signal peptide. (B) Schematic of
heptahelical CXCR4"**** mutant. (C) FACS plots depicting the generation of BCMA-CAR* NK-92 cells. NK-92 cells underwent retroviral transduction
with the aforementioned BCMA-CAR-encoding constructs. BCMA-CAR™ expressing NK-92 cells, as detected by cognate FITC-conjugated BCMA-
peptide, were enriched twice by FACS to generate stable BCMA-CAR™ NK-92 cell lines. (D) Of these BCMA-CAR" NK-92 cells, the expression of
CXCR4 was assessed by flow cytometry, which was (E) quantified as AgMFI (values represent CXCR4 stained cells minus isotype control). Statistics
calculated by an unpaired t-test, error bars + SEM. (F) FACS histograms showing CXCR4 expression on pNK cells at day +9 of ex vivo expansion (2-
days post-transduction; untransduced (UT); isotype, dark filled histogram; one representative example is shown. The gating strategy used to define
CD56"CD16" pNK cells is shown on the left plot. NK cells were stimulated with IL-2 (500 U/ml) and IL-15 (20 ng/ml), in the presence of anti-CD2/
CD335 activator beads. (G) Quantification as in (E), AGMFI values are CXCR4 stained cells minus isotype control. An unpaired t-test was applied, error
bars + SEM. (H) Western blot assessing P-ERK1,272%2/Y294 phosphorylation of untreated and CXCL12-stimulated (25 ng/ml, 5 min) CAR, CAR-CXCR4
and CAR-CXCR4R*3 NK-92 cells. Numbers between the gel lines give the ratios between P-ERK 1,2 and total ERKL,2. (I) Transwell migration assay
assessing migratory capacity of CAR (grey bars) and CAR-CXCR4 (pink bars) NK-92 cells exposed to 6.25 ng/mL or 25 ng/mL CXCL12 for 4 hrs.
Relative control (rel. ctrl.) represents unstimulated cells. Statistics calculated by an unpaired t-test, error bars + SEM. (J) Quantification of migrated
CAR (grey bar), CAR-CXCR4 (pink bar) and CAR-CXCR4%3*** (green bar) pNK cells exposed to 25 ng/mL CXCL12. Threshold set arbitrarily at 1.5-fold.
Statistics calculated by an unpaired t-test, error bars + SEM. P values are given. NK cells were used at day 12-15 after start of the culture. Data points
in E, G, |, J represent independent biological replicates.
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FIGURE 2

CXCR4 co-expression enhances cytolytic activity of BCMA-CAR NK cells in the absence of CXCL12 stimulation. (A) A flow cytometry-based
cytotoxicity assay was performed by co-culturing CAR-transduced NK-92 cells and Raji®“™* target cells. Representative FACS plot depicting a 17-
hour co-culture between Raji®*“™ cells with either SP6-CAR as negative control, CAR, CAR-CXCR4 or CAR-CXCR4™*** NK-92 cells at a 0.25:1 E:T
ratio. Top panel displays Raji®“™*- or transduced NK-92-only controls. Bottom panel shows the co-cultures between Raji®“™* cells (CD19%) and
transduced-NK-92 cells (CD56"). The percentage of specific-Raji®“M” cell killing is calculated using the formula: Killing rate %= (1- (tumor cells in
coculture/tumor cells only)) x 100. (dependent upon E:T ratio). Numbers in the gates are the percentages of effector (CD56%) and target cells
(CD19%), respectively. (B) Quantification of specific-Raji®“M* cell killing (%) for the aforementioned co-cultures at the indicated E:T ratios (n=13-18
independent biological replicates). Statistics calculated by a paired t-test. (C) Representative FACS plot of a degranulation assay detecting LAMP-1
expression on CD56" SP6-CAR as negative control, CAR, CAR-CXCR4 and CAR-CXCR4R33% NK-92 cells following co-culture with Raji®“™* cells for
30-min. Frequencies of LAMP-1* NK-92 cells were calculated by subtracting percentage LAMP-1" expression on transduced-NK-92 cells alone (grey
plot) by percentage LAMP-1" expression on NK-92 cells co-cultured with RajiBCMA cells (red plot). Numbers within gates are the frequencies in
percent of LAMP-1" cells. (D) Quantification bar plots of (C) after 30- and 60-min stimulation. Statistics calculated by an unpaired t-test.

(E) Schematic of G protein-deficient CXCR4R**N mutant and retroviral construct. The position of the conserved DRY motif is indicated.

(F) Representative FACS plot of a degranulation assay following a 30-minute co-culture between transduced NK-92 cells (including CAR-
CXCR4RBMN mutant) and Raji®“™* cells in the presence or absence of 25 ng/ml CXCL12. Numbers below gates are the frequencies in percent of
LAMP-1* cells upon stimulation. (G) Quantification of aforementioned degranulation assays (n=5) with (CXCL12; hatched bars) or without (w/o
CXCL12; solid bars) CXCL12. Statistics calculated using an unpaired t-test comparing different constructs and a paired t-test assessing each

construct with or without CXCL12. Error bars + SEM. P values are given; data points in (D), (G) represent independent biological replicates.
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function (Figures 2F, G). We also generated a CXCR4 mutant with a
defect in G protein coupling (R134N) in the conserved DRY motif
(CAR-CXCR4C Proteindety (Rioyres 2E-G). This mutation does not
affect downstream PI3K-activation, tyrosine phosphorylation of focal
adhesion proteins and chemotaxis (51). When linked to the BCMA
CAR in our bicistronic constructs, we confirmed that CAR-CXCR4,
CAR-CXCR4"*** and CAR-CXCR4® Proteindet NK.-92 cells
maintained a superior antigen-dependent degranulation capacity
(Figures 2F, G). Our observations imply a hierarchy in which the
enhanced killing capacity originates from CAR-driven activation of
CXCR4 signaling nodes.

CXCR4-equipped CAR NK-92 cells are
efficacious in vitro against MM cell lines
and primary patient-derived MM cells

To rule out an artifact of enhanced BCMA expression in the
transfected Raji®™* cell line, we compared the antitumor cytolytic
activity of CAR and CAR-CXCR4 NK-92 in co-cultures with the MM
cell line MM.1S and with four patient-derived primary MM
specimen. In agreement with the improved cytolytic activity against
Raji®“™4 cells, CXR4 co-expression endowed CAR NK-92 cells with
an enhanced cytolytic capacity against both cell types exhibiting

endogenous BCMA expression (Figures 3A-D). CAR-CXCR4 NK-92

10.3389/fimmu.2024.1383136

cells gained a 25% higher antigen-dependent killing capacity for
MM.IS cells compared to CAR NK-92 cells, visible at lower effector-
to-target ratios (E:T: 0.125:1) (Figure 3B). The FACS-based killing
assay was corroborated by a degranulation assay, using the MM.1S
cell line as a stimulus (Supplementary Figures S4A, B). Similar to the
MM.1S cell line, CXCR4 co-expression endowed CAR NK-92 cells
with much stronger cytolytic capacity against primary MM cells
(Supplementary Figure S4C) at low effector to target ratios (E:T:
0.25:1), which even exceeded the gain-of-function compared to
Raji®“™4 and MM.1S cells (Figures 3C, D). Notably, the
frequencies of MM cells within patient-derived primary bone
marrow aspirates are much lower than homogenous target cell
populations as for Raji*™* and MM.1S cell lines.

To exclude a CAR-independent response of chemokine
receptor overexpression, we also generated NK-92 cells expressing
CXCR4 only. We studied the innate killing capacity of CXCR4 NK-
92 cells in a co-culture with MM.1S cells. Isolated CXCR4
overexpression was not sufficient to endow NK-92 cells with
enhanced degranulation capacity. Their innate reactivity towards
MM.1S tumor cells was similar to NK-92 cells only (mean LAMP-1
upregulation: 2.3%; CXCR4 NK-92: mean 3.4%), and substantially
weaker than CAR NK-92 cells. This result indicated that the gain of
cytotoxic capacity in NK-92 cells depends on a co-stimulatory
function of the chemokine receptor in the process of BCMA CAR
activation (Supplementary Figures S4D-F).
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FIGURE 3

Multiple Myeloma cells with endogenous BCMA expression are more susceptible to BCMA CAR NK-92 cells equipped with the CXCR4 chemokine
receptor. (A) A flow cytometry-based cytotoxicity assay was performed by co-culturing CAR-transduced NK-92 cells and MM.1S-luc.GFP target
cells. Representative FACS plot depicting a 6-hour co-culture between MM.1S-luc.GFP cells with either SP6-CAR as negative control, CAR, or CAR-
CXCR4 NK-92 cells at a 0.25:1 E:T ratio. Effector NK-92 cells were detected by anti-CD56 staining, and target cells were GFP labeled for
discrimination. Numbers on the bottom gates are percentages of viable tumor target cells after co-culture. (B) The percentage of specific-MM.1S-
luc.GFP cell killing is calculated as in Figure 2A). (dependent upon E:T ratio). Values displayed are mean + SEM (n=4 independent experiments).
Statistics calculated by a paired t-test. (C) A representative FACS plot of co-cultures between primary MM specimen and NK-92 effector cells.
Effector cells were labeled with eFluor670" for better distinction from MM target cells, defined by CD38""9" eFluor670°. Because of the low
frequency of primary MM target cells in the specimen, killing rates were calculated relative to the negative control, SP6 CAR. Statistics calculated by
a paired t-test; n=4 independent donor samples tested. (D) Formula to quantify the killing rate is Killing rate %= (1- (tumor cells in coculture with test

CAR/tumor cells in coculture with SP6 CAR control)) x100.
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CAR-CXCR4 co-expression prolongs CAR
surface expression and
augments trogocytosis

To dissect the mechanisms underlying the increased cytolytic
activity of CAR-CXCR4 NK-92 cells, we focused on CAR stabilization
and the initiation of proximal or distal signaling. Because
reorganization and accumulation of chemokine receptors within the
IS of conventional T cells with antigen-presenting cells (APC) has
been shown to stabilize the IS (33, 35), we explored whether ectopic
CXCR4 overexpression affects BCMA-CAR internalization during
antigen-engagement. CAR and CAR-CXCR4 NK-92 cells were
exposed to cognate BCMA peptide-coated magnetic beads (BCMA-
beads) and examined for the surface expression of the BCMA-CAR
over-time. BCMA-beads offer the operational advantage of selectively
binding to the BCMA-CAR cognate receptor. Although both CAR
and CAR-CXCR4 NK-92 cells progressively lost BCMA-CAR surface
expression after BCMA-bead exposure, CAR-CXCR4 NK-92 cells
prolonged BCMA-CAR surface expression to a greater extent than
CAR NK-92 cells (Figures 4A, B). BCMA-bead stimulation did not
affect CXCR4 surface expression, but on the contrary, CXCLI12
induced internalization of its cognate receptor (Figures 4C, D).
These observations suggest that the integrity of the BCMA CAR-
driven IS is maintained in the presence of abundant CXCR4. Exposing
CAR- and CAR-CXCR4 NK-92 cells to BCMA-beads produced no
striking difference in IFN-y secretion (Supplementary Figure S5).

Recently, trogocytosis induced by CAR-activation on NK cells
was associated with higher levels of degranulation towards target
cells (52). To assess the degree of trogocytosis induced by CAR
engagement, we quantified the ratio between CD56%/CD19*
double-positive (TROG') and CD56"/CD19" (TROG') BCMA
CAR-expressing NK-92 cells in response to CD19* Raji®“™#
target cell exposure. CAR-CXCR4 (mean TROG'/TROG =1.04 +
0.59) and CAR-CXCR4™*** (1.17 + 0.53) NK-92 cells triggered
trogocytosis to a substantially higher degree than CAR NK92 cells
(0.79 £ 0.47) (Figures 4E, F). We then asked whether trogocytosis
modulated effector function of CAR-CXCR4 NK-92 cells by
assessing the level of degranulation. Whereas minimal levels of
LAMP-1 expression were detected on CAR-CXCR4"™89%" NK92
cells (mean % ALAMP-1+ cells= 3.39 + 2.14), a larger proportion of
CAR-CXCR4™95* NK92 cells had undergone degranulation
(64.02 + 8.74) (Figures 4G, H). Prolonged expression of the
BCMA CAR at the cell surface and higher levels of trogocytosis
following target cell challenge suggest that CAR-CXCR4 co-
modification equips NK92 cells with a substantially enhanced
effector function.

Engineered CXCR4 expression boosts
BCMA-induced proximal signaling by
enhanced ZAP-70 activation

CAR engagement results in the formation of a nonclassical,
disorganized IS characterized by the rapid initiation of proximal
signaling, and quicker recruitment of cytotoxic granules (53-55). It
was recently determined that the sensitivity of a CAR-T cell towards
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antigen is approximately 1000-times reduced compared to that of
conventional antiviral T cells, at least in part due to inefficient
recruitment of ZAP-70 to the engaged CAR (56). Considering that
chemokine receptor signal transduction relies on ZAP-70 (48, 57)
recruitment and furthermore, promotes chemokine-enrichment in T
cell synapses, we asked whether enforced CXCR4 during CAR
engagement would augment ZAP-70 recruitment. We visualized
the presence of phosphorylated ZAP-70 (P-ZAP-70) within the
synapse of engaged CAR, CAR-CXCR4 and CAR-CXCR4"**

NK-92 cells following a short co-culture with Raji®“M#

cells
(Figures 5A, B). Thereafter, we quantified the expression (MFI) of
P-ZAP-70 within IS. These data showed that P-ZAP-70 expression
was significantly higher within the synapse of CAR-CXCR4 and
CAR-CXCRA®P*X NK-92 cells compared to CAR-NK-92 cells, which
was most pronounced after 5 min (Figure 5B). After 20 min, synaptic
P-ZAP-70 MFI values in CAR NK-92 cells were comparable to those
obtained in CAR-CXCR4 NK-92 cells, further suggesting that
CXCR4 supports the initial events triggered by CAR engagement.
Of note, CXCR4 expression in RajiBCMA
the quantitation of synaptic CXCR4 recruitment in APC-conjugated
CAR NK cells.

Immunoblot analysis of protein lysates derived from short-term
(5 min) BCMA-bead stimulated NK-92 cells revealed a significant
enhancement of pZAP-70 expression in CAR-CXCR4 and CAR-
CXCR4®*** modified NK-92 cells (Figures 5C, D). We further

inspected the signaling kinetics of antigen-engagement over-time by

target cells interfered with

comparing induction of ERK1,2, which occurs downstream of ZAP-
70 activation. After only one min exposure to BCMA-beads,
ERK1,2 phosphorylation was significantly increased in CAR-
CXCR4 NK-92 cells compared to CAR NK-92 cells. We conclude
that BCMA-CAR activation is more potent when NK-92 cells are
equipped with CXCR4 (Figures 5E, F).

Enforced CXCR4 expression lowers the
antigen amount necessary for BCMA-
CAR activation

CXCR4 expression could influence the formation of mature IS
by enabling increased integrin inside-out (33) signaling. Using a
conjugate formation assay we quantitated stable IS formation
between CAR NK effector cells and Raji®“™* target cells. All NK-
92 CAR constructs were devoid of integrin LFA-1 (open
conformation) and adhesion molecule CD62L, but ubiquitously
expressed CD11b and CD44 (Figure 6A). Conjugate formation after
30 min was indistinguishable between those cell types, addition of
CXCLI12 had no stimulatory impact in this process (Figures 6B, C).
Potentially, conjugate formation could occur earlier than 30 min,
which would be consistent with an earlier activation of the signaling
cascade when CXCR4 is overexpressed. This was not further
investigated herein.

Inadequate CAR reactivity towards low-density cognate
antigen is a major source of treatment failure (58). Insufficient
recruitment of ZAP-70 to the engaged CAR has emerged as an
important cause of reduced CAR sensitivity (56). Because
enforced CXCR4 expression enhances the presence of activated
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FIGURE 4
CXCR4 overexpression prolongs BCMA-CAR surface expression and is associated with enhanced levels of CAR-mediated trogocytosis.

(A) Representative FACS histograms showing the kinetics of BCMA-CAR surface expression (as detected by IgG staining) on CAR (grey histograms) and
CAR-CXCR4 (pink histograms) NK-92 cells following exposure to BCMA-beads for the indicated timepoints. (B) Quantification of BCMA-CAR surface
expression. gMFI values were set arbitrarily at 100% at O min. The change in gMFI over time was quantified as a percentage of initial surface expression
(n=3 independent biological replicates). Statistics calculated using an unpaired t-test (CAR versus CAR-CXCRA4). (C) Representative FACS histograms of
CXCR4 expression on CAR-CXCR4 NK-92 cells after exposure to BCMA-beads (pink histograms) or CXCL12 (grey histograms; pick-dotted line) for the
indicated timepoints. (D) Quantification of CXCR4 surface expression, calculated as for (B) (BCMA-beads n=4; CXCL12 n=5 independent biological
experiments). Statistics calculated using a paired t-test (BCMA-beads; timepoint versus ‘O min’) or Wilcoxon test (CXCL12; timepoint versus ‘0 min’), where
appropriate according to sample size and distribution. (E) Representative FACS plots depicting the proportion (%) of CD56* CD19* SP6-CAR, CAR, CAR-
CXCR4 and CAR-CXCR4™*** NK-92 cells (ordinarily CD19") following 30 min co-culture with CD19" Raji®“™* target cells, indicative of CAR activation-
induced trogocytosis. Cell gating was on single cells (FSC-W/FSC-H). Top panel shows ‘NK-92 only’ control cells, while the bottom panel represents the
co-culture. (F) Violin plots quantifying the ratio of SP6-CAR (white plot), CAR (grey), CAR-CXCR4 (pink) and CAR-CXCR4**** (green) NK-92 cells that had
undergone (TROG+) or had not yet experienced (TROG-) trogocytosis of Raji*“™* target cells (TROG+/TROG-). Individual datapoints for independent
biological replicates are shown. Statistics calculated using a paired t-test. (G) Representative FACS plots detecting LAMP-1 expression on the
aforementioned CAR-CXCR4'R°%" (CD56* CD19°; top panel) and CAR-CXCR4 RO (CD56" CD19*; bottom panel) NK-92 cells following a 30 min co-
culture with Raji®“™* cells. Frequencies of LAMP-1* CAR-CXCR4™R°%" or CAR-CXCR4™9%* cells were calculated by subtracting percentage LAMP-1*
expression on CAR-CXCR4 NK-92 cells alone (black contour plot) by percentage LAMP-1* expression on either CAR-CXCR4 RO or CAR-CXCR4TROGH
NK-92 cells (pink contour plot). Numbers within gates are the frequencies in percent of LAMP-1* cells. (H) Quantification bar plots of (G). Data points
represent independent biological replicates. Statistics calculated by a paired t-test. P values are given; statistical significance P<0.05. Error bars + SEM.
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FIGURE 5

Enforced CXCR4 expression is associated with increased P-ZAP-70"3' recruitment into the IS and boosted BCMA-induced proximal signaling

(A) Exemplary single plane micrographs depicting IS formation between

Raji

:BCMA

cells and CAR, CXCR-CXCR4 or CAR-CXCR4R®** NK-92 cells

during 5 min co-incubations. The immunological synapse was identified by accumulation of actin cytoskeleton at the interface of NK-92 cells and
Raji®“M” target cells. Cells were probed for CXCR4 (blue), P-ZAP-70"%'° (green), F-actin (red; representative of IS interface) and BCMA (grey; target
cell marker). The region of interest (ROI) represents the IS, where P-ZAP-70"%! localizes to. Scale bar, 5 pm. Representative image, acquired on an
LSM-980 airyscan microscope, equipped with a 63x Plan Apochromat NA 1.40 oil objective. Digital images were obtained with ZEN software (Zeiss),
and further processed with Fiji. (B) Quantification of phosphorylated P-ZAP-70"*'° MFI within the ROI following 5- or 20-minute co-incubations.
CAR=grey bar, CAR-CXCR4=pink bar and CAR-CXCR4R****=green bar. Statistics calculated using an unpaired t-test. Each data point represents one

effector-target NK-92-Raji®“™*

cell conjugate. At least n=2 independent experiments were performed. (C) Representative immunoblot assessing P-

ZAP-70"%"° phosphorylation of unstimulated and BCMA-bead-stimulated (5-minute) SP6-CAR control, CAR, CXCR-CXCR4 and CAR-CXCR4R334%
NK-92 cells. (D) Quantification (densitometry) of P-ZAP-70Y** phosphorylation for the aforementioned Western blots (n=8 independent biological
replicates), calculated by dividing P-ZAP-70Y*!° signal intensity by total ZAP-70 signal intensity. SP6-CAR control=white bars, CAR=grey bars, CAR-
CXCR4=pink bars, and CAR-CXCR4%***=green bars. Individual datapoints shown. Statistics calculated using a Mann-Whitney test. (E) Kinetics of
ERK1,2 phosphorylation assessed by immunoblotting of BCMA-bead stimulated CAR-transduced NK-92 cells. In C) and E), numbers between the gel
lines give the ratio between phosphorylated ZAP-70 and phosphorylated ERK 1,2 and their total protein forms ERK1,2 or AKT, respectively.

(F) Quantification of P-ERK1,27292/Y294 occurrence. The ratio of total ERK1,2 and phosphorylated P-ERK1,2 is given (n=6 independent biological
replicates). Statistics calculated using an unpaired t-test. Error bars + SEM.

ZAP-70 within the IS (Figures 5A-D), we examined whether the
presence of CXCR4 equips BCMA-CAR NK cells with an
improved ability to recognize target cells with lower antigen
amounts. We exposed CAR and CAR-CXCR4 NK-92 cells to
lowering amounts of BCMA-beads and assessed the induction of
downstream ERK1,2 signaling. CAR-CXCR4 NK-92 cells
recognized and transmitted signals when antigen availability was
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lower compared to its conventional CAR counterpart (Figures 6D,
E). More specifically, at a BCMA-bead concentration of 5 and 1.67
pL, CAR-CXCR4 NK-92 cells were still able to trigger ERK1,2
phosphorylation (Figure 6D). These data suggest that enhanced
ZAP-70 recruitment at the IS, afforded by the presence of
synthetic CXCR4, would enable CAR-CXCR4 NK-92 cells to
eliminate lower-antigen-expressing tumor cells.
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FIGURE 6

Enforced CXCR4 expression lowers the antigen threshold for BCMA-CAR activation and heightens BCMA-CAR sensitivity. (A) Flow cytometry analysis
of adhesion molecule expression in BCMA-CAR and CAR-CXCR4 enhanced NK-92 cells. Numbers in the histograms indicate gMFI values, grey solid
graphs depict isotype controls. (B) CAR-transduced NK-92 cells and Raji®“™* target cells were co-cultured as in Figures 2C, F. Conjugate formation
was performed either with or without CXCL12 supplementation (25 ng/ml). After 30 min, cells were stained for CD56 and CD19. Numbers in the
gates indicate the percentage of cells forming conjugates. (C) Quantification of conjugate formation, as determined by cell doublets (FSC-H/FSC-W)
and CD56*/CD19* double positive cells. SP6-CAR ctrl=white plot, CAR=grey plot, CAR-CXCR4=pink plot, and CAR-CXCR4%***=green plot
Individual datapoints for biological replicates are shown. An unpaired and paired t-test was applied, where appropriate. (D) Representative
immunoblot examining rapid P-ERK1,2729%/Y204 phosphorylation of CAR and CXCR-CXCR4 NK-92 cells exposed to decreasing amounts of cognate
BCMA antigen (BCMA-beads; 5, 1.67, 0.56, 0.19 and O pL) for 5 minutes. (E) Quantification (densitometry) of P-ERK1,27292/Y204 phosphorylation for
the abovementioned western blots (n=7 independent biological replicates), calculated by P-ERK1,21202/v204 signal intensity divided by ERK1,2 signal

intensity. CAR=grey bars and CAR-CXCR4=pink bars. Statistics calculated using a Wilcoxon test

Discussion

The findings reported herein demonstrate that engineered
overexpression of CXCR4 bestows BCMA CAR-NK-92 cells with
an increased ability to eliminate BCMA-expressing tumor cells in
vitro. We show that CXCR4 possesses additional functions beyond
its classical role of coordinating cell migration towards CXCL12
gradients. In fact, linked to the redistribution of CAR-T and CAR-
NK cells into the tumor niche, reports have demonstrated that gains
in anti-tumor efficacy are merely due to locally augmented effector
cell populations. Indeed, enhancing homing capacity has been
shown to enrich their accumulation within malignant tissues and,
consequently, elicit tumor suppression of solid cancers (18-20), and
hematological malignancies (16, 23, 32). However, pertaining to the
co-stimulatory effects of chemokine receptors in TCR-mediated T
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cell activation (35, 47, 59), we also argue that outfitting BCMA
CAR-expressing NK-92 cells with CXCR4 endows these cells with
an enhanced ability to kill BCMA antigen-expressing tumor cells on
a cellular level.

The degree to which chemokine receptors play a co-stimulatory
role during T cell activation without their chemokine ligand (59) has
garnered some debate. On the one hand, studies have shown that
recruitment of CXCR4, CCR5 (35) and CCR7 (33) into the IS after
TCR-engagement relies on chemokine ligand binding, as chemokine
receptor enrichment within the T cell-APC contact site was reduced
in the absence of chemokine ligands. CXCL12 has been suggested to
prompt the physical association of CXCR4 with the TCR. The
resultant recruitment of ZAP-70 via SH2-domain binding to TCR-
associated phospho-ITAMs prolonged ERK kinase activity,
intracellular Ca** signaling and cytokine secretion (60). Thus, it
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would appear that chemokine receptor triggering on T cells is a
precondition for chemokine receptor-mediated co-stimulation. On
the other hand, Felce et al. demonstrated that CXCR4 organization
within the IS was not influenced by CXCL12 supplementation, nor
did CXCR4 form complexes with the TCR (49). Kremer et al. and
Dinkel et al. collectively showed that TCR crosslinking transactivated
CXCR4 in the absence of CXCL12 via GRK2-induced
phosphorylation of the cytoplasmic CXCR4%*** residue. The latter
was in turn shown to highjack PREX1-Racl signaling to augment
cytokine secretion (20, 61). Hence accumulative data suggest that
CXCR4 activation and transactivation can occur irrespective of
CXCL12 binding and downstream of TCR ligation.

Here, we provide multiple lines of evidence that demonstrate
the enhanced anti-myeloma effects of CXCR4 co-modified BCMA
CAR-NK cells in a chemokine-independent manner. Firstly, we co-
cultured BCMA CAR-transduced NK-92 or YTS eftector cells with
target cells in the absence of exogenous chemokine, revealing that
CXCR4-expressing CAR-NK cells feature elevated cytotoxic
activity. Secondly, degranulation assays further supported the
notion that CXCR4 acts as a co-receptor during CAR-engagement
by triggering rapid activation and cytolytic efficacy in NK-92 cells,
independent of CXCL12. Thus, CXCL12 does not override TCR-
induced (49, 50), and, as evidenced in this study, CAR-induced
signaling. To rule out the possibility that EBV-transformed
Raji®“™* target cells provoke CXCLI12 secretion (62) or
contribute towards other NK stimulatory signals, we used BCMA-
peptide-decorated microbeads. Antigen-independent stimuli
involve integrin conjugation or Fc-receptor signaling that can
confound BCMA CAR-dependent signaling. BCMA-beads
stimulated CAR activation in a strictly antigen-dependent and
chemokine-independent manner. Our data demonstrating the
accelerated kinetics of ERK1,2 and ZAP-70 phosphorylation in
CXCR4-expressing NK-92 cells are in line with enhanced BCMA
CAR activation, which results in increased cytotoxic capacity
in vitro.

How can we reconcile a CXCR4-dependent, but CXCLI12-
independent, co-stimulatory role of this receptor with previous
reports on ligand-dependent CXCR4, CCR5 or CCR7 functionality
in TCR-expressing T cells? To our knowledge, the mechanistic
interplay between CARs and cooperating chemokine receptors have
not been addressed in NK cells. Furthermore, fundamental
differences exist between the formation of TCR- and CAR-
induced synapses. Reports have demonstrated that CAR-antigen
complexes form disorganized synapses in which the architecture
deviates from a TCR-pMHC synapse by lack of defined central,
peripheral and distal supramolecular activation complexes. Indeed,
organized TCR-antigen synapses allow for a lower threshold for
antigen recognition (53, 63). In fact, although CARs outperform
TCRs with regard to antigen binding, proximal signaling in the
CAR synapse is strongly attenuated, which results in reduced
responsiveness to low antigen levels.

This effect appears to result from insufficient ZAP-70
recruitment to ligated CARs, followed by decreased signal
activation. Importantly, low responsiveness facilitates immune
escape, which has been reported for CD19 and CD22 CAR-T cell
therapies (64-66). In our report, we revealed an enhanced
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accumulation of P-ZAP-70 within the synapse of CXCR4-
expressing BCMA CAR-NK-92 cells, indicating that activation of
ZAP-70 at the synapse is accelerated. Cycling and activation of
ZAP-70 is integral to signal amplification and Ca®" fluxing,
resulting in the induction of downstream signaling cascades (67,
68). Together, CXCR4 can partially compensate for the drawbacks
associated with CAR-induced synapses to foster detection of
antigen at lower levels given earlier and more profound ZAP-
70 activation.

CXCR4-equipped NK cells were able to activate the ERK1,2
signaling pathway at significantly lower microbead-bound antigen
amounts than BCMA CAR NK cells. It seems plausible that BCMA-
CAR sensitivity towards antigen can be fine-tuned by CXCR4
overexpression. Moreover, CAR-triggered signaling is more rapid,
and consequently, cytotoxic granule release at the synapse followed
by target cell killing is faster (53). Although the mechanistic link
between the initial signal (the CAR-antigen encounter) and
chemokine-independent CXCR4 co-stimulation remains to be
further explored, it is conceivable that crosstalk induced by
activated ZAP-70 may affect signal strength and onset.

TCR deubiquitination impairs receptor downregulation, which
consequently promotes enhanced T cell responses (69, 70). As
CARs emulate much of TCR-proximal signaling, it has been
suggested that CAR downmodulation might attenuate tumor cell
killing capacity (71, 72). Our results support the notion that
counteracting CAR downmodulation via CXCR4-co-expression
may improve overall CAR-T effector functions, a matter which
has to our knowledge not been addressed in NK cells. We consider
it likely that extended surface residency delays endocytosis and
lysosomal degradation (73).

Collectively, we suggest that the mechanisms underlying this
observation involves (i) CXCR4-mediated P-ZAP-70 recruitment
into the synapse, (ii) the stabilization of the synapse and CAR
surface deposition, and (iii) intensified antigen-dependent CAR
activation by hijacked or colluding signaling nodes. We propose
that the homeostatic chemokine receptor CXCR4 acts as a
co-receptor during the formation of a CAR-mediated IS, which
gains relevance in NK cells that have endogenously low
CXCR4 expression.
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