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Abstract:

Acute myeloid leukemia (AML) is a hematological malignancy derived from neoplastic myeloid
progenitor cells characterized by abnormal clonal proliferation and differentiation. Although novel
therapeutic strategies have recently been introduced, the prognosis of AML remains unsatisfactory.
So far, the efficacy of chimeric antigen receptor (CAR)-T therapy in AML has been hampered by
several factors including the poor accumulation of the blood-injected cells in the leukemia bone
marrow (BM) niche, where chemotherapy-resistant leukemic stem cells reside. Thus, we hypothesized
that overexpression of CXCR4, whose ligand CXCL12 is highly expressed by BM stromal cells within
the niche, could improve T cell homing to the BM and consequently enhance their intimate contact
with BM-resident AML cells facilitating disease eradication. Specifically, we engineered
conventional CD33.CAR-cytokine induced killer cells (CIKs) with the wild-type CXCR4 and the variant

CXCR4R3MX, responsible for leukocyte sequestration in the BM of WHIM syndrome patients.
Overexpression of both CXCR4"" and CXCR4™' in CD33.CAR-CIKs resulted in significant improvement of
chemotaxis toward recombinant CXCL12 or BM stromal cell conditioned medium with no observed
impairment of cytotoxic potential in vitro. Moreover, CXCR4-overexpressing CD33.CAR-CIKs showed
enhanced in vivo BM homing, associated with a prolonged retention for the CXCRAR33%X yariant.

However, only CD33.CAR-CIKs co-expressing CXCR4" but not CXCR4™T exerted a more sustained in vivo
antileukemic activity and extended animal survival, suggesting a non-canonical role for CXCR4 in
modulating CAR-CIK functions independent of BM homing. Taken together, these data suggest that
arming CAR-CIKs with CXCR4 may represent a promising strategy for increasing their therapeutic
potential for AML.
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Abstract

Acute myeloid leukemia (AML) is a hematological malignancy derived from neoplastic myeloid
progenitor cells characterized by abnormal clonal proliferation and differentiation. Although novel
therapeutic strategies have recently been introduced, the prognosis of AML is still unsatisfactory. So
far, the efficacy of chimeric antigen receptor (CAR)-T therapy in AML has been hampered by
several factors including the poor accumulation of the blood-injected cells in the leukemia bone
marrow (BM) niche, where chemotherapy-resistant leukemic stem cells reside. Thus, we
hypothesized that overexpression of CXCR4, whose ligand CXCL12 is highly expressed by BM
stromal cells within the niche, could improve T cell homing to the BM and consequently enhance
their intimate contact with BM-resident AML cells facilitating disease eradication. Specifically, we
engineered conventional CD33.CAR-cytokine induced killer cells (CIKs) with the wild-type
CXCR4 and the variant CXCR4"**** | responsible for leukocyte sequestration in the BM of WHIM
syndrome patients. Overexpression of both CXCR4" and CXCR4™" in CD33.CAR-CIKs resulted
in significant improvement of chemotaxis toward recombinant CXCL12 or BM stromal cell
conditioned medium with no observed impairment of cytotoxic potential in vitro. Moreover,
CXCR4-overexpressing CD33.CAR-CIKs showed enhanced iz vivo BM homing, associated with a

prolonged retention for the CXCR4R?¥

variant. However, only CD33.CAR-CIKs co-expressing
CXCR4™ but not CXCR4™" exerted a more sustained in vivo antileukemic activity and extended
animal survival, suggesting a non-canonical role for CXCR4 in modulating CAR-CIK functions
independent of BM homing. Taken together, these data suggest that arming CAR-CIKs with

CXCR4 may represent a promising strategy for increasing their therapeutic potential for AML.

Key Points
e CAR-T therapy in AML is hampered by the limited accumulation of the therapeutic cells in
the bone marrow niche, where leukemic stem cells are nested.
e Engineering CAR-CIK cells with CXCR4 promotes their homing in the BM and improves
their antileukemic efficacy in AML.
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Introduction

The therapeutic potential of chimeric antigen receptor (CAR)-T cells for patients suffering from
acute myeloid leukemia (AML) is still far from being realized due to multiple hurdles. The main
reasons include the lack of leukemic stem cells (LSCs)/AML-specific target antigens, the disease
heterogeneity and the leukemia-induced remodeling of the bone marrow (BM) microenvironment.
So far, efforts to potentiate CAR-T cell therapy in AML have mostly focused on identifying optimal
antigens and CAR structures to promote more specific targeting, and on counteracting the
leukemia-induced immune suppression by combination therapy using immune checkpoint blocking
antibodies'.

However, fundamental to the optimization of CAR-T cell clinical outcome is also the requirement
for blood-injected cells to efficiently reach and persist at the tumor site. Such a challenge, well
documented in solid tumors, has been extended in the last few years to hematological malignancies,
in which the BM is the primary location for acute leukemia initiation, maintenance, progression and
chemoresistance. This is mainly relevant in the AML context, as innovative curative treatments
must have the potential to eliminate LSCs residing in the BM niche and there persisting after
conventional treatments. Accumulating evidence suggests that CAR-T homing ability to the BM
microenvironment is a prerequisite to mediate consistent therapeutic activity in AML.

For instance, a small date set from a phase I clinical study with anti-Lewis (Le)-Y.CAR-T cells
seems to suggest that the accumulation of CAR-T cells in the BM correlates with better clinical
outcome supporting the hypothesis that improving T-cell trafficking to the BM may increase their
therapeutic effects *.

Chemokines and their receptors play a crucial role in the migration and homing of lymphocytes. A
key requirement for efficient migration of cytotoxic T cells is that they express chemokine receptors
matching the chemokines produced by tumor or tumor-associated cells. However, culture
conditions for expansion of human lymphocytes dampen the expression of chemokine receptors and
may negatively influence their homing ability to BM>*. Therefore, CAR-T cells may be modified to
express chemokine receptors to potentiate their migratory and infiltrative capacity. Notably, this
approach has shown promising results in numerous preclinical tumor models® . Furthermore, some
clinical trials using chemokine receptors CCR4 (NCT03602157) and CXCR4 (NCT04727008) to
improve CAR-T cells trafficking to the tumor site are ongoing.

Trafficking of lymphocytes into the BM relies on the expression of CXCR4, a chemokine receptor
that binds to the chemokine CXCL12, which is highly expressed by stromal and endothelial cells in
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the BM. Specifically, in AML, blasts overexpressing CXCR4 interact with CXCL12, improving
their homing to the protective BM microenvironment and obtaining pro-survival signals'’. The
CXCL12/CXCR4 interaction keeps leukemic blasts in close contact with supporting stromal cells
and extracellular matrix constitutively releasing growth-promoting and anti-apoptotic signals that
contribute to AML immune escape. Furthermore, blocking the CXCL12/CXCR4 interaction with
the inhibitor plerixafor disrupts AML blast interaction with the BM microenvironment, causing
AML cell mobilization into the circulation'"'2.

We tested the hypothesis that previously optimized CD33.CAR-cytokine induced killer cells (CIKs)
that are ex vivo expanded T lymphocytes with a mixed T-NK phenotype endowed with MHC-
unrestricted antitumor activity'®, overexpressing CXCR4 would acquire superior homing ability to
the BM and therefore enhanced elimination of BM-resident AML cells. Furthermore, we also tested
whether increasing the CD33.CAR-CIKs retention in the BM by co-expressing a gain-of-function
(GOF) variant of CXCR4 (R334X mutation) described in the WHIM syndrome would further
increase the antitumor effects of CD33.CAR-CIKs'*. R334X mutation causes a C-terminus
truncation impairing CXCR4 internalization upon CXCL12 binding and therefore results in

increased receptor signaling compared to the wild-type counterpart’.

Materials and methods

Generation of CAR constructs

Three bicistronic SB-transposon vectors were generated by modifying the pT4 Sleeping Beauty
(SB) CD33-CH3-CD28-0X40-{ CAR construct (hereafter named CD33.CAR) to encode both
human CXCR4 and CD33.CAR: (1) CXCR4(I)CD33.CAR construct, in which both CD33.CAR
and CXCR4 expression is driven by an internal ribosome entry site (IRES), and (2)
CD33.CAR(2A)CXCR4™ and (3) CD33.CAR(2A)CXCR4™", in which the CXCR4 coding
sequence, in its wild-type or R334X mutated form, is cloned downstream to the CD33.CAR
sequence linked with self-cleaving peptide 2A.

CIKs differentiation and modification

CAR-CIKs were generated, as previously described'*'®, by sequentially adding IFN-y (1,000U/ml,
Dompe¢ Biotec) at day 0 and IL-2 (300U/ml, Chiron BV) and anti-CD3 monoclonal antibody OKT3
(50ng/ml; Janssen-Cilag) at day 1 to peripheral blood mononuclear cells (PBMCs). At the end of
the differentiation protocol, mature CIKs typically are almost entirely CD3" T lymphocytes
expressing CD8 and CD56 and display an effector memory phenotype. For the non-viral CIKs
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modification, the SB-pT4 vector and SB100X transposase were provided by Z. Izsvak (Max-

Delbruck-Center for Molecular Medicine, Berlin, Germany).

Transwell migration assay

CAR'-CIKs migration ability was assessed using Spum pore 24-transwell plates (Corning).
Advanced RPMI1640 medium (600ul) with 2% FBS containing 200 ng/ml human recombinant
(th)CXCL12 (Peprotech) was added to the lower chamber, and the upper chamber was filled with
100ul medium containing control CD33.CAR"- or CXCR4 overexpressing-CD33.CAR"-CIKs
(0.5x106 cells). After 2 hours of incubation, cells of the lower chamber were collected, and, after
adding 10ul of CountBright Absolute Counting Beads (Thermo Fisher Scientific) per tube, the
number of migrated cells was quantified by FACS.

The same procedure was also followed using supernatants of mesenchymal stromal cells from
healthy donors or AML patients (HD- or AML-MSCs) (see supplemental Methods) as stimuli.
CXCR4 blocking was achieved by pretreating CAR'-CIKs with 100uM plerixafor (Mozobil®,
Sanofi Oncology) for 30 minutes at 37°C prior to plating the migration assay. To test the capacity
of CXCR4-overexpressing CD33.CAR'-CIKs to migrate towards murine CXCLI12, 200ng/ml

mouse recombinant CXCL12 (Peprotech Inc) or mouse BM supernatant were used as stimuli.

Conjugated stability assay

KG-1 cells or KG-1 cells CRISPR-Cas9 CD33 knockout (see supplemental Methods), were labeled
with Cell Tracer Violet (Thermo Scientific) and incubated for 30 min at 37°C with CD33.CAR -,
CD33.CAR'™-CXCR4"- or CD33.CAR"-CXCR4™"-CIKs at a ratio of 1:1 to form conjugates. After
this incubation, cells were allowed to migrate through 5uM pores to 200 ng/ml rhCXCL12 for 2
hours before FACS analysis.

In vitro CAR-related functional assays

CAR-CIKs in vitro effector functions were tested against CD33" KG-1 cell line or primary AML
cells performing cytotoxicity, cytokines production and proliferation assays, both in the presence or
not of thCXCL12 (see supplemental Methods). Primary AML cells were obtained from BM and
PBMC:s collected from AML patients, after written informed consent was obtained from patients or

parents/legal guardians in agreement with the Declaration of Helsinki.

In vivo homing assay
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The study was approved by the Italian Ministry of Health. Procedures involving animals were
conformed to protocols approved by the Milano-Bicocca University in compliance with national
and international law and policies. Six- to eight-week-old male NSG (NOD.Cg-
Prkdc™I12rg™™/SzJ) mice (Charles River Laboratories) were sublethally irradiated (200cGy)
48 hours prior treatment with CAR-CIKs. Then, 107 sorted CD33.CAR"-CXCR4™-, CD33.CAR"-
CXCR4™" and control CD33.CAR"-CIKs were intravenously infused. Mice were euthanized from
7 to 14 days after infusion and peripheral blood (PB), lungs, spleen, and BM were analyzed by
FACS to assess CAR-CIKs engraftment.

In vivo antileukemic activity

NSG mice were intravenously injected with CD33" KG-1 cells (5x10° cells/mouse). Two weeks
later, mice were left untreated or infused with 107 sorted CD33.CAR"-CXCR4™., CD33.CAR"-
CXCR4™" and control CD33.CAR"-CIKs.

For endpoint experiments, mice were euthanized 25 days after CAR-CIK infusion and PB, spleen,
and BM were analyzed by FACS and by immunohistochemistry to establish AML burden (see
supplemental Methods).

For survival experiments, AML burden was monitored through BM aspiration and analyzed by

FACS at the indicated time points.

Results
CXCR4 expression drops during CAR-CIKs expansion and can be stably restored using bicistronic

Sleeping Beauty transposon vectors without phenotypic alterations.

The CXCL12/CXCR4 axis influences the AML LSC nesting into the protective BM niche'® . We
examined bulk RNA sequencing (RNA-seq) datasets obtained from AML patients available through
the TCGA database, and confirmed that CXCR4 is highly expressed by AML blasts (n=173) as
compared to normal peripheral blood mononuclear cells (PBMCs) (n=70; padj=7.73e-26;
Supplemental Figure 1A). Furthermore, the analysis of two published single-cell RNA sequencing
(scRNA-seq) datasets from AML BM (EGAS00001005593,"; GSE214914) revealed that CXCR4
expression decreases during myeloid cell maturation (Supplemental Figure 1B,C) and it is
particularly high on immature cell subsets (>10th percentile on HSC/MPP, CMP and GMP)
(Supplemental Figure 1D,E). In addition, a scRNA-seq dataset of murine BM (GSE128423,'%)
indicates that CXCL12 is strongly expressed by BM stromal cells of the MLL-AF9 leukemia model
(Supplemental Figure 1F,G,H). We corroborated these data showing the presence of high levels
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of CXCL12 in the serum collected from BM samples of AML patients, which is comparable to
those observed in healthy controls (p=0.3011, Supplemental Figure 1I).

As ex vivo culturing of human lymphocytes can affect the expression of chemokine receptors, we
analyzed the expression of CXCR4 in CIKs engineered to express the CD33.CAR". We
consistently observed that CD33.CAR-CIKs displayed significant reduction in CXCR4 expression
at the end of culture compared to freshly isolated T-cells (n=16; p<0.0001) (Figure 1A), in both
CD4" and CD8" subpopulations (Figure 1B). This observation, consistent with previous studies',
suggests that ex vivo expansion reduces the potential ability of CD33.CAR-CIKs to use the
CXCL12 gradient to migrate to BM after adoptive transfer in patients. Thus, we explored whether
CXCR4 overexpression obtained via gene transfer could restore CD33.CAR-CIKs homing to the
BM.

Therefore, we designed two different bicistronic SB transposon vectors containing either IRES or
2A-like peptide, hereafter named CXCR4(I)CD33.CAR and CD33.CAR(2A)CXCR4 constructs, to
co-express two transgenes under the control of a single promoter (Supplemental Figure 2A). The
monocistronic CD33.CAR construct was used as control. The expression of CXCR4 and
CD33.CAR was assessed by FACS analysis at the end of three weeks of culture (Supplemental
Figure 2B). CIKs transduced with either CD33.CAR(I)CXCR4 (n=8) or CXCR4(2A)CD33.CAR
vectors (n=8) showed significantly higher expression of CXCR4 compared to CIKs transduced with
the CD33.CAR construct alone (n=12; p=0.0005) (Supplemental Figure 2C). Notably, we
observed that CD33.CAR expression in CIKs transduced with the CD33.CAR(2A)CXCR4 was
similar or even higher than that of CIKs transduced with the CD33.CAR construct (p=0.028). In
contrast, CIKs engineered with the CXCR4(I)CD33.CAR, in which CAR expression is under the
control of the IRES element, showed reduced CAR expression compared to CIKs transduced with
the CD33.CAR construct (p=0.028) (Supplemental Figure 2D). Accordingly, we selected the 2A
peptide-based bicistronic construct to proceed with further investigations.

Several studies have shown that carboxy-terminus truncated forms of CXCR4 receptor, usually
expressed on leukocytes of patients with WHIM syndrome, have improved chemotaxis
responsiveness toward CXCL12%. Therefore, we postulated that the transduction of CD33.CAR-
CIKs with the most common mutant version of CXCR4 (CXCR4™") in WHIM patients, namely the
R334X*', might not only increase the efficiency of BM trafficking, but it might also promote CAR-
CIKs retention within the BM niche. We thus developed an alternative 2A peptide-based bicistronic
SB transposon vector to mediate the co-expression of CD33.CAR and CXCR4™" (Figure 1C).
Transfection of CIKs with both bicistronic vectors resulted in an increased and stable CXCR4

expression compared to CD33.CAR-CIKs (Figure 1C and 1D). Specifically, CD33.CAR-
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CXCR4™'-CIKs (n=19) displayed consistent increase of CXCR4 MFI compared to both
CD33.CAR-CIKs (p<0.0001) and CD33.CAR-CXCR4"'-CIKs (p=0.0012) at the end of the culture
(Figure 1E). CD33.CAR expression was equally maintained among the three different constructs
(n=19) (Figure 1F). CD33.CAR-CIKs expressing either CXCR4™ or CXCR4™" retained the
expression of typical phenotypic markers (CD4, CD8, CD56, CD45R0O, CD62L), with a slight
alteration in CD4" and CDS8" subsets in CD33.CAR-CXCR4"™ compared to CD33.CAR-CIKs
(Figure 1G). No differences were observed in memory phenotype (Figure 1H).

CXCR4 R334X GOF mutation is associated with decreased receptor internalization and enhanced
surface recovery of its expression after protracted CXCL12-induced activation®*>. We observed
that CD33.CAR-CXCR4™-CIKs displayed consistently reduced CXCR4 down-regulation after
incubation with CXCL12 compared to the other CAR constructs (n=10, p<0.0001) (Supplemental
Figure 3A-B). Accordingly, CXCL12 pre-treated CD33.CAR-CXCR4™"-CIKs (n=5) mediated a
superior chemotactic response to sequential stimulation in comparison with CD33.CAR-CXCR4"-
(p=0.0068) and CD33.CAR-CIKs (p=0.0020) (Supplemental Figure 3C).

Overall, these data underline the relevance of the CXCL12 gradient generated within the BM in
AML and the feasibility to genetically upregulate the CXCR4 on CD33.CAR-CIKs to promote their
migration toward CXCL12.

CXCR4-overexpression on CD33.CAR-CIKs leads to enhanced chemotactic activity toward
CXCL12, while retaining CAR-related effector functions.

Next, we evaluated the chemotactic properties of CD33.CAR-CXCR4"- and CD33.CAR-
CXCR4™"-CIKs toward the CXCL12 gradient in a transwell migration assay. To determine the
effective contribution of the engineered CXCR4"™ or CXCR4™" molecules on CD33.CAR-CIKs
functionality, we selected CAR'-CIKs by immunomagnetic sorting (purity >99%; Figure 2A).
Notably, both CD33.CAR"-CXCR4™- (p=0.015) and CD33.CAR"™-CXCR4™"-CIKs (p<0.0001)
displayed improved migratory response toward rhCXCL12 compared to CD33.CAR-CIKs (n=10).
Specifically, CD33.CAR'-CIKs expressing CXCR4™" migrated more efficiently than those
expressing CXCR4™ (p=0.0362) (Figure 2B). Afterwards, to better mimic the conditions of the
BM microenvironment, we used the supernatant of MSCs derived from HD or AML patients as
chemotactic stimulus. No significant differences in CXCL12 levels were observed (Figure 2C).
Remarkably, both CD33.CAR'-CXCR4™- and CD33.CAR'-CXCR4™"-CIKs showed increased
chemotactic response toward both HD-MSC and AML-MSC supernatants compared to control
CD33.CAR'-CIKs (n=14, p<0.0001) (Figure 2D). This enhanced migration is strictly associated
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with the presence of CXCL12 in the supernatant, as it was abrogated after pre-treatment with the
CXCR4 antagonist plerixafor. Even in this case, CXCR4™" promoted superior CXCL12-dependent
chemotaxis compared to CXCR4™ (p=0.0056 for HD-MSC and p=0.043 for AML-MSC
supernatants).

To assess if CXCR4 overexpression may have an impact on CAR-related cytotoxic properties, we
tested cytotoxicity, proliferation and cytokines production of CD33.CAR'-CXCR4"“- and
CD33.CAR"™-CXCR4™"-CIKs incubated with CD33" KG-1 AML cell line and patient-derived
primary AML cells, in the presence or absence of CXCL12.

CXCR4-overexpressing CD33.CAR"-CIKs retain specific cytotoxic activity against KG-1 cells and
primary AML samples (Figure 2E). CD33.CAR™-CIKs overexpressing either CXCR4™ or
CXCR4™" proliferated in response to CD33" leukemic cells (Figure 2F). Moreover, the
intracellular staining for IFN-y and IL-2 revealed cytokine production after co-culture with CD33"
target cells (Figure 2G). Of note, the presence of CXCLI12 in the co-culture enhanced the
proliferation and the cytokine release of CD33.CAR'-CIKs expressing CXCR4™". The
antileukemic activity of CD33.CAR"-CXCR4"'-CIKs toward the KG-1 cell line and primary AML
blasts was superior to that exerted by CD33.CAR-CIKs in the presence of CXCL12 at low E:T
ratios (KG-1: p=0.03 for E:T 0.25:1and 0.125:1, Figure 2H; AML#1: p=0.016 for E:T 0.125:1,
Figure 2I). We then investigated the cytotoxic activity of CXCR4-overexpressing CD33.CAR-
CIKs migrated toward the CXCL12 gradient. The enhanced migration along the CXCL12 gradient
resulted in significantly higher lysis of primary blasts by CXCR4"'-overexpressing CD33.CAR"-
CIKs compared to control CD33.CAR"-CIKs (p=0.002; Figure 2L).

Overall, these data suggest that CXCR4 overexpression in CD33.CAR-CIKs increases their
migration towards the CXCL12 gradient without compromising their cytotoxic activity against

AML cell lines and primary blasts.

CXCR4-overexpressing CD33.CAR-CIKs possess superior in vivo homing ability to the BM.

To assess whether CXCR4-overexpressing CD33.CAR-CIKs acquire superior homing to the BM in
vivo, we first established that CD33.CAR"-CXCR4™- and CD33.CAR"-CXCR4™"-CIKs exhibit
enhanced in vitro migration capacity in response to recombinant murine CXCL12 and mouse BM
supernatant as compared to CD33.CAR-CIKs (data not shown and Figure 3A). Afterwards, NSG
mice were infused intravenously with either CD33.CAR"-CXCR4"-, CD33.CAR"-CXCR4™"- or
CD33.CAR"-CIKs (10" cells per mouse) (Figure 3B). The frequency and absolute number of
hCD45" cells recovered from BM, PB, and spleen were determined by FACS analysis 7 days after
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transplant. h\CD45" cells frequency was higher in the BM of mice receiving CD33.CAR-CXCR4"'-
(n=10) and CD33.CAR"™-CXCR4™"-CIKs (n=12) compared to those infused with CD33.CAR"-
CIKs (n=12, p=0.0038 and p=0.0006, respectively) (Figure 3C-D). Specifically, mice receiving
CD33.CAR"-CXCR4™"-CIKs showed the highest number of hCD45" cells in the BM (p<0.0001 vs
CD33.CAR'-CIKs, p=0.0369 vs CD33.CAR"-CXCR4"-CIKs) (Figure 3D). The frequency and the
absolute number of CXCR4-overexpressing CD33.CAR"-CIKs in PB and spleen displayed only
minimal differences compared to control CD33.CAR"-CIKs (Figure 3E).

We then assessed the kinetics of CXCR4-overexpressing CD33.CAR'-CIKs in the niche by
sampling the BM at day +10 and +14 after transplant. At day +10, mice treated with CD33.CAR"-
CXCR4™" (n=13) showed higher frequency and number of hCD45" cells in the BM compared to
those treated with CD33.CAR'-CIKs (n=12, p<0.0001) (Figure 3F). These results were further
confirmed on day +14, as CD33.CAR’-CXCR4™'- (n=10) were still present in the BM
compartment at higher levels compared to CD33.CAR"-CIKs (n=11, p<0.0001) (Figure 3G).
Overall, these data suggest that CXCR4 overexpression on CD33.CAR-CIKs increases their
migration to the BM and, in the case of the mutated CXCR4, further prolongs their persistence.

CXCR4""-overexpressing CD33.CAR-CIKs promote better elimination of BM-resident AML cells

and prolong survival of mice.

To verify if CXCR4-overexpression in CD33.CAR-CIKs confers superior antitumor activity, we
established a leukemia xenograft model by injecting CD33" KG-1 AML cells into NSG mice.
Fourteen days later, mice were treated with CD33.CAR"-CXCR4"-, CD33.CAR"-CXCR4™"- or
control CD33.CAR"-CIKs. In the first set of experiments, mice were sacrificed 25 days after CAR-
CIKs infusion and the frequency of residual hCD33" cells was monitored by FACS in BM, PB, and
spleen (Figure 4A). Animals treated with CD33.CAR"-CIKs displayed a reduction of the frequency
and absolute number of hCD33" cells in the BM. The treatment with CXCR4-overexpressing
CD33.CAR'-CIKs further decreased the amount of hCD33" KG-1 cells, specifically in the case of
CD33.CAR™-CXCR4"™-CIKs (percentage: p=0.0106 vs CD33.CAR'-CIKs, p=0.0336 s
CD33.CAR"-CXCR4™"-CIKs; absolute number: p=0.0156 vs CD33.CAR'-CIKs, p=0.0418 vs
CD33.CAR"™-CXCR4™"-CIKs) (Figure 4B-C). Similarly, immunohistochemistry analyses showed
that CD33" AML cells were almost undetectable in the BM of the CD33.CAR"-CXCR4"-CIKs-
treated group (Supplemental Figure 4). Reduction of leukemic burden was observed also in the
spleen, where CXCR4-overexpressing CD33.CAR'-CIKs showed enhanced antitumor activity
compared to CD33.CAR'-CIKs (percentage: p=0.0003 for CD33.CAR'-CXCR4"-CIKs and
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p=0.0086 for CD33.CAR'-CXCR4™'-CIKs; absolute number: p=0.00107 for CD33.CAR'-
CXCR4"-CIKs and p=0.033 for CD33.CAR"-CXCR4™'.-CIKs) (Figure 4D). Similarly, low
hCD33" AML residual cells were detected in the PB of mice treated with CXCR4-overexpressing
CD33.CAR'-CIKs and control CD33.CAR'-CIKs (Figure 4D). We did not observe any
accumulation of CD33.CAR'CXCR4™- and CD33.CAR'-CXCR4™-CIKs in tissues expressing
CXCL12 as liver, heart, kidney and brain after i.v. administration. Moreover, there were no obvious
signs of histological damage in these organs (data not shown).

In the second set of experiments, leukemia burden was monitored weekly in BM aspirates starting
from 2 weeks after CAR-CIKs infusion, and mice survival was evaluated (Figure 4E). By week 7,
CD33.CAR"-CXCR4"'-CIKs demonstrated a superior control of AML progression with lower
AML cells amount in the BM than CD33.CAR'-CXCR4™'- and CD33.CAR-CIKs groups (n=4
mice per group, Figure 4F). In association with the reduced leukemic tumor burden, the survival of
the KG-1 cell-inoculated mice treated with CD33.CAR™-CXCR4“-CIKs was significantly
prolonged (n=4 mice per group, p=0.0001, Log-rank test), with median survival time increased
from 57.5, 77.5, and 87.5 days respectively in the untreated, CD33.CAR"-CIKs and CD33.CAR"-
CXCR4™"-CIKs groups to 110 days in the CD33.CAR"-CXCR4"“'-CIKs group (p=0.010 vs
CD33.CAR™- and p=0.010 vs CD33.CAR"-CXCR4™'-CIKs) (Figure 4G). The unexpected
underperformance of CD33.CAR"-CXCR4™"-CIKs could be ascribed to immunological synapse
instability. Actually, it was reported that in the presence of competing CXCL12 signal the stability
of the immune synapse of T lymphocytes from patients with WHIM-mutant CXCR4 is disrupted as
a result of impaired recruitment of the mutant receptor”. Hence, we performed conjugate stability
experiments in which CD33.CAR"-CXCR4"- and CD33.CAR"-CXCR4™"-CIKs were brought into
contact with labeled CD33" or CD33  KG-1 cells to form conjugates. When exposed to CXCL12,
CD33.CAR"™-CXCR4"'-CIKs conjugated with CD33" KG-1 were less responsive and migrated less
efficiently than unengaged CD33.CAR™-CXCR4"'-CIKs left in contact with CD33” KG-1 cells. In
contrast, CD33.CAR"-CXCR4™"-CIKs conjugated with CD33" KG-1 were still efficiently attracted
and migrated toward the chemokine, suggesting an impaired conjugate stability in the presence of
competing external CXCL12 signals (p = 0.00058 for CD33.CAR"-CXCR4™" vs CD33.CAR'-
CXCR4"'-CIKs) (Figure 4H).

Overall, these findings demonstrated that CXCR4"™ overexpression in CD33.CAR-CIKs favorably

improves the antileukemic effect of these cells.

Discussion
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We have developed a novel approach to engineer CIKs to co-express CD33.CAR and CXCR4, in
both wild-type and WHIM syndrome-derived truncated forms. Both CXCR4-overexpressing
CD33.CAR-CIKs displayed increased migration toward the chemokine CXCL12 and effectively
killed CD33" cell lines and primary AML cells. However, while CAR-CIKs engineered with the
CXCR4™" variant demonstrated a prolonged retention in the BM compared to CAR-CIKs co-
expressing the wild-type CXCR4, the latter led to superior disease control underlying that the
physiological reclining of CXCR4 in CIKs may have an essential role in modulating both their
accrual and release from the leukemic BM niche and their activation status.

Strategies to improve CAR-T cell recruitment to the tumor have recently raised interest not only in
solid tumors but also in hematological malignancies. Specifically in AML, where the efficacy of
CAR-T therapy is hampered, the homing of blood-injected effector cells in the BM is required for
their intimate contact with BM-residing leukemia cells including LSCs, whose elimination is
fundamental to achieve deep and durable remission.

In particular, we explored the possibility to exploit the CXCL12/CXCR4 axis, which is critical in
the AML niche, in order to maximize CD33.CAR-CIK recruitment to the BM, thus possibly
increasing their therapeutic efficacy. The CXCR4 receptor is involved in the homing of
hematopoietic and immune cells into the BM niche, and therefore can be leveraged to drive CAR-T
cells into the niche, in response to the CXCR4 ligand, CXCL12 produced by multiple cell types,
such as stromal cells, endothelial cells and osteoblasts**. In a previous study, CXCR4 was co-
expressed on c-kit CAR-T cells to maximize the HSC clearance within the BM**. Furthermore,
CXCR4 upregulation on anti-EpCAM.CAR-T cells, obtained by ex vivo treatment with rapamycin,
has shown increased BM infiltration and elimination of marrow-resident AML cells in a xenograft
mouse model”.

The CXCL12/CXCR4 axis is central to AML pathogenesis as it controls blasts adhesion into the
protective BM niche, adaptation to the hypoxic environment, cellular migration and survival'®. High
levels of CXCR4 expression in blasts are associated with poor relapse-free and overall survival®.
Furthermore, blocking CXCL12/CXCR4 axis is an attractive therapeutic strategy, since it can lead
to AML cells mobilization from the BM into the circulation, depriving them of essential survival
signals'®'?. Moreover CXCLI12/CXCR4 is implicated in the Ty cells homing to the BM
microenvironment in AML*"?*,

To enhance migration but also to increase CAR-CIK retention in the BM, bringing them in closer
contact with marrow-residing LSCs, we also postulated the use of gain-of-function (GOF) variants
of CXCR4. GOF mutations of CXCR4, with the most prevalent being the R334X, are a cause of
WHIM syndrome, which results in panleukocytopenia in the PB but hyperplasia in the BM'*. This
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is likely caused by the stronger binding of the C-terminal truncated CXCR4 WHIM-mutant to
CXCL12, increasing intracellular signaling and preventing leukocytes release into the PB from the
BM". Levy et al showed that transfecting NK cells with GOF mutant variant of CXCR4 leads to
superior BM homing®. Additionally, it was demonstrated that CXCR4"*** is effective in
enhancing the controlling effects of anti-B cell maturation antigen (BCMA)CAR-NK cells on in
vivo multiple myeloma growth.

In our study, we observed that CXCR4 is strongly down-regulated in CD33.CAR-CIKs during ex
vivo expansion and demonstrated that CXCR4 expression can be stably increased in CD33.CAR-
CIKs using a bicistronic SB transposon vector containing 2A-like peptide, without negatively
impacting their phenotype.

Both CD33.CAR'-CXCR4™- and CD33.CAR"-CXCR4™-CIKs showed improved chemotaxis
toward thCXCL12 or HD-/AML-MSC supernatants, compared to CD33.CAR'-CIKs. Using as
target CD33" AML cell lines as well as primary AML cells, similar cytotoxic activity, proliferative
response and IFN-y or IL-2 secretion levels were observed in CD33.CAR'-CIKs, regardless of
whether they overexpressed CXCR4"™, CXCR4™" or none.

Finally, our data establish the feasibility and efficacy of single administration of CXCR4-
overexpressing CD33.CAR™-CIKs to control leukemia in vivo in a xenograft model. First, both the
CXCR4-engineered products displayed enhanced in vivo BM homing, along with a prolonged
retention in the case of CXCR4™", as expected. However, only CD33.CAR'-CIKs co-expressing
CXCR4" exerted a superior control of AML progression if compared with the conventional
CD33.CAR"-CIKs, significantly increasing the survival time of treated mice.

In addition to the enhanced BM homing, the increased antileukemic effects of CD33.CAR-
CXCR4“-CIKs could be determined by other factors. CXCR4 is known to affect T cell
costimulation because CXCLI12 facilitates the formation of the immunological synapse and
amplifies the downstream TCR intracellular signaling *'**. This mechanism could explain at least in
part our experimental observation that CXCLI12 increases the cytotoxic effects of CD33.CAR-
CXCR4"-CIKs at lower E:T ratios. On the other hand, we found that CXCR4™"-CD33.CAR-CIKs
have reduced antileukemic effects in vivo, which resembles the effects of the WHIM-mutant
CXCR4 that delivers aberrant signals to T and B cells. First of all, in the presence of distracting
CXCL12, CXCR4 mutant competes with the TCR signaling, therefore disrupting T cell-APC
synapses, thus inhibiting T cell activation rather than enhancing it*>. Consistently, we confirmed
that CXCR4™" disrupts the stability also of CD33.CAR"-CIKs/target cell conjugates in vitro and
this may dampen CAR-CIKs activation and their downstream effector functions. Furthermore, it

was reported that WHIM-mutant CXCR4, due to its impaired CXCL12-induced down-regulation,

13

€20z AeIN 60 U 3sanb Aq ypd-0E€81 02202 PO0IA/ZLEGENZ/0EERL0ZZ0Z POOIA/Z8 | L 0L /10P/3pd-8jo1e/poo]q/Bi10° suoneolgndyse/:dny woly papeojumod



may lead to aberrant T cell hyperactivation in response to CXCLI12, reducing their survival®.
Interestingly, in the presence of CXCLI12, CXCR4™-CD33.CAR-CIKs have shown in vitro
increased proliferation and cytokine production in response to AML cells. Therefore, this
hyperactivation mediated by CXCL12-stimulated WHIM-mutant CXCR4 coupled with the CAR
signaling can lead in vivo to activation-induced cell death and CAR-CIK exhaustion, reducing their
persistence. Differently from our data, Ng et al reported that CXCR4*****-modified BCMA-
targeting CAR-NK cells have improved control of multiple myeloma in the BM*’. However, they

electroporated the effector cells with a CXCR4%*X

-encoding mRNA, obtaining an only transient
expression of the receptor (less than 48h), thus avoiding the potential effects of CXCL12-mediated
aberrant costimulation in vivo.

Regarding the potential off-target effects of this CXCR4-mediated approach, a GTEX database
analysis on expression levels of CXCL12 showed its expression on healthy tissues other than BM,
such as heart, liver, kidney and brain, and thus we cannot fully exclude potential side effects in
patients. In our studies we did not observe any evidence of accumulation of CXCR4-modified
CD33.CAR-CIKs in normal tissues, and we did not record side-effects in animals within the
limitations of the xenograft model. We employed CD33 as the target for our studies, as a proof-of-
principle, based on the previous preclinical experience with CAR-T cells for AML *2*27.
However, CD33 may cause on-target off-tumor toxicity on normal HSPCs. However, the concept of
coupling CAR and CXCR4 expression in T cells to increase their BM homing remains broadly
applicable to other AML-associated antigens.

In conclusion, this study provides a proof-of-concept demonstrating that arming anti-AML CAR-
CIKs with the wild-type receptor CXCR4 is a feasible strategy to enhance control of the AML

burden in the BM niche, showing striking efficacy in vitro and in vivo.
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Figure Legends

Figure 1. Ex vivo expansion of CD33.CAR-CIKs is associated with down-regulation of
CXCR4, and its expression can be stably increased using bicistronic Sleeping Beauty
transposon vectors without phenotypic alterations.

Data are presented as individual values and the mean + SD. A, B Summary of the percentage of
CXCR4 expression on circulating CD3" T cells and on CD33.CAR-CIKs at the end of ex vivo
expansion. The analysis was performed on all CD3" cells (n=16 different donors, ****p<0.0001 by
paired ¢ test) (A) and on CD4" and CDS8" subpopulations (n=8 different donors, ***p = 0.0003 for
CD4" and ***p = 0.00011 for CD8" by ¢ test) (B). C Schematic representation of the vectors
encoding CD33.CAR and CXCR4™ or CXCR4™". Representative flow cytometry plots showing
CD33.CAR and CXCR4  expression in CIKs transduced with CD33.CAR,
CD33.CAR(2A)CXCR4™ or CD33.CAR(2A)CXCR4™" transposon vectors. D, E Summary of
CXCR4 expression percentage in culture during time (D) and of CXCR4 MFTI at the end of the
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culture (E) on CD33.CAR-, CD33.CAR CXCR4“- and CD33.CAR CXCR4™.-CIKs (n=19
different donors, ****p<0.0001, ***p = 0.0003, **p = 0.0012 by paired ¢ test). F Summary of
CD33.CAR expression percentage (left) and MFI (right) on CD33.CAR-, CD33.CAR-CXCR4"'-
and CD33.CAR-CXCR4™"-CIKs after ex vivo expansion (n=19 different donors). G Percentage of
CD4", CD8", CD56" cells on CD3" for CD33.CAR-, CD33.CAR-CXCR4"- and CD33.CAR-
CXCR4™'-CIKs after ex vivo expansion (n=13 different donors, *p = 0.015 for CD4", *p = 0.031
for CD8" by paired ¢ test). H Different memory cell subsets (Naive, CM, EM, and EMRA cells) on
CD3" for CD33.CAR-, CD33.CAR-CXCR4™- and CD33.CAR-CXCR4™'-CIKs after ex vivo

expansion (n=13 different donors).

Figure 2. CXCR4-overexpressing CD33.CAR-CIKs have improved migration capability
toward CXCL12 and retain antitumor activity in vitro.

Data are presented as individual values and the mean + SD. A Representative flow cytometry plots
showing CD33.CAR and CXCR4 expression on purified CD33.CAR"-, CD33.CAR"-CXCR4"-
and CD33.CAR™-CXCR4™"-CIKs (see “Supplemental Methods”). B Percentage of migration of
CXCR4-overexpressing CD33.CAR-CIKs in response to CXCL12 in transwell assays (n=10
independent experiments using CAR-CIKs generated from 10 different donors, ****p < 0.00001,
*p = 0.015 for CD33.CAR" vs CD33.CAR™-CXCR4"™, *p = 0.0362 for CD33.CAR"™-CXCR4™ vs
CD33.CAR"-CXCR4™" by paired ¢ test). C CXCL12 levels measured in the culture supernatant of
BM-derived mesenchymal stromal cells from healthy donors (HD-MSCs, n = 6 different donors) or
AML patients (AML-MSCs, n = 10 different donors). D Percentage of migration of CXCR4-
overexpressing CD33.CAR"-CIKs in response to culture supernatant of HD-MSCs (left) or AML-
MSCs (right) in the absence or presence of plerixafor. For HD-MSCs: n=12 experiments using
CAR-CIKs generated from 6 different donors and supernatant samples from 6 different HD-MSCs,
**%%p<0.0001 and **p=0.0056 by paired ¢ test. For AML-MSCs: n=14 experiments using CAR-
CIKs generated from 6 different donors and supernatant samples from 10 different AML-MSCs,
*¥**%p<(0.0001 and *p=0.043 by paired ¢ test. E Cytotoxicity (E:T ratio of 5:1) of CXCR4-
overexpressing CD33.CAR™-CIKs against CD33" KG-1 cell line and primary AML cells in the
absence or presence of 200 ng/ml CXCL12 (for KG-1 with 200 ng/ml CXCL12: **p = 0.006 by
paired ¢ test). F Proliferation of CXCR4-overexpressing CD33.CAR"-CIKs in response to CD33"
KG-1 cell line and primary AML cells in the absence or presence of 200 ng/ml CXCLI12 (for
AML#1 with 200 ng/ml CXCL12: *p = 0.012, **p = 0.003; for AML#2 with 200 ng/ml CXCL12:
*p = 0.012; for AML#3 with 200 ng/ml CXCL12: **p = 0.006 for CD33.CAR"-CXCR4™"- vs
CD33.CAR"-CXCR4"™-CIKs, **p = 0.002 for CD33.CAR"-CXCR4™" vs CD33.CAR'-CIKs. A

19

€20z AeIN 60 U 3sanb Aq ypd-0E€81 02202 PO0IA/ZLEGENZ/0EERL0ZZ0Z POOIA/Z8 | L 0L /10P/3pd-8jo1e/poo]q/Bi10° suoneolgndyse/:dny woly papeojumod



paired ¢ test was used). G Cytokine release of CXCR4-overexpressing CD33.CAR'-CIKs in
response to CD33" KG-1 cell line and primary AML cells in the absence or presence of 200 ng/ml
CXCL12 (IFNy: *p = 0.012; IL-2: for KG-1 with 200 ng/ml CXCL12, *p = 0.029; for AML#1 with
200 ng/ml CXCL12, *p = 0.034, **p = 0.005; for AML#2 and AML#3 with 200 ng/ml CXCL12,
**p = 0.001. A paired ¢ test was used.). For E, F, G n=9 (for KG-1) and n=8 (for primary AML
cells) independent experiments using CAR-CIKs generated from different donors. H, 1
Quantification of CD33" KG-1 cell line (H) and primary AML cells (I) lysis after 24 hours of
coculture with CXCR4-overexpressing CD33.CAR"-CIKs at low E:T cell ratios, in the presence of
200 ng/ml CXCLI2 (for KG-1 at E:T 0.25:1 and 0.125:1: *p = 0.03 for CD33.CAR'- vs
CD33.CAR™-CXCR4"™-CIKs; for AML#1 at E:T 0.125:1: *p = 0.016 for CD33.CAR"-CXCR4"-
vs CD33.CAR"- and CD33.CAR"-CXCR4™"-CIKs. A paired ¢ test was used). N=5 (for KG-1) and
n=6 (for AML#1) independent experiments using CAR-CIKs generated from different donors. L
Cytotoxicity of CXCR4-overexpressing CD33.CAR'-CIKs post-chemotaxis toward CXCL12
gradient. Migrated CIKs were harvested and co-cultured for 4 hours with primary AML cells (For
AML#1: **p = 0.002 for CD33.CAR'-CXCR4"™ vs CD33.CAR'-CIKs, *p = 0.012 for
CD33.CAR™-CXCR4™- vs CD33.CAR'-CXCR4™'-CIKs; for AML#2: **p = 0.002 for
CD33.CAR™-CXCR4™- vs CD33.CAR'-CIKs, **p = 0.009 for CD33.CAR'-CXCR4™- vs
CD33.CAR™-CXCR4™"-CIKs. A paired ¢ test was used). For each primary AML, n=8 independent

experiments using CAR-CIKs generated from 8 different donors.

Figure 3. CXCR4-overexpressing CD33.CAR-CIKs have enhanced in vivo BM homing ability.
Data are presented as individual values and the mean + SD. A Percentage of migration of CXCR4-
overexpressing CD33.CAR'-CIKs in response to mouse BM supernatant (n = 5 independent
experiments using CAR-CIKs generated from one donor and supernatant samples from 5 different
mice, *p=0.027 by paired ¢ test). B Scheme of CD33.CAR-CIKs homing model using NSG mice
inoculated via tail vein injection with 10’ CD33.CAR™-, CD33.CAR"-CXCR4""- or CD33.CAR"-
CXCR4™"-CIKs. Mice were euthanized 7, 10 or 14 days after infusion, and human CD45'CD3" T
cells were enumerated in BM, PB and spleen by flow cytometry. C Representative flow cytometry
plots of human CD45" cell engraftment within mice BM at 7 days after infusion. D, E Summary of
the percentage and absolute numbers of hCD45" in BM (D), PB and spleen (E) of mice at 7 days
after infusion (n=12 mice in CD33.CAR" and CD33.CAR"-CXCR4™", n=11 mice in CD33.CAR"-
CXCR4™ group. 3 independent experiments using CAR-CIKs generated from 3 different donors.
For percentage of hCD45" in BM: ***p=0.0006 and **p=0.0038. For absolute number of hCD45"
in BM: ****p < 0.0001, **p=0.0035 and *p=0.0369. For absolute number of hCD45" in spleen:
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*p=0.0393. A mixed effect model was used). F, G Summary of the percentage and absolute number
of hCD45" in BM in mice euthanized 10 days (F) or 14 days (G) after infusion (n=12 mice in
CD33.CAR", n=10 mice in CD33.CAR"-CXCR4" and n=13 mice in CD33.CAR"-CXCR4™" group
for experiments at 10 days, ****p < 0.0001. n=11 mice in CD33.CAR’, n=8 mice in
CD33.CAR'CXCR4" and n=10 mice in CD33.CAR"-CXCR4™" group for experiments at 14 days,
¥EEED < 0.0001, **p=0.0029 and *p = 0.0425. 3 independent experiments using CAR-CIKs

generated from three different donors. A mixed effect model was used).

Figure 4. CXCR4"'-overexpressing CD33.CAR-CIKs have superior antileukemic activity
against KG-1 cells in the BM.

Data are shown as mean values = SD. A Scheme of the AML model using NSG mice inoculated via
tail vein injection with 5 x10° KG-1 cells and 14 days later with CD33.CAR"-, CD33.CAR"-
CXCR4™- or CD33.CAR™-CXCR4™"-CIKs (10’ cells/mouse). Mice were euthanized 25 days after
CD33.CAR-CIKs infusion and human CD45'CD33" leukemia cells were enumerated in BM, PB
and spleen by flow cytometry. B Representative flow cytometry plots of human CD33" cell
engraftment in the BM of mice. C, D Summary of the percentage and absolute number of hCD33"
in BM (for percentage: *p = 0.0106 for CD33.CAR"- vs CD33.CAR"-CXCR4"-CIKs and *p =
0.0336 for CD33.CAR"™-CXCR4"- vs CD33.CAR"-CXCR4™"-CIKs; for absolute number: *p =
0.0156 for CD33.CAR™- vs CD33.CAR"-CXCR4"-CIKs and *p = 0.0418 for CD33.CAR'-
CXCR4™- vs CD33.CAR"-CXCR4™"-CIKs by a mixed effect model) (C), spleen and peripheral
blood (for percentage in spleen: ***p = 0.0003 and **p = 0.0086; for absolute number in spleen:
**p =0.00107 and *p = 0.033 by a mixed effect model) (D), of mice at 25 days (n=11 mice/group.
3 independent experiments using CAR-CIKs generated from 3 different donors). E In a second
experimental setting, using the same model shown in (B), femoral BM aspiration was performed on
mice starting from day 14 after CD33.CAR-CIKs injection until survival, and percentage of
hCD33" leukemia cells in the BM was analyzed by flow cytometry. F Summary of percentage of
hCD33" cells in the BM, n=4 mice/group from 4 independent experiments using CAR-CIKs
generated from 4 different donors. G Kaplan-Meier survival curves of the same mice in (F).
Comparisons of survival curves were determined by Log-rank test. H Percentage of residual
migration of conjugates formed by CD33.CAR™-, CD33.CAR'-CXCR4“-, or CD33.CAR'-
CXCR4™"-CIKs with CD33" KG-1 (stable conjugates) respect to CD33” KG-1 cells (control). The
conjugates were allowed to migrate toward CXCL12 in a transwell filter allowing the migration of
single cells only (n=7 independent experiments using CAR-CIKs generated from 7 different donors.

**%p =0.0006 and **p = 0.00101 by ¢ test).
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