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Editorial

Editorial on “Cell Therapy, Bispecific Antibodies and Other
Immunotherapies against Cancer”

Vita Golubovskaya

Promab Biotechnologies, 2600 Hilltop Drive, Richmond, CA 94806, USA; vita.gol@promab.com

This Special Issue in Cancers, “Cell Therapy, Bispecific Antibodies and other Im-
munotherapies Against Cancer”, includes interesting reports and reviews on cell therapies
and bispecific antibodies. The authors showed that cell therapy, bispecific antibodies,
vaccine and immunomodulator approaches, combined with checkpoint inhibitors, are
effective in improving anticancer therapies. The immunomodulators and immune check-
point players, PD-1, PD-L1, CTLA-4, TIGIT and LAG-3, activate immune cells in the tumor
microenvironment and increase immune response. The main approaches, challenges and
future directions from this Special Issue are discussed.

Recently, a chimeric antigen receptor, CAR-T, cell therapy has revolutionized hemato-
logical cancer treatment. The FDA approved several CAR-T cell agents such as Kymriah,
Yescarta, Tecartus and Breyanzi, which target CD19, and Abecma and Carvykti, which
target BCMA antigens [1–4]. While the first round of treatments was successful, several
challenges persist, such as low efficacy against solid tumors, cytokine release storm, the
exhaustion of CAR-T cells, patient relapse, and the high cost of manufacturing. Novel
generations of CAR-T cells are developed, such as bi-specific or tandem CAR-T cells [5–10],
CAR-T cells with silenced checkpoint inhibitor pathways [11,12], CAR-T cells with dif-
ferent secreted cytokines (IL-15, IL-18, IL-12) to increase cell persistence and overcome a
repressive tumor microenvironment, CAR-T cells with different switches to increase their
safety. CAR-T cell therapy efficacy increased using different checkpoint inhibitors, such
as PD-1, PD-L1, TIGIT, LAG-3, CTLA-4 and TIM-3 antibodies [11,13,14]. The disruption
of PD-1 in CAR-T cells with Crispr/Cas-9 technology enhanced the functional activity of
CAR-T cells [12]. Future combinations of CAR-T cells and other immunotherapies must be
developed in clinical studies [15].

Another highly promising immunotherapy approach is CAR-NK cell therapy [16–20].
The advantage of using the NK cell for therapy is the absence of a GvHD (graft-versus-
host disease) response applied to the generation of allogenic CAR-NK cells. CARs can be
delivered into NK cells using lentiviruses, retroviruses, or mRNAs [21]. NK cells can be
generated from different sources: blood PBMC, umbilical cord blood, induced pluripotent
stem cells (iPSC) or the NK-92 cell line. There are several challenges for CAR-NK cell
therapies: the low efficiency of expansion and genetic modification in vitro. CAR mRNAs
can be embedded into lipid nanoparticles (LNPs) for increased stability and used for an
efficient transfection of NK cells. Recently, an efficient encapsulation of BCMA and CD19-
CAR mRNA into LNP and delivery to >500-fold expanded NK cells has been demonstrated,
resulting in the generation of highly functional CAR+CD56+ NK cells against cancer cells
and tumors [22]. The increased persistence of CAR-NK cells via a combination of CAR-NK
cell therapy with other therapy approaches will be developed in the future.

Different immune cells, such as macrophages, T cell-infiltrating lymphocytes (TILS) [23],
and gamma-delta T cells [24–27], can be used for the expression of CAR to target tumor
cells. More clinical studies on these CAR-T cells are needed to understand their safety and
efficacy against different types of cancer.

The application of T or NK cell-engaging bispecific antibodies is an alternative and
promising approach to immunotherapy against cancer. BITE (blinatumomab), a CD19-CD3
antibody, is successfully used against B-cell malignant tumors in a clinical setting [28–31].

Cancers 2023, 15, 5053. https://doi.org/10.3390/cancers15205053 https://www.mdpi.com/journal/cancers
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This year, the FDA granted accelerated approval for glofitamab, a CD20-CD3 bispecific
antibody [32], against relapsed or diffuse large B-cell lymphomas (DLBCL). Many different
designs of bispecific antibodies are developed with one domain binding to T/NK cells
and another domain binding to cancer cell antigens: BITEs, Fc-containing, CrossMab,
knob-hole, uni-, bi-valent and others [33,34]. There are several advantages of bi- and
tri-specific T cell engagers versus cell therapy, such as off-the-shelf availability, easier
logistics of administration and more economical manufacturing [35]. Several challenges
exist for this approach, such as toxicity or repressive tumor microenvironment, that will
be addressed in future pre-clinical and clinical studies. The improved engineering of
antibodies and combination with inhibitors of tumor microenvironment can be applied to
design these therapies.

Cancer vaccines (cell-based, peptide/protein-based, or gene-based) are another promis-
ing approach developed by several groups [36–39]. The goal of cancer vaccines is to target
cancer cells via antigen-specific effector T cells. Activated T cells recognize MHC (major
histocompatibility complex) I-peptide complexes, effector T cells target tumor cells and
memory T cells prevent tumor relapse. The dendritic vaccine is a promising approach
that stimulates T cells against tumor antigens [40]. The pulsing of DC with tumor cell
lysate, tumor antigen or mRNA is a widely used approach for antigen delivery and the
stimulation of an immune response. Dendritic cells are antigen-presenting cells and can be
divided into several groups: conventional dendritic cells (cDC), plasmocytoid (pDC) and
monocyte-derived DC (MoDC) [40]. The benefit of cancer vaccines is that they can target
intracellular antigens versus CAR-T cells or bispecific antibodies, which target extracellular
tumor-specific antigens [40]. Although conventional dendritic vaccines encounter limita-
tions due to the low immunogenicity of cold tumors, the induction of immunogenic cell
death (ICD) can convert cold tumors into hot tumors and improve DC vaccine potential.
Immunogenic cell death can be achieved via chemotherapy, radiotherapy, photodynamic or
photothermal therapy [40]. The local delivery of immunostimulants can increase the effect
of immunogenic cell death of tumors and lead to the activation of DC and effector T cells.

The combination of cell therapy, bi-, tri-specific antibodies, CAR-NK, immunomodula-
tors, checkpoint inhibitors and vaccines will be developed in future pre-clinical and clinical
studies [41–43]. In addition, a personalized medicine approach will be used when patient
tumors are sequenced to detect neoantigens that can be used for dendritic vaccine, bispecific
antibody, and cell therapy development [35]. The combination therapy targeting several
tumor antigens will be used to better target heterogeneous solid tumors. All discussed
linked approaches are presented in Figure 1. For example, bispecific antibody (EpCAM-
CD3 Ab is shown in Figure 1) can be delivered into tumors using mRNA [44], embedded
into LNP [45] and attract T cells to kill tumor cells. The lysed tumor cells can release tumor
neoantigens, serve as a cancer vaccine for attracting dendritic cells and, in combination
with co-stimulants (cytokines, chemokines, receptor ligands and other immuno-stimulants),
can target distant circulating tumor cells [37,46,47]. While EpCAM-CD3 mRNA-LNP
was delivered intratumorally, future studies will expand the tumor-specific delivery of
mRNA-LNP and the intravenous delivery of mRNA with tumor-specific expression of
proteins. The proteins and antibodies can be produced inside tumors representing factories
of proteins or antibodies, and secreted proteins will attract immune cells in the case of
bispecific immune-engaging antibodies. Combination therapy with immunomodulators
and checkpoint inhibitors will increase the efficacy of bispecific antibody and cell therapy
to target distant metastatic tumor cells [48–50].
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Figure 1. Bispecific antibody, immune T cell, immunostimulant and vaccine approaches. mRNA-LNP
is shown for intratumoral delivery of bispecific antibodies. Secreted bispecific antibody attracts T
cells to tumor and kills tumor cells. Tumor is lysed and serves as a tumor vaccine for stimulating
further immune response in combination with immunostimulants.

Conclusions

Novel immunotherapy approaches, including bispecific antibodies, cell therapies,
checkpoint inhibitors, vaccines and immunomodulators or their combination, must be
developed and tested in future pre-clinical and clinical studies. The mRNA-LNP is a
novel approach to deliver bispecific antibodies locally by enhancing immunomodulators to
target distant tumor cells. The personalized medicine approach with a high-throughput
sequencing of tumor antigens, detecting novel antigens and targets for immunotherapy,
will be developed for more effective anticancer therapies. Dendritic, peptide and protein
vaccines will be improved via novel tumor targets. The reports from this Special Issue in
Cancers provide a basis to further develop novel immunotherapies.
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Simple Summary: New approaches in adoptive immunotherapy using chimeric antigen receptor
(CAR)-modified cells have been developing very quickly in recent years, entering into clinical trials
and being accepted by health agencies worldwide. Although the classical CAR therapies using
genetically engineered T cells (CAR-T) are quite effective in curing resistant and refractory blood
disorders, they are less efficient in fighting solid tumors. Therefore, intense research is ongoing to
modify the CAR constructs and to use different types of immune cells as platforms for CAR-based
therapies in order to make them more efficient and safer. This review summarizes new approaches to
CAR therapy, with a particular focus on recent achievements and the benefits of genetic engineering
of NK cells.

Abstract: Chimeric antigen receptor (CAR)-modified T cell therapy has been rapidly developing
in recent years, ultimately revolutionizing immunotherapeutic strategies and providing significant
anti-tumor potency, mainly in treating hematological neoplasms. However, graft-versus-host disease
(GVHD) and other adverse effects, such as cytokine release syndromes (CRS) and neurotoxicity
associated with CAR-T cell infusion, have raised some concerns about the broad application of
this therapy. Natural killer (NK) cells have been identified as promising alternative platforms for
CAR-based therapies because of their unique features, such as a lack of human leukocyte antigen
(HLA)-matching restriction, superior safety, and better anti-tumor activity when compared with
CAR-T cells. The lack of CRS, neurotoxicity, or GVHD, in the case of CAR-NK therapy, in addition
to the possibility of using allogeneic NK cells as a CAR platform for “off-the-shelf” therapy, opens
new windows for strategic opportunities. This review underlines recent design achievements in
CAR constructs and summarizes preclinical studies’ results regarding CAR-NK therapies’ safety and
anti-tumor potency. Additionally, new approaches in CAR-NK technology are briefly described, and
currently registered clinical trials are listed.

Keywords: chimeric antigen receptors; CAR-NK; CAR-T

1. Introduction

NK cells are large granular lymphocytes which are a component of the innate (non-
specific) immune defense system. They mature in the bone marrow, lymph nodes, spleen,
thymus, and tonsils, and constitute about 5–10% of circulating lymphocytes in the pe-
ripheral blood (reviewed in [1]). NK cells are essential components of the anti-tumor,
anti-microbial, and anti-parasite defenses of our immune system. Most NK cells recognize
antibody-coated tumor cells via their CD16 receptors (also known as FcγRIIIa), the first step
that triggers the activation of antibody-dependent cellular cytotoxicity (ADCC). Unlike T
lymphocytes, the action of NK cells is less specific, which causes them to respond rapidly
to the presence of transformed or infected cells without a prior need for antigen priming
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or induction of a specific immune response. However, the activation of NK cells is still
strictly controlled by the integration of a variety of signals obtained by the activating and
inhibitory receptors, as well as cytokine and chemokine receptors on the surface of NK
cells (reviewed in [2]). For example, normal cells express MHC class I (MHC-I) molecules,
and their proper amount on the cell surface inhibits NK cell activation via interaction
with inhibitory killer immunoglobulin receptors (KIR) on their surface. In contrast, cancer
cells synthesize a reduced amount of MHC I molecules, leading to reduced signaling from
inhibitory receptors and, eventually, activation of NK cells (schema in Figure 1).

Figure 1. Schematic presenting mechanisms of recognition of healthy cell (A), antibody-coated target
cell (B), or cancer cell missing MHC-I expression (C) by NK cell, followed by degranulation of NK
cell (B,C) and cancer cell lysis.

In the case of both cytotoxic T cells and NK cells, similar molecular mechanisms are
responsible for their effector function, including (i) degranulation that relies on the directed
release of a membrane-disrupting protein (called perforin) and a family of proteases (called
granzymes) from the secretory lysosomes; (ii) production of cytokines, such as tumor
necrosis factor (TNF-α) and interferon-gamma (INF-γ), as well as production of membrane
proteins, such as Fas ligand (FasL) or TNF-related apoptosis-inducing ligand (TRAIL),
which are able to activate the death receptor-mediated killing of target cells [3–5].

The efficient cytotoxic activity of T and NK cells makes them the natural choice of
cells employed in adoptive cell therapy for cancer, first introduced in the 1980s [6] and
later applied in clinical trials to treat metastatic melanoma [7]. Subsequently, AIET therapy
(autologous immune enhancement therapy), which uses autologous (patient’s own) NK
cells and activated T cells to treat various cancers, was developed by Terunuma et al. [8].
In this technique, the NK cells are obtained from the peripheral blood lymphocytes and
processed by a selective immune cell expansion kit without needing feeder cells. In the
early nineties of the twentieth century, scientists developed the first engineered T cell
with a chimeric T-Cell Receptor (TCR) molecule [9] (reviewed in [10]). In recent years,
the genetic engineering of cytotoxic lymphocytes to express membrane receptors, called
chimeric antigen receptors (CARs), has become one of the most crucial breakthrough
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approaches in cancer immunotherapy (reviewed in [11,12]). The recognition of antigens
on the surface of tumor cells by CAR is independent of the MHC engagement (in contrast
to the recognition by the endogenous TCR). The targeting of tumor-associated antigens
induces cellular signaling in CAR-bearing lymphocytes, which drives their proliferation,
cytokine production, and degranulation, leading to a cytotoxic attack directed toward
tumor cells [13]. CAR therapy is referred to as “living therapy,” as the genetically modified
immune cells multiply in the patient’s body and provide long-term anti-cancer memory.

2. CAR Engineering

The term "chimeric" refers to the fact that synthetic CAR molecules are engineered
as fusion proteins consisting of at least three essential components; (i) extracellular single
chain variable fragment (scFv), classically derived from a murine monoclonal antibody,
ensuring specific and efficient recognition of the target antigen on the surface of tumor
cell; (ii) extracellular hinge and transmembrane domains; and (iii) intracellular signaling
domains ensuring efficient activation of a signaling cascade generating cytotoxic effects
toward tumor cells (schema in Figure 2).

Figure 2. Schema presenting examples of the 4th generation of CAR constructs, including TRUCK
CAR, Armored CAR, inducible CAR, and ON/OFF-controllable VIPER CAR.

Most often, CAR technology employs the T cells (called CAR-T cells shortly) since they
are relatively easy to expand and genetically modify (reviewed in [14]). Briefly, CAR-Ts
are made by harvesting T cells from a patient’s blood and reprogramming them in the
laboratory to express CAR. Once genetically reprogrammed, grown in large numbers, and
administered to the patient’s blood, CAR-T cells circulate through the body and end up
binding to a specific surface protein which they recognize. This binding event stimulates
immune attack, cancer cell destruction, and further CAR-T cell proliferation, leading to long-
term fighting of the tumor cells by CAR-T (reviewed in [15]). The first impressive body of
evidence supporting the rationale of such an approach came ten years ago, from studies on
genetic engineering and adoptive transfer of T cells expressing CAR proteins that targeted
CD19-positive relapsed leukemia [16]. This approach continued to develop further until the
first approval of CAR therapy by the US Food and Drug Administration (FDA) in 2017 [17].
After the remarkable success of CAR-T cell therapy for acute lymphoblastic leukemia
(ALL), non-Hodgkin lymphoma (NHL), and multiple myeloma, this immunotherapy has
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been called “The 2018 Advance of the Year” by the American Society of Clinical Oncology
(ASCO) [18]. Hundreds of CAR-T cell therapy clinical trials are underway [19].

However, it should be emphasized that CAR-T cell therapies are not free from side
effects. For example, some tumor antigens, although highly abundant on the surface of
tumor cells, are also present in certain normal cell populations, leading to the recognition
and killing of these normal cells by CAR-T cells (a phenomenon called the "on-target/off-
tumor" effect). Another possible side effect originates from the uncontrolled proliferation
of active CAR-T cells, as well as the excessive release of cytokines and other inflammatory
signals throughout the body (called cytokine release syndrome; CRS), which leads to
neurotoxicity and other adverse events, ranging from mild fever to life-threatening organ
failure (reviewed in [20]).

Modifications to CAR engineering strategies are the subject of intense research and
investigation, aiming to develop a selective and effective approach, with enhanced potency
and CAR expression taking place at the tumor site only (reviewed in [21]).

Recently, the scFv extracellular fragment of CAR constructs has been engineered in
various ways by adding the following features:

• Dual or multi-targeting, leading to the recognition of two different epitopes on the
same target antigen (to intensify target antigen binding by CAR) or recognition of two
or more different antigens (bispecific or multi-specific CARs recognizing antigenic
pattern) on the surface of tumor cells (to prevent antigen escape by tumor cells;
reviewed in [22]);

• Shorter extracellular fragment, such as single domain variable heavy-chain (VH),
derived from camelid antibody (called nanobody; reviewed in [23]) or fully-human
heavy-chain-only variable domain (FHVH) instead of conventional scFv fragment
(for better expression of smaller CAR constructs on T cells and less immunogenicity
induced in the patient’s organism toward foreign human protein [24]);

• switchable CAR-T cells (sCAR-T) with CAR molecules that do not directly recognize
tumor antigens, but instead recognize the molecule that targets the antigen, such as
the Fab fragment of an antigen-specific recombinant antibody [25–28] or the adaptor
protein zipFv [29], consisting of scFv and a fragment of the leucine zipper, functioning
in this case as a “switch” (for more precise control of CAR-T specificity and activity).

The newest, fourth generation of CAR constructs is devoted to improving the tumor
penetration and function of CAR-T cells in the immunosuppressive tumor microenvironment
(TME), which usually efficiently blocks the function of both endogenous tumor-resident and
adoptively transferred T cells, particularly in solid tumors (reviewed in [21,30,31]). The recent
innovative approaches to boost CAR-T cell function in TME are shortly summarized below
and in Figure 2:

• TRUCK (T cells Redirected for antigen-Unrestricted Cytokine-initiated Killing) ap-
proach, based on engineering CAR-T cells to release particular transgenic cytokine
upon CAR engagement, including IL-7 [32,33], IL-12 [34,35], IL-15 [36], IL-18 [37,38],
IL-23 [39], and IL-33 [40]. TRUCK CARs stimulate the release of cytokines specifically
at the tumor site to provide either an auto-stimulatory effect for CAR-bearing cells or
activation of other immune cell types in the TME;

• Armored CAR-T cells engineered to express various proteins alongside the CAR
(reviewed in [30], such as antibodies or their fragments, which are able to inhibit
immune checkpoints [41,42], or dominant-negative TGF-β receptors [43,44], which are
able to overcome TGF-β-induced T cell repression in the TME;

• Inducible CAR expression, regulated by specific cellular signaling and transcription
factors, including synthetic Notch signaling [45,46], STAT5, AP-1, NFκB [44] (to im-
prove the control over timing and magnitude of CAR expression), or HIF-1α [47] (to
restrict the CAR expression to hypoxic areas of the solid tumors);

• ON- and OFF-controllable CAR signaling, regulated by clinically-approved drugs,
including CAR regulated by lenalidomide-induced degradation [48], by dasatinib-
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induced downregulation [49] and by proteolytical cleavage [50,51] (to avoid CAR-T
exhaustion and to obtain complete control over CAR activity by drug dosing);

• Multiplex CAR circuits [29,51] combining various CAR technologies, including “AND
gate,” SUPRA CAR, universal ON-OFF, and switchboard VIPER CARs (for expanded
control over CAR specificity and activation).

The labor-intensive manufacturing and high costs of classical customized CAR-T ther-
apy are associated with the T cells being isolated, modified, and expanded for each patient
individually [52]. Therefore, very intensive studies are currently underway to generate
Universal CAR-T (UCAR-T) cell therapy (reviewed in [53]) using healthy donor-derived T
cells (allogeneic T cells taken from different individuals, immunologically incompatible),
which allows for large-scale batch manufacturing and storage with a significantly reduced
cost of production. Although such an “off-the-shelf” product can be ready to use when
needed, the manufacturing process of UCAR-T requires additional genetic modification,
such as deletion of the gene encoding TCR, to prevent severe immune rejection due to the
mismatch of MHC between the donor and the patient.

3. Advantages and Limitations of NK Cells as a CAR Platform

The success of novel immunotherapeutic tools, such as CAR-T cells, has inspired
scientists to focus on similar genetic modification of other types of cytotoxic lymphocytes,
including NK cells (reviewed in [54–56]). Additionally, there is a constant demand for
exploring other lymphocytes as CAR platforms, since many patients treated with CAR-T
still experience a progressive disease [57], severe therapy-related toxicities, or other adverse
effects. Most importantly, CAR-NK cells are considered an “off-the-shelf” product, as they
can be produced from allogeneic sources, such as the blood of healthy donors. Although
NK cells have limited persistence in vivo and are more difficult to employ for genetic
modification and expansion in vitro than T cells are, they are considered a safer, more
powerful, and universal platform for CAR-based therapies due to their unique biological
features (Figure 3) (reviewed in [58]).

Figure 3. Summary of CAR-NK cell therapy features (list on the left) and CAR-T cell therapy features
(list on the right).

NK cells are quick and potent in eliminating abnormal cells without the prior require-
ment for antigen priming (in contrast to T cells). The CAR-modified NK cells retain their
natural ability to recognize abnormal cells by native receptors in a non-antigen-specific man-
ner and efficiently eliminate them, in addition to CAR-mediated antigen-specific killing.

Importantly, CAR-NK therapies have the potential to be used as “off-the-shelf” types of
therapy, since it has been documented that the HLA-mismatched NK cells can be employed
as a CAR platform [59]. As a matter of safety, CAR-NK therapy is characterized by less

11



Cancers 2023, 15, 117

toxicity than CAR-T therapies, with no substantial GVHD or CRS effects [59]. While
administration of engineered T cells can cause the release of a variety of cytokines, among
them IL-6, which is crucial for the occurrence of CRS (reviewed in [60]), the NK cells
produce mainly pro-inflammatory cytokines such as IFN-γ, IL-3, and TNF-α [61]. In the
case of allogeneic NK cells’ dose-limiting toxicities, CRS and GvHD are rarely observed,
only after being administered in multiple doses or with other agents. For example, in the
NSG mouse model, co-expression of CAR and IL-15 in NK cells, when administered in
large amounts, resulted in toxicity, indicating the critical need to control NK cell survival
in the body [62]. In a recently published paper, expanded autologous NK cells were
transduced with NKG2D-based CAR. Such cells exhibited in vitro cytotoxicity against
multiple myeloma cells, with minimal activity against normal cells. Mice injected with
these CAR-NK cells did not show any sign of GvHD or treatment-related toxicities during
the 150 days of the experiment [63]. Infusions of NK cells expressing IL-2, transduced
with a lentiviral construct bearing a third-generation CAR which contained CD28 and
4-1BB co-stimulatory molecules, with an Fc fragment inserted between the CD33 scFv and
CD28, have been safely used without significant side effects [64]. Cord blood-derived anti-
CD19 CAR-NK cells used to cure B-cell malignancies did not produce CRS or symptoms
related to neurotoxicity [59]. Additionally, a clinical study of 11 patients with relapsed
or refractory CD19-positive tumors showed that most of them responded to CAR-NK
treatment without toxic side effects (NCT03056339). CAR-NK therapy is also undoubtedly
safer for the treatment of T cell-derived malignancies. Treatment of these tumor types using
CAR-T therapy is limited, as both transformed T cells and CAR-T cells (but not CAR-NK
cells) share common antigens. Therefore, a high risk of fratricide attack exists, which may
lead to the elimination of CAR-T cells themselves.

The short lifespan of NK cells (typically about two weeks [65]) guarantees the safety of
CAR-NK therapy. On the other hand, it compromises the potency and sustained responses
to this therapy. Therefore, significant efforts have been made to increase the potency and
persistence of CAR-NK treatment without compromising its safety and without reaching
NK cell exhaustion. It has been shown that lymphodepletion with fludarabine and cy-
clophosphamide is crucial to NK cells’ expansion [66]. Additionally, interleukins IL-2 and
IL-15 seem to play a critical role in extending the life span and persistence of NK cells
in vivo. IL-2 needs to be administrated in vivo to expand the NK cells upon injection. How-
ever, high doses of this cytokine are associated with organ toxicity (heart, lung, kidney, and
central nervous system), while low doses activate mobilization of suppressive Treg cells,
affecting NK cell function [67]. An alternative to IL-2 is the cytokine IL-15, as it does not
induce suppressive Tregs and has been shown to improve NK cell cytolytic function [68].
Therefore, CAR constructs incorporating cytokine transgenes could be used for genetic
modification of NK cells, allowing parallel expression of CAR and IL-15. Some studies
have already proven that such an approach is efficient for improving the persistence of
CAR-NK cells [59].

Numerous approaches to improving CAR technologies and construct designs have
been used to genetically modify NK cells (reviewed in [69]). Unfortunately, NK cells are
more resistant to genetic engineering than T cells. The lack of an efficient and standardized
method for exogenous gene transfer represents one of the most critical limitations in the
production of CAR-NK cells. Retroviral transduction is, so far, the most commonly used
method for gene delivery into NK cells (reviewed in [70]). However, it typically ranges
between 27–52% of NK cells transduced after a single treatment with retroviruses [71]. The
low transduction rates can be improved by stimulating NK cells with IL-2 and IL-21 [72,73].
Lentiviral vectors, despite being a safer method for gene transfer due to reduced insertional
mutagenic potential [74], Lentiviral vectors are much less efficient in the modification
of NK cells. Constant efforts are made to improve the protocols and achieve at least
15% efficiency [75]. Excellent results (70% efficiency) have, however, been reported upon
transduction of primary NK cells with lentiviral vectors which have been pseudotyped
with modified envelope proteins derived from baboons or gibbons [76–78].
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Non-viral methods, such as electroporation or lipofection, provide transient expression
from the CAR construct, which drops down in 3–5 days since it is usually not integrated
into the NK cell genome (reviewed in [70]). Both virus vectors and transfection methods
can also be used to deliver the CRISPR/Cas9 genome editing system [79] for precise gene
deletion (knockout) [80], repair, or introduction of a new gene (knock-in) [81,82], and could
be used for delivery of CAR constructs to NK cells. Recent studies have confirmed the good
efficiency of such approaches, including the adeno-associated virus for delivery of the CAR
construct and its precise introduction into primary NK cell genome using CRISPR/Cas9
technology [83].

Interesting technologies combining transfection with stable integration of exogenous
genes or large DNA fragments into the genome are transposon systems, such as sleeping
beauty or PiggyBac [84]. These systems are considered safe and have already been suc-
cessfully used for “pasting” CAR constructs into the genome of NK cells [85]. Further
optimization of this method is needed, since it is still characterized by low efficiency [86].

For the generation of CAR-NK therapy, different sources of NK cells can be used,
including cord blood, peripheral blood, hematopoietic and induced pluripotent stem cells
(iPSCs) [87], and NK-like cell lines (reviewed in [54]). NK cells from different sources
exhibit different levels of potency and persistence (reviewed in [88]). However, all of them
have already reached clinical trial levels.

4. CAR-Engineered NK-92 Cell Line

The NK-92 cell line derives from the lymphoma cells of a 50-year-old male. It exhibits
features of activated NK cells in vitro; its growth is interleukin 2 (IL-2)-dependent, and it
expresses NK cell markers, such as the CD56 antigen, activating receptors as well as the NK
cell’s typical adhesion molecule CD2. The potent cytotoxicity toward leukemia, lymphoma,
myeloma [89], and some solid tumors, as well as the easy expansion of NK-92 in vitro [90],
qualified this cell line as a good target for genetic modification with CAR constructs.
The high cytotoxicity of NK-92 results from the expression of activating receptors and
adhesion molecules, as well as the lack of most KIR inhibitory receptors [91]. NK-92
cells can be easily modified by non-viral transfection methods (reviewed in [92]), and are
well-suited for clinical development, since molecularly- and functionally-characterized
single-cell clones can be isolated from the NK-92 cell line for further genetic modification
with CAR constructs.

The possibility of continuous expansion in the presence of IL-2, according to the
Good Manufacturing Practice (GMP) principles, is the most important advantage of the
NK-92 cell line [93]. The safety and clinical activity of NK-92 cells have been initially
evaluated in early-phase clinical trials in patients with advanced cancers [94,95]. Positive
results encouraged scientists to test the CAR-modified NK-92 in preclinical studies [96–98].
However, as in the case of any other tumor cell line that carries a potential tumorigenicity
risk, the preparation of the CAR-NK-92 cell line for clinical injection requires the additional
step of cell irradiation [99]. Although irradiated NK-92 cells still retain their cytotoxic
activity, they have minimal persistence in vivo, typically reaching only one week [100,101].
However, extremely short persistence of NK-92 has also been reported. In the study
conducted by Wiliams et al., NK-92 cells were detected in only one of the three patients by
flow cytometry 15 minutes after infusion, suggesting a rapid capture of NK-92 from the
circulation [102]. Tonn et al. performed Y-chromosome PCR on two female patients who
received an NK-92 infusion from a male donor, and also detected a post-infusion signal at
very low levels [95]. The lack of an effective diagnostic tool to assess the presence of cells
with the CAR transcript [103] can be partially overcome with the direct or indirect labeling
of cells with fluorophores, contrast agents, or radioactive isotopes before infusion [104].
However, leakage of tags from cells and release of tags from dying cells is quite common
phenomena. A further disadvantage of these solutions is the dilution of the intracellular
tracer as the cells divide. Therefore, imaging after a few weeks is not always feasible [105].
Another option is to use a specific label (e.g., antibody or peptide) capable of binding a
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particular antigen on the surface of target cells in vivo, and followed by optical imaging (OI),
magnetic resonance imaging (MR), and nuclear medicine (NM) [105,106]. A disadvantage
of this method is the non-specific uptake by healthy tissues (mainly the liver and/or
kidneys) due to the physiological biodistribution of the labeling agent.

Interestingly, in patients with colon carcinomas, autologous NK cells labeled with a
radiopharmaceutical 111In-oxine ex vivo were infused and traced, proving NK cell migra-
tion to the tumor metastatic regions [107]. 111In-oxine has a 67 h-long half-life; therefore,
accumulation of the labeled NK cells can be proven up to 72 h after injection [107]. Recently,
Shamalov et al. developed a non-invasive cell tracking technique based on gold nanoparti-
cles to evaluate the kinetics, migration, and biodistribution of NK cells in tumor-bearing
mice, which could be applied in the future in human studies [108]. Unfortunately, until
now, there has been no precise method for long-term monitoring of CAR-NK therapy
persistence in humans.

Compared with the autologous or allogeneic CAR-NK cells and CAR-T therapies,
CAR-NK-92 therapy is fairly cheap, since no labor- and cost-intensive cell purification is
required in the case of CAR-NK-92 cells. Therefore, even repeated cycles of CAR-modified
NK-92 infusions are affordable [109]. The results of clinical trials with NK-92 adoptive
therapy have already confirmed the safety of NK-92 cell infusion, even at high doses [93].
A reduced risk of CRS characterizes CAR-engineered NK-92 and NK-92MI (a modified
IL-2-independent NK-92 cell line), as they release a small amount of cytokines and exhibit
direct killing of tumor cells by releasing toxic granules [110].

NK-92 cells are characterized by the lack of CD16 expression on their surface, which
makes them unsuitable for ADCC assays. In contrast, an average population of NK cells
in peripheral blood exhibits polymorphisms in CD16 receptors, leading to the expression
of CD16 proteins with different affinities to Fc fragments of antibodies [111]. Therefore,
for CAR applications, some emphasis is placed on genetic modification of NK-92 cells to
obtain cell clones with expression of the high-affinity CD16 receptors [112], in order to
increase their anti-tumor activity through ADCC (reviewed in [109]). Additionally, some
other approaches have been undertaken to obtain clones of NK-92 cells with particular
features. Some inhibitory receptors and checkpoint molecules, such as NKG2A, TIGIT,
and CBLB, blocking the NK cell activation, can be knocked out by CRISPR/Cas9 gene-
editing technology to increase the anti-tumor cytotoxicity of NK-92 cells clones used for
modification with CAR constructs [80].

Series of CAR-NK-92 cell lines have been generated and tested in numerous preclinical
in vitro and in vivo models of hematologic and solid tumors, proving the good potency
of these therapies against different cancer types, including anti-CD3 [113], anti-CD4 [114],
anti-CD5 [115], and anti-CD7 [116] CAR-NK-92 treatment for T cell-derived malignancies;
anti-EGFR CAR treatment for metastatic breast cancer [117]; and anti-CS1- and anti-CD138
CAR treatment for multiple myeloma [118,119]. Other CAR-modified NK-92 cells used
in the preclinical studies targeted the following antigens: CD33 (Rafiq et al., 2015 Cy-
totherapy [120]), GPA7 [121], HER2 [100,122,123], CD19 (Romanski et al., 2004 Blood [124]),
CD20 [125], and GD2 [126]. Additionally, dual and multi-targeting CAR approaches have
also been applied to generate CAR-NK-92 cells targeting CD19 and CD138 antigens [127].
Generally, in syngeneic animal models, the treatment with CAR-expressing NK-92 cells
results in the activation of endogenous anti-tumor immunity, leading to tumor destruc-
tion and the emergence of a long-term immunological memory against tumor rechallenge
(reviewed in [110]).

Following CAR-T cell therapy progress, advanced approaches to designing CAR
constructs, such as the TRUCK technology, have also been used to modify NK cells in
order to improve their anti-tumor function. The work of Rudek et al. investigated the
functionality of inducible promoters responsive to NFAT or NFκB transcription factors
for the induction of cytokine release. Such TRUCK anti-GD2-CAR-NK-92 cells and -CAR-
primary NK cells exhibited great potency, and also enhanced cytotoxic activity and specific
activation [128].
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The first clinical trial results regarding CAR-NK-92 targeting the CD33 antigen on
human relapsed and refractory acute myeloid leukemia (AML) cells were reported in
2018 [64]. The paragraph “Clinical trials summary” describes the current clinical trials
using CAR-NK-92 therapies.

5. CAR-Engineered Primary NK Cells

The improvement of GMP-compliant procedures for efficient isolation, ex vivo ex-
pansion of blood-derived NK cells, and generation of CAR-NK cells [129] brings hope for
allogeneic CAR-NK cell transfer as a potential "off-the-shelf" product that can significantly
improve availability and reduce the cost of such therapies. However, the need to use the NK
cell isolation kits and either the feeder cells or a variety of cytokines for expansion makes
the procedure more expensive compared to the preparation of CAR-NK-92 cells [130]. Um-
bilical cord blood (UCB) seems to be a better source of NK cells than peripheral blood, since
NK cells constitute as much as 30% of circulating lymphocytes. Additionally, UCB is easy to
harvest and cryopreserve, which makes UCB-derived NK cells even more suitable for “off-
the-shelf” applications [131]. On the other hand, they represent a less mature phenotype,
lower tumor cell-directed cytotoxicity, and higher expression of inhibitory receptors, such
as NKG2A, when compared to the peripheral blood-derived NK cells [132]. Unfortunately,
a small volume of cord blood available from a single donor, makes it necessary to expand
isolated NK cells and get the sufficient number for infusion [131]. In contrast to NK-92, the
primary NK cells-derived therapy is also difficult to standardize, since the peripheral blood
and UCB sources are not homogenous.

Due to the shorter lifespan of NK cells, adoptively transferred NK cells exhibit almost
no side effects associated with their use. On the other hand, the limited life span of primary
NK cells is a source of short-duration responses to CAR-NK therapy. To overcome this
challenge, Liu et al. [62] engineered cord blood-derived NK cells with expression of both
CAR construct and interleukin 15 (IL-15), which significantly improved the persistence
in vivo as well as the cytotoxic function of NK cells. Such CAR-NK cells, with expanded
persistence and equipped with additional expression of inducible caspase 9 as a safety
switch in case of NK overactivation, have been successfully used in a small clinical trial
for the therapy of relapsed and refractory blood malignancies, and exhibited an excellent
safety profile [59]. The GVHD, CRS, neurotoxicity, and elevated levels of inflammatory
factors were not found [59]. Current clinical trials using UCB and peripheral blood-derived
CAR-NK cells are mentioned below in the paragraph “Clinical trials summary”.

To improve the proliferation and cytotoxic activity of CD33-targeting CAR-NK cells,
Albinger et al. [78] demonstrated the possibility of transducing blood-derived primary
NK cells with CAR-encoding pseudotyped baboon envelope lentiviral vectors (BaEV-LVs),
leading to stable CAR expression in NK cells and their great anti-tumor potency in mouse
models of AML [78]. The CD33 antigen is considered an attractive target for therapy to treat
myeloid malignancies. Interestingly, Hejazi et al. [133] discovered that the subpopulation of
anti-CD33 CAR-NK cells during expansion in vitro undergoes a fratricide-like elimination
due to the expression of CD33 antigen on their surface. CD33-positive NK cells exhibit
distinctive biological features, such as higher mobilization of cytotoxic granules and higher
production of IFNγ and TNFα, while the CD33-negative NK subset shows increased
ADCC activity. The expansion of peripheral blood-derived NK cells in NK MACS medium
(Miltenyi Biotech), especially, resulted in the most abundant (up to 50%) appearance of the
CD33-positive NK cell population [133]. Therefore, depending on the stimulation protocol,
it is possible to produce either CD33-positive NK cells that combine effective target cell
killing and cytokine production or CD33-negative NK cells that produce fewer cytokines.
Still, they are more efficient in antibody-dependent cytotoxicity [133].

Although the CAR constructs optimized for T cell signaling, consisting of CD3ζ
and 4-1BB, are often used to modify NK cells, several NK-specific signaling domains,
such as DAP10, DAP12 [134], and activating receptor 2B4 [97], have been incorporated
in CAR constructs (reviewed in [54]). Some new CAR-related approaches are based on

15



Cancers 2023, 15, 117

employing NKG2D, one of the NK activating receptors (NKGs) with broad target specificity,
which induces NK intracellular signaling through DAP10 phosphorylation and can be
incorporated in the CAR construct [135]. Recently, such a CAR construct, based on NKG2D,
has been tested on genetically-modified NK and T cells. Although the CAR expression
upon transduction was found to be more stable in T cells, more significant cytotoxicity
toward multiple myeloma was detected in the case of CAR-NK cells [63].

6. iPSCs-Derived CAR-NK Cells

As the NK cells derived from either UCB or peripheral blood are neither well-characterized
nor homogeneous populations, additional sources of NK cells for modification with CAR
constructs have been explored. Some protocols allow the generation of mature NK cells
from hematopoietic stem cells (HSCs) [87] or iPSCs [85,136]. NK cells differentiated from
HSCs exhibit a mature phenotype, with expression of activating receptors and potent
cytotoxicity toward tumor cells [137]. The iPSCs, obtained by reversing the developmental
program of somatic cells, are currently an excellent, ever-evolving tool of regenerative
medicine [138,139]. Notably, only one CAR-engineered iPSC cell is sufficient to differentiate
into many highly homogeneous CAR-NK cells for clinical use. In this case, patients can
even be administered with multiple doses of CAR-NK to overcome the limitation of the
short lifetime of NK cells. The iPSC-derived NK cells are homogeneous, since they are
derived from a clonal population and exhibit long-term expansion potential. CAR-NK
therapy with iPSC allows for the large-scale production of a standardized product and its
administration in multiple doses [140].

Unfortunately, when compared to HSCs, iPSCs are a source of less mature NK cells, with
lower expression of CD16 but higher expression of inhibitory receptor NKG2A [141,142].
Nevertheless, in some animal tumor models, the iPSCs-derived CAR-NK cells exhibit
similar anti-tumor activity as the peripheral blood-derived CAR-NK cells [141]. Some new
improvements in CAR constructs have been tested in iPSCs-derived CAR-NK platforms,
such as CAR containing the transmembrane domain of NKG2D and the 2B4 co-stimulatory
domain [85], proving their outstanding performance in animal models. In most cases,
CAR constructs are introduced into NK cells by retroviral vectors, with their efficiency
reaching a maximum of about 50%. Interestingly, Li et al. [85] have proven that iPSCs-
derived NK cells can be genetically modified with large DNA fragments by transposon
systems, which provide higher biosafety and low immunogenicity compared to viral
vectors [143]. Noteworthily, the process of iPSC-NK cell differentiation and maintaining
a stable culture of iPSC-NK cells for clinical use remains a challenge, since many factors
can influence the iPSC differentiation process: for example, the components of the culture
medium [144] and the oxygen supply [145]. The pluripotent stem cells have a propensity
for spontaneous differentiation [139]. The development of new protocols allows for the
maintenance of a homogenous population of undifferentiated iPSCs characterized by the
expression of pluripotent markers, such as stage-specific embryonic antigen 4 (SSEA4) and
TRA-1-81. This enables further usage of these cells in a variety of clinical applications [146],
including the production of iPSC-derived NK cells. Chen et al. defined Essential 8TM
(E8) as a medium designed for the growth and propagation of human PSCs for up to
>50 passages [144]. Essential 8TM does not require the presence of BSA (Bovine Serum
Albumin) or HSA (Human Serum Albumin), which can cause batch-to-batch variability.
The E8 base medium, in the conditions of 5% CO2 availability, provides a pH of 7.4. iPSC
cultures require a stable environment of 37 ◦C, 5% CO2, 5% O2, and around 95% relative
humidity. To minimize spontaneous differentiation and chromosomal abnormalities, while
inducing cell proliferation, regulation of oxygen concentration to physiological levels
(2%–5%) is critical in pluripotent stem cell culture [147,148]. PSCs form colonies, and a
suitable material is needed to cover the dish to ensure proper contact between the growing
cells, e.g., synthetic extracellular matrix (ECM) [149]. Ni et al. demonstrated that the
synthetic peptide-based surface-coating Synthemax II-SC (Corning) could be used in iPSC
culture [150]. In addition, vitronectin (VTN), a recombinant ECM xenon-free protein, has
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been recognized as a component supporting the proliferation rate of human iPSCs under
cGMP requirements [151]. Two- and three-dimensional (2D and 3D) culture systems are
used to induce hematopoietic differentiation and pass the hematopoietic progenitor cell
(HPC) stage to acquire NK cells. Feeder systems assure higher differentiation efficiency,
but also increase cost, as more feeder cells are needed for large-scale manufacturing [152].

7. CAR-NK as a Therapy for Solid Tumors

Although quite efficient in curing blood malignancies, CAR therapy faces the following
hurdles in curing solid tumors:

• Higher heterogeneity of tumor cells;
• Weak intratumoral penetration and trafficking of CAR-modified immune cells;
• Inhibition of immune cell activation by checkpoint molecules and immunosuppressive

TME.

The higher heterogeneity of tumor cells results in a higher probability of target antigen
loss on tumor cells during CAR therapy [153]. However, CAR-NK therapy is considered
advantageous over CAR-T treatment due to the innate anti-tumor cytolytic capacity of NK
cells, which allows the CAR-NK cells to kill tumors using diversified mechanisms, both
CAR-dependent and CAR-independent. Additionally, it has been reported that NK cells
can eliminate cancer stem cells, usually the most therapy-resistant types of cells residing
in solid tumors [154]. The elimination of cancer stem cells is based on decreased MHC-I
expression on their surface and the presence of ligands (such as MICA/B proteins) stim-
ulating NKG2D, one of the activating receptors on NK cells [155–157]. Certain cytokines
secreted by activated NK cells, such as INF-γ and TNF-α, have been reported to stimulate
the differentiation of cancer stem cells, leading to the loss of their self-renewal abilities and
chemotherapy resistance (reviewed in [158]).

Several solutions have been implemented to overcome the immunosuppressive TME
and enhance the antitumor function of CAR-NK cells. In preclinical studies, some ap-
proaches, such as overexpression of chemokine receptors CXCR4 or CXCR1 in CAR-NK
cells, have been reported to improve significantly their infiltration into glioblastoma [159]
and ovarian cancer [160], respectively. The function of infiltrating immune cells, including
NK cells, can, however, be efficiently blocked by tumor cells using the immune checkpoint
molecules (reviewed in [161]). Therefore, the blockade of checkpoint receptor TIGIT, associ-
ated with the exhaustion of tumor-infiltrating NK cells, has been shown as a promising
strategy in the preclinical treatment of colon cancer [162]. An exciting approach to blocking
the axis of checkpoint molecules PD1/PD-L1 has been proposed by expression of a chimeric
protein PD1-NKG2D-41BB in NK cells, which switches the inhibitory signal from the PD1
receptor to the activating one [163].

The cytotoxic functions of T and NK cells can also be efficiently inhibited by various
cytokines and metabolites released by both tumor cells and other cell types present in
the solid tumor microenvironment (reviewed in [164]). Expressing a dominant-negative
TGFβ receptor II, which blocks TGFβ function, in NK cells has been shown as a strategy to
overcome the loss of cytotoxicity by NK cells in the glioblastoma TME [165].

Numerous tumor-type-associated antigens have been used as targets for CAR-NK
therapy in preclinical studies, whereas primarily NK-92 cells have been used as CAR
platforms. Progression of high-grade glioblastoma is often driven by the expression of
EGFRvIII antigen, a constitutively active mutant of the EGF receptor. Interestingly, to pre-
vent EGFRvIII antigen escape, a therapy with dual-specificity CAR-NK cells, recognizing
both mutated and wild-type variants of EGFR, has been shown to prolong the survival
of glioblastoma-bearing animals [166,167]. Breast cancers have been efficiently treated
by CAR-NK therapy targeting a variety of antigens highly expressed on the surface of
breast cancer cells, including HER-2 [100,122,123], tissue factor [168], and EpCAM [169].
Ovarian cancer has been treated by CAR-NK targeting mesothelin antigens [170] or CD24
receptors [171], while pancreatic cancer has been targeted by CAR-NK cells via recognition
of ROBO1 antigens [172,173] or folate receptors, used as an antigen for therapy of both
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tumor types [174,175]. Additionally, c-Met receptors [176] and PSMA [177] have been
targeted by CAR-NK cells in therapy for liver and prostate cancers, respectively. An inter-
esting approach with switchable CAR (described in more detail in the “CAR engineering”
paragraph), recognizing specific target molecules with GD2 antigen-binding moiety, has
been proven useful for the treatment of neuroblastoma and melanoma [126].

8. Clinical Trials Summary

In Table 1, we summarize the currently registered clinical studies. According to
ClinicalTrials.gov, by November 2022, 42 clinical trials were testing CAR-NK therapy alone
or CAR-NK in combination with other drugs. Patient enrollment is ongoing for 27 studies;
4 still need to enter the recruitment phase, and the status of 11 studies is unknown. Most
of the presented clinical trials are being conducted in China (n = 28), eight studies are
being performed in the United States, one study is located in Germany, and five have an
unknown location.

Table 1. The summary of currently registered clinical trials based on CAR-NK therapy.

Title

Trial Number
(Number of

Participants);
Phase

Cancer Type Treatment; Dosage † Location

Intracranial Injection of
NK-92/5.28.z Cells in
Combination With
Intravenous Ezabenlimab in
Patients With Recurrent
HER2-positive Glioblastoma *

NCT03383978
(42); 1 Glioblastoma

CAR-NK-92/5.28.z
Doses: 1 × 107–1 × 108 CAR-NK cells

Ezabenlimab: 240 mg
The standard therapy for

glioblastoma (radiotherapy and
alkylating chemotherapy) allowed

until two weeks and Temozolomide
allowed up to 48 h prior to the study

Germany

Clinical Research of Adoptive
BCMA CAR-NK Cells on
Relapse/Refractory MM +

NCT03940833
(20); 1,2 Multiple Myeloma BCMA CAR-NK 92 cells China

CAR-pNK Cell
Immunotherapy in CD7
Positive Leukemia
and Lymphoma *

NCT02742727
(10); 1,2

Myeloid Leukemia
Acute Precursor T-Cell

Lymphoblastic
Leukemia-Lymphoma
T-cell Prolymphocytic

Leukemia

anti-CD7 CAR-pNK cells;
The allogeneic NK-92 cell line

engineered to contain anti-CD7
attached to TCRzeta, CD28 and 4-1BB

signaling domains

China

CAR-pNK Cell
Immunotherapy for
Relapsed/Refractory
CD33+ AML+

NCT02944162
(10); 1,2

Myeloid Leukemia
Acute

CD33 CAR-NK NK92cells;
chimeric antigen receptor NK92 cells
transduced with the anti-CD33 vector

anti-CD33 CAR-NK (coupled with
CD28, CD137 and CD3 zeta

signaling domains)

China

NKG2D CAR-NK Cell
Therapy in Patients With
Relapsed or Refractory Acute
Myeloid Leukemia *

NCT05247957
(9); 1

Myeloid Leukemia
Relapsed/Refractory

Acute

NKG2D ligand-specific umbilical cord
blood CAR-NK cells

Doses: 2 × 106/kg, 6 × 106/kg,
18 × 106/kg CAR-NK cells,
Preconditioning: standard

chemotherapy

China

NKG2D-CAR-NK92 Cells
Immunotherapy for
Solid Tumors *

NCT05528341
(20); 1

Solid Tumors
Relapsed/Refractory

NKG2D-CAR-NK92 cells;
CAR-NK92 cells targeting

NKG2D ligands,
Doses: 0.5 × 106, 2 × 106/kg

China

NKG2D CAR-NK Cell
Therapy in Patients With
Refractory Metastatic
Colorectal Cancer *

NCT05213195
(38); 1

Refractory Metastatic
Colorectal Cancer

NKG2DL-CAR-NK cells;
CAR-NK cells targeting

NKG2D ligands,
China
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Table 1. Cont.

Title

Trial Number
(Number of

Participants);
Phase

Cancer Type Treatment; Dosage † Location

Pilot Study of NKG2D-Ligand
Targeted CAR-NK Cells in
Patients With Metastatic
Solid Tumors +

NCT03415100
(30); 1 Solid Tumors

NKG2DL-CAR-NK cells;
CAR-NK cells targeting

NKG2D ligands
China

NKX101, Intravenous
Allogeneic CAR NK Cells, in
Adults With AML or MDS *

NCT04623944
(90); 1

AML, AML
Relapsed/Refractory,

Adult MDS

NKX101
allogeneic CAR NK cells targeting

NKG2D ligands
NK cells from haplo-matched related

or unrelated donor
Doses: 1 × 108 CAR-NK cells

(2 × 106/kg for weight < 50 kg),
1.5 × 108 CAR-NK cells (3 × 106/kg

for weight < 50 kg)
Lymphodepletion:

fludarabine/cyclophosphamide or
fludarabine/cytarabine (ara-C)

United
States

NKX019, Intravenous
Allogeneic Chimeric Antigen
Receptor Natural Killer Cells
(CAR NK), in Adults With
B-cell Cancers *

NCT05020678
(60); 1

Lymphoma,
Non-Hodgkin
B-cell Acute

Lymphoblastic
Leukemia,

Large B-cell Lymphoma

NKX019
allogeneic CAR NK product targeting

CD19 on cells.
Doses: 3 × 108 NK cells (2 × 106/kg

for weight < 50 kg).
Lymphodepletion:

fludarabine/cyclophosphamide

United
States

Anti-CD19 Universal
CAR-NK Cells Therapy
Combined With HSCT for B
Cell Hematologic
Malignancies

NCT05570188
(30); 1,2

(Withdrawn -the
principal

investigator
decides to stop)

B-cell Lymphoma
B-cell Leukemia

anti-CD19 UCAR-NK cells;
Preconditioning: Hematopoietic Stem

Cell Transplantation(HSCT)
Doses: 5–10 × 106/kg, 1–2 × 107/kg,

2–5 × 107/kg

China

Anti-CD19 CAR-Engineered
NK Cells in the Treatment of
Relapsed/Refractory Acute
Lymphoblastic Leukemia

NCT05563545
(Completed,

November 28,
2023)
(21); 1

recurrent or refractory
CD19 positive acute

lymphoblastic leukemia

CAR-NK-CD19 Cells;
Doses: 1.0 × 107, 2.0 × 107 and

3.0 × 107 cells /kg,
Lymphodepletion: Fludarabine

(25–30 mg/kg), Cyclophosphamide
(250–300 mg/kg)

China

Anti-CD19 CAR-Engineered
NK Cells in the Treatment of
Relapsed/Refractory Acute
Lymphoblastic Leukemia *

NCT05410041
(21); 1

lymphocyte leukemia,
B-cell non-Hodgkin’s

lymphoma and chronic
B-lymphocyte leukemia

CAR-NK-CD19 Cells;
Doses: 1.0 × 107, 2.0 × 107 and

3.0 × 107 cells /kg,
Lymphodepletion: Fludarabine

(25–30 mg/kg), Cyclophosphamide
(250–300 mg/kg)

China

Natural Killer (NK) Cell
Therapy for B-Cell
Malignancies *

NCT05379647
(24); 1

B-cell Lymphoma
B-cell Acute

Lymphoblastic
Leukemia

QN-019-a (allogeneic CAR-NK cells
targeting CD19)

as monotherapy or in combination
with Rituximab,

Lymphodepletion: Cyclophosphamid,
Fludarabine,

VP-16

China

Study of Anti-CD19 CAR NK
Cells in Relapsed and
Refractory B Cell
Lymphoma +

NCT03690310
(15); 1

Refractory B-Cell
Lymphoma

anti-CD19 CAR NK Cells;
Doses: 50–600 103/kg unknown

Clinical Study of HLA
Haploidentical CAR-NK Cells
Targeting CD19 in the
Treatment of
Refractory/Relapsed
B-cell NHL *

NCT04887012
(25); 1

B-cell Non-Hodgkin
Lymphoma

anti-CD19 CAR-NK;
lentiviral vector-transduced HLA
haploidentical NK cells express

anti-CD19 CAR
China
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Table 1. Cont.

Title

Trial Number
(Number of

Participants);
Phase

Cancer Type Treatment; Dosage † Location

Anti-CD19 CAR NK Cell
Therapy for R/R
Non-Hodgkin Lymphoma #

NCT04639739
(9); 1

Non-Hodgkin
Lymphoma

anti-CD19 CAR-NK;
Doses: 2 × 106 /kg, 6 × 106 /kg,

2 × 107/kg
Lymphodepletion: Fludarabine
(30 mg/m2) Cyclophosphamide

(500 mg/m2)

China

Anti-CD19 CAR-Engineered
NK Cells in the Treatment of
Relapsed/Refractory B-cell
Malignancies *

NCT05410041
NCT03690310

(9); 1

Lymphocytic Leukemia
Chronic/Acute
Non-Hodgkin

Lymphoma

CAR-NK-CD19 Cells;
Derived from allogenic NK cells

Doses: 1–3 × 107 /KG,
Lymphodepletion: Fludarabine

(25–30 mg/kg) Cyclophosphamide
(250–300 mg/kg)

China

Allogeneic NK T-Cells
Expressing CD19 Specific
CAR in B-Cell Malignancies
(ANCHOR2) *

NCT05487651
(36); 1

Non-Hodgkin
Lymphoma, Relapsed,

Adult
B-cell Lymphoma
B-cell Leukemia

KUR-502 - transduced allogeneic
natural killer T cells against CD19

(CD19.CAR-aNKT cells)
Doses: 1 × 107/m2, 3 × 107/m2,

1 × 108/m2.
Body surface area (BSA) capped at

2.4 m2.
Lymphodepletion: cyclophosphamide

(500 mg/m2/day)
Fludarabine (30 mg/m2/day)

United
States

Study of Anti-CD19/CD22
CAR NK Cells in Relapsed
and Refractory B Cell
Lymphoma +

NCT03824964
(10); 1

Relapsed/Refractory
B-Cell Lymphoma

Anti-CD19/CD22 CAR NK Cells;
Doses: 50–600 103 cells/kg unknown

Study of Anti-CD22 CAR NK
Cells in Relapsed and
Refractory B Cell Lymphoma
+

NCT03692767
(9); 1 Relapsed /Refractory

B-Cell Lymphoma

Anti-CD22 CAR NK Cells
Derived from allogenic NK cells

Doses: 50–600 103 cells /kg
unknown

Study of Anti-CD33/CLL1
CAR-NK in Acute Myeloid
Leukemia *

NCT05215015
(18); 1

Myeloid Leukemia
Acute

Anti-CD33/CLL1 CAR-NK Cells;
Doses: 2.0 × 109, 3.0 × 109,

3.0 × 109 cells
China

Anti-CD33 CAR NK Cells in
the Treatment of
Relapsed/Refractory Acute
Myeloid Leukemia *

NCT05008575
(27); 1

Leukemia, Myeloid,
Acute

anti-CD33 CAR NK cells;
Doses: 6 × 108, 12 × 108,

18 × 108 cells/KG
Lymphodepletion: Fludarabine

(30 mg/m2)
Cytoxan (300–500 mg/m2)

China

Study of Anti-5T4 CAR-NK
Cell Therapy in Advanced
Solid Tumors *

NCT05194709
(40); 1

Solid Tumors
Advanced

Anti-5T4 Oncofetal Trophoblast
Glycoprotein (5T4) Conjugated

Antibody Redirecting Natural Killer
(CAR-NK) Cells

Doses: 3.0 × 109, 4.0 × 109,
4.0 × 109 cells

China

Allogenic CD123-CAR-NK
Cells in the Treatment of
Refractory/Relapsed Acute
Myeloid Leukemia #

NCT05574608
(12); 1

Acute Myeloid
Leukemia Refractory/

Recurrent

Allogenic CD123-CAR-NK cells;
Doses: 1 × 106/kg, 5 × 106/kg,

2 × 107/kg
Lymphodepletion: Fludarabine,

Cyclophosphamide

unknown

Phase I/II Study of CAR.70-
Engineered IL15-transduced
Cord Blood-derived NK Cells
in Conjunction With
Lymphodepleting
Chemotherapy for the
Management of
Relapse/Refractory
Hematological Malignances *

NCT05092451
(94); 1,2

Leukemia, Lymphoma,
or Multiple Myeloma

CAR.70/IL15-transduced Cord blood
NK cells; Lymphodepletion:

Cyclophosphamide
Fludarabine phosphate

United
States
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Table 1. Cont.

Title

Trial Number
(Number of

Participants);
Phase

Cancer Type Treatment; Dosage † Location

Anti-BCMA CAR-NK Cell
Therapy for the Relapsed or
Refractory Multiple
Myeloma *

NCT05008536
(27); 1

Multiple Myeloma,
Refractory

Anti-BCMA CAR-NK, NK Cells from
umbilical cord blood,

Doses: 1–3 × 106/KG, 3–6 × 106/KG,
0.6–1.2 × 107/KG

Lymphodepletion: Fludarabine
(30 mg/m2),

Cytoxan (300–500 mg/m2)

China

Cord Blood Derived
Anti-CD19 CAR-Engineered
NK Cells for B Lymphoid
Malignancies *

NCT04796675
(27); 1

Lymphocytic
Leukemia

Chronic/Acute
Non-Hodgkin’s

Lymphoma

Cord blood derived NK cells from
healthy donor, transduced with a

retroviral vector encoding the
anti-CD19 CAR and

interleukin-15.CAR-NK-CD19 Cells;
Doses: 0.01 × 107, 0.1 × 107,

1.0 × 107/kg
Lymphodepletion: fludarabine
(30 mg/kg) cyclophosphamide

(300 mg/kg)

China

Clinical Study of Cord
Blood-derived CAR-NK Cells
Targeting CD19 in the
Treatment of
Refractory/Relapsed B-cell
NHL *

NCT05472558
(48); 1

B-cell Non-Hodgkin
Lymphoma

anti-CD19 CAR-NK;
Doses: 2.5 × 108 cells,5 × 108 cells, 1

× 109 cells
China

Phase I/II Study of CD5 CAR
Engineered IL15-Transduced
Cord Blood-Derived NK Cells
in Conjunction With
Lymphodepleting
Chemotherapy for the
Management of
Relapsed/Refractory
Hematological Malignances #

NCT05110742
(48); 1,2

Hematological
Malignancy

CAR.5/IL15-transduced cord blood
NK cells;

Doses: 1 × 107, 1 × 108, 1 × 109,
1 × 1010 cells

Lymphodepletion:
Cyclophosphamide and Fludarabine

or Fludarabine Phosphate

United
States

Umbilical & Cord Blood (CB)
Derived CAR-Engineered NK
Cells for B Lymphoid
Malignancies #

NCT03056339
(36); 1,2

B-Lymphoid
Malignancies

Lymphocytic Leukemia
Chronic/Acute
Non-Hodgkin

Lymphoma

CAR-NK cells
CD19-CD28-zeta-2A-iCasp9-IL15-

transduced cord blood natural killer
(CB-NK) cells

Lymphodepletion: Fludarabine
Cyclophosphamide

(AP1903 in case of graft-versus-host
disease (GvHD) or cytokine release

syndrome after the NK cell infusion)

United
States

Study of Anti-Mesothelin Car
NK Cells in Epithelial Ovarian
Cancer +

NCT03692637
(30); 1

Epithelial Ovarian
Cancer

anti-Mesothelin CAR NK Cells;
Doses: 0.5–3 × 106/kg cells unknown

Study of Anti-PSMA CAR NK
Cell (TABP EIC) in Metastatic
Castration-Resistant Prostate
Cancer *

NCT03692663
(9); 1

Metastatic
Castration-resistant

Prostate Cancer

TABP EIC (anti-PSMA CAR NK cells)
Doses: 0.5, 10, and 30 × 106 CAR

NK cells
Lymphodepletion:

Cyclophosphamide 250 mg/m2,
fludarabine 25 mg/m2

China

CLDN6-CAR-NK Cell
Therapy for Advanced
Solid Tumors *

NCT05410717
(40); 1,2

Stage IV Ovarian Cancer
Testis Cancer, Refractory

Endometrial Cancer
Recurrent

CAR-NK cells from patients PMBC;
(some CAR-NK cells are genetically

engineered to express and secret
IL7/CCL19 and/or SCFVs against

PD1/CTLA4/Lag3)

China

Study of DLL3-CAR-NK Cells
in the Treatment of Extensive
Stage Small Cell
Lung Cancer *

NCT05507593
(18); 1

SCLC,
Extensive Stage

DLL3-CAR-NK cells;
Doses: 1 × 107, 1 × 108, 1 ×109

DLL3-CAR-NK cells
China
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Table 1. Cont.

Title

Trial Number
(Number of

Participants);
Phase

Cancer Type Treatment; Dosage † Location

Irradiated PD-L1 CAR-NK
Cells Plus Pembrolizumab
Plus N-803 for Subjects With
Recurrent/Metastatic Gastric
or Head and Neck Cancer *

NCT04847466
(55); 2

Gastroesophageal
Junction (GEJ) Cancers

Advanced HNSCC

Irradiated PD-L1 CAR-NK Cells
Plus Pembrolizumab Plus N-803

Doses: 2 × 109 cells
Pembrolizumab 400 mg

N-803 (15 mcg/kg)

United
States

FT576 in Subjects With
Multiple Myeloma *
(Allogenic CAR NK cells with
BCMA expression)

NCT05182073
(168);1

Multiple Myeloma
Myeloma

FT576 as monotherapy and in
combination with the monoclonal

antibody daratumumab
FT576: allogeneic natural killer (NK)

cells, derived from a clonal,
CD38-knockout, iPSC that expresses

BCMA, CAR, high-affinity,
non-cleavable CD16 (hnCD16), and

IL-15/IL-15 receptor fusion
protein (IL-15RF).
Lymphodepletion:

Cyclophosphamide
Fludarabine

United
States

Induced-T Cell Like NK
Cellular Immunotherapy for
Cancer Lack of MHC-I +

NCT03882840
(30); 1,2

Anti-cancer Cell
Immunotherapy

T Cell and NK Cell

Induced-T cell-like NK cells;
T-like NK cells (ITNK) from patient’s

T cells,
China

Induced-T Cell Like NK Cells
for B Cell Malignancies *

NCT04747093
(12); 1,2

B Cell Leukemia
B Cell Lymphoma

B-cell Acute
Lymphoblastic

CAR-ITNK cells;
Induced-T cell-like NK cells with

chimeric antigen receptor
China

Clinical Research of ROBO1
Specific BiCAR-NK Cells on
Patients With Pancreatic
Cancer +

NCT03941457
(9); 1,2 Pancreatic Cancer

BiCAR-NK cells-
(ROBO1 CAR-NK cells)

Derived from allogenic NK cells
China

Clinical Research of ROBO1
Specific BiCAR-NK/T Cells
on Patients With Malignant
Tumor +

NCT03931720
(20); 1,2 Malignant Tumor

BiCAR-NK/T cells
(ROBO1 CAR-NK/T cells)

Derived from allogenic NK cells
China

Clinical Research of ROBO1
Specific CAR-NK Cells on
Patients With Solid Tumors +

NCT03940820
(20); 1,2 Solid Tumor ROBO1 CAR-NK cells;

Derived from allogenic NK cells China

* recruiting; # not yet recruiting; + unknown status; † information about pre-condition treatment, type of cells
used, and the dosage of CAR-NK cells, if available.

Almost all trials are open-label, single-group assignment studies. Some of them
have parallel assignment (NCT05379647 and NCT05487651) or sequential assignment
(NCT03692767, NCT05574608, NCT05110742, and NCT05507593). Only one study is char-
acterized as a randomized trial: Phase I/II Study of CAR.70-Engineered IL15-transduced
Cord Blood-derived NK Cells in Conjunction With Lymphodepleting Chemotherapy for
the Management of Relapse/Refractory Hematological Malignances (NCT05092451).

The clinical trials conducted using CAR-NK have mainly focused on the neoplastic dis-
eases of hematopoietic organs, such as lymphoma and leukemia, NHL, multiple myeloma,
and myelodysplastic syndromes (MDS). Some trials concern reproductive tract tumors:
prostate cancer, ovarian cancer, testis cancer, endometrial cancer, and epithelial ovarian
cancer. Therapy with CAR-NK is also being tested for other solid tumors, such as small cell
lung cancer (SCLC), head and neck squamous cell carcinoma (HNSCC), pancreatic cancer,
colorectal cancer, and gastroesophageal junction (GEJ) cancer.

The results from a few clinical trials testing CAR-NK therapy’s potential for solid
tumors have been published (reviewed in [178]). The Phase I / II clinical trials of al-
logeneic cellular immunotherapy with CAR-NK-92 indicate the possibility of treating
non-hematological neoplasms with ROBO-1-CAR-NK cells [179,180]. The combination of
CAR-NK cells and anti-cancer drugs is a promising type of therapy to alter the immuno-
suppressive TME and the metastatic capacity of refractory tumors (reviewed in [178]).
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NKG2D is an activated receptor expressed on the surface of human NK cells and some
T cells. However, it is absent in healthy tissue. It plays a vital role in innate immunity,
as it is involved in recognizing virus-infected cells and killing cancer cells with NK. Five
clinical studies developed NKG2D-based CAR-NK therapies to treat myeloid leukemia
and solid tumors. The in vitro studies have already demonstrated the anti-tumor action
of NKG2D-DAP10-CD3ζ-CAR-NK cells against osteosarcoma cell lines, pancreatic cancer,
and breast cancer. A few NKG2D-based CAR therapies are described, with anti-mesothelin-
NKG2D-2B4 CARs showing the best results regarding anti-tumor response, proving the
potential of 2B4 as the co-stimulatory domain in CAR constructs (reviewed in [181]).

Table 1 presents clinical trial schemas, including CAR-NK cell infusions combined
with chemotherapeutics such as cyclophosphamide, fludarabine, and Cytoxan. Phase II
trial of PD-L1-CAR-NK cell immunotherapy, in combination with an IL-15 agonist (N-803)
and pembrolizumab (NCT04847466), is currently underway among patients with head and
neck cancers and gastric cancers in the United States. A German clinical trial is testing the
combination therapy of CAR-NK-92 with the anti-PD-1 antibody Ezabenlimab in Patients
With Recurrent HER2-positive Glioblastoma (NCT03383978).

A clinical trial with the CAR NK cells targeting the prostate-specific membrane antigen
(PSMA) is being carried out in a group of patients with metastatic castration-resistant
prostate cancer (NCT03692663). Published results of combined treatment with CAR NK-
92 and anti-PD-L1 monoclonal antibody have confirmed its anti-tumor efficacy against
prostate cancer in a mouse model [182].

Another phase I/IIa study (NCT05410717) is being carried out in 40 patients with
Claudin 6-positive advanced solid tumors. Engineered Claudin 6-targeting CAR is intro-
duced into NK cells isolated from the peripheral blood of patients with advanced ovarian
cancer or other cancers expressing Claudin 6. To enhance the killing capability, the CAR-NK
cells are genetically engineered to express and secrete IL7/CCL19 and/or scFvs against
PD1/CTLA4/Lag3.

Table 1 also summarizes the target antigens used in current clinical trials employing
CAR-NK cells. The CD19 antigen is the most prevalent in engineering CAR-NK and
CAR-T cells [92]. Treatments of B cell tumors based on the anti-CD19 CAR-T cell products
axicabtagene ciloleucel and tisagenlecleucel were the first to be approved by FDA (reviewed
in [183]). The phase 1 and 2 trial results of 11 patients with relapsed or refractory CD19-
positive cancers showed a favorable response to CD19-targeting CAR-NK therapy without
developing significant toxic effects (NCT03056339 [59]).

Few CAR-NK therapies target AML with anti-CD33, anti-CLL1, and anti-CD123 CARs.
The interest in CD33 is based on the fact that about 85–90% of AML cases express the CD33
antigen, whereas, on normal pluripotent hematopoietic stem cells, CD33 expression is
absent [184,185]. The clinical trial results using CD33-CAR NK-92 cell infusion indicated
that this therapy is safe, but exhibits low anti-leukemia efficacy [64]. Two clinical trials
based on anti-CD33 CAR-NK (NCT05215015 and NCT05008575) are currently recruiting
AML patients.

Another molecule, highly expressed in AML blasts but not on normal HSC cells, is
the family of 12 C lectin domains (CLL1, also known as CLEC12A and MICL) [186]. The
in vitro study confirmed that CLL1 CAR-NK cells efficiently eliminate the primary AML
cells (Gurney et al., 2021 Blood [187]). Previously, CLL1 and CD33 were successfully used
as targets for AML CAR-T cell therapy (Liu et al., 2018 Blood [188]). Please cite the two
in number.

The highly expressed molecule in most AML cases is CD123 (Interleukin-3 receptor
alpha; IL-3RA) [189]. NK cells expressing CARs targeting CD123 show antigen-specific
anti-AML activity in vitro [190]. NK cells expressing a second-generation CAR directed
against CD123 exhibit significantly higher cytotoxicity in AML cell lines [191]. In a planned,
but not yet underway, clinical trial (NCT05574608), 12 patients with relapsed/refractory
AML will receive fludarabine and cyclophosphamide chemotherapy followed by infusion
of CD123-CAR-NK cells.
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We found two registered clinical trials based on NK cells engineered with anti-CD22
CARs. Several studies have been performed previously with anti-CD22-CAR T-cells, since
the expression of CD22, a sialic acid-binding adhesion molecule, is specific to most B-lineage
malignancies [57]. Current clinical trial studies of anti-CD22 CAR-NK cells (NCT03692767)
and dual anti-CD19/CD22 CAR-NK cells (NCT03824964) are planned against relapsed and
refractory B Cell lymphoma. To prevent antigen escape, the CAR-NK cells simultaneously
express the CD22-targeting CAR and CD19-specific T cell receptors. Previous in vitro
studies have demonstrated that dual CD19/CD22 CAR-NK cells have anti-tumor activity
against the ALL cell line [192]. In the murine xenograft model, CD22-CAR/CD19-engager
NK cells recognized tumor cells in an antigen-dependent manner, redirected T cells to
tumor cells, and caused significant leukemia regression (Szoor et al., 2017 J Immunol [193]).

For the treatment of relapsed or refractory multiple myeloma, clinical trials with
CAR-NK cells that express an anti-BCMA (B-cell maturation antigen highly expressed
on myeloma cells) construct, together with chemotherapy, are underway (NCT03940833,
NCT05008536). The sources of allogeneic NK cells for these therapies are iPSCs and UCB. In
a xenograft mouse model, anti-BCMA CAR-NK cells revealed anti-tumor efficiency against
multiple myeloma [194]. Roex et al. developed a dual-CAR NK-92 cell line simultaneously
targeting CD19 and BCMA, which efficiently recognize and eliminate single- and double-
positive target cells, including primary tumor cells [195].

In three clinical trials, CAR-NK cells will target ROBO1 antigen on solid tumors.
Bi- and tri-specific antibodies, as well as BiCARs, are novel immunotherapy strategies
that can engage the immune effector cells so that they eliminate tumor cells by binding
simultaneously to both cell types (NK and tumor cells). The forced proximity between
these cells causes the release of cytotoxic molecules by effector cells, followed by apoptosis
of tumor cells. This method previously showed good anti-cancer activity against several
types of non-Hodgkin lymphomas [196,197].

T-cell-like NK cells are cytotoxic T-cells that co-express NK receptors such as CD56,
CD16, and/or CD57. They are involved in cytotoxic killing, and, like NK cells, are not
restricted by MHC recognition [198]. Two studies (NCT04747093 and NCT03882840) are
already recruiting patients with B-cell leukemia/lymphoma/acute lymphoblastic leukemia
for therapy based on induced T cell-like NK cells.

9. Conclusions

Almost a decade has passed since the Science magazine named cancer immunotherapy
the “Breakthrough of the Year 2013.” Indeed, today, immunology is the most promising
field of cancer research, raising great hopes for finding cures for cancer. Clinical approaches,
such as CAR therapy or immune checkpoints blockade with antibodies, have revolutionized
medicine. In recent years, more attention has been paid to NK cells and their potential
usage in adoptive therapy, including CAR therapy, by administering these genetically
modified effector cells to patients in order to fight cancer. There has already been significant
evidence collected from the results of in vitro studies and animal models for the effective
anti-tumor activity of CAR-NK therapies. In parallel, the engineering of CAR constructs is
developing rapidly to create "smart" tools to support and improve existing CAR therapies.
Numerous clinical trials using blood- or iPSCs-derived NK cells and NK-like cell lines
are currently ongoing. However, further large-scale clinical trials are still required to
improve the potency of CAR-NK therapy, not only against the most commonly targeted
hematological tumor, but also to tackle solid tumors more efficiently.
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Simple Summary: Therapies targeting TIGIT have garnered tremendous interest, but have so far
failed to reach primary endpoints in PhIII trials in lung cancer settings. This study examined the
function of TIGIT on NK cells and how NK cells may impact the success of TIGIT therapeutics.
This study demonstrated that TIGIT expression is increased on activated NK cells, including those
expanded with clinical protocols for cell therapy. Activated TIGIT+ NK cells have a better anti-tumor
response as compared to TIGIT− NK cells. More importantly, higher tumor infiltration of activated
NK cells correlates with better patient outcomes in lung adenocarcinoma. However, chronic TIGIT
engagement with its ligands in the tumor microenvironment leads to the functional decline of NK
cells, which can be prevented with anti-TIGIT. This demonstrates that TIGIT-expressing cells are not
inherently exhausted but can represent NK cells with the highest anti-tumor activity. These findings
support the joint application of NK cells with blocking, non-depleting anti-TIGIT for improved
treatment outcomes.

Abstract: Treatments targeting TIGIT have gained a lot of attention due to strong preclinical and
early clinical results, particularly with anti-PD-(L)1 therapeutics. However, this combination has
failed to meet progression-free survival endpoints in phase III trials. Most of our understanding
of TIGIT comes from studies of T cell function. Yet, this inhibitory receptor is often upregulated to
the same, or higher, extent on NK cells in cancers. Studies in murine models have demonstrated
that TIGIT inhibits NK cells and promotes exhaustion, with its effects on tumor control also being
dependent on NK cells. However, there are limited studies assessing the role of TIGIT on the function
of human NK cells (hNK), particularly in lung cancer. Most studies used NK cell lines or tested TIGIT
blockade to reactivate exhausted cells obtained from cancer patients. For therapeutic advancement, a
better understanding of TIGIT in the context of activated hNK cells is crucial, which is different than
exhausted NK cells, and critical in the context of adoptive NK cell therapeutics that may be combined
with TIGIT blockade. In this study, the effect of TIGIT blockade on the anti-tumor activities of human
ex vivo-expanded NK cells was evaluated in vitro in the context of lung cancer. TIGIT expression
was higher on activated and/or expanded NK cells compared to resting NK cells. More TIGIT+

NK cells expressed major activating receptors and exerted anti-tumor response as compared to
TIGIT− cells, indicating that NK cells with greater anti-tumor function express more TIGIT. However,
long-term TIGIT engagement upon exposure to PVR+ tumors downregulated the cytotoxic function
of expanded NK cells while the inclusion of TIGIT blockade increased cytotoxicity, restored the
effector functions against PVR-positive targets, and upregulated immune inflammation-related gene
sets. These combined results indicate that TIGIT blockade can preserve the activation state of NK
cells during exposure to PVR+ tumors. These results support the notion that a functional NK cell
compartment is critical for anti-tumor response and anti-TIGIT/adoptive NK cell combinations have
the potential to improve outcomes.

Cancers 2023, 15, 2712. https://doi.org/10.3390/cancers15102712 https://www.mdpi.com/journal/cancers
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1. Introduction

T cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT) is a major
inhibitory receptor of both T cells and natural killer (NK) cells (reviewed in [1–3]) and is
an emerging target for immune checkpoint blockade for the treatment of cancer. TIGIT
competes with inhibitory receptors KIR2DL5A [4,5] and PVRIG and activating receptor
CD226 (DNAM-1) to bind ligands CD155 (PVR) and CD112 (Nectin-2 or PVRL2) which
are commonly expressed on cancer cells and antigen-presenting cells (APCs) (reviewed
in [6]). CD96 (TACTILE) also competes for binding to PVR and has been proposed to
have a function in human NK-cell-target adhesion [7], but its role as an inhibitory or
activating receptor is unclear (reviewed in [8]). Additionally, PVRL3 interacts with PVR
and downregulates its surface expression and availability for receptor binding [9]. TIGIT
also binds PVRL4 (Nectin-4), a TIGIT-specific ligand almost exclusively expressed on tumor
cells [10]. TIGIT signaling regulates the tumor immunity cycle in multiple steps [3]. It
prevents T cell proliferation, cytotoxicity, and the production of proinflammatory cytokine
IFNγ by these cells (reviewed in [1]). Early clinical testing of anti-TIGIT therapies has
shown success. To date, 20 anti-TIGIT antibody therapies are in clinical trials for over
two dozen indications, with just over a dozen more anti-TIGIT modalities in preclinical
development (reviewed in [11–13]). However, recent phase III trials in NSCLC and ES-
SCLC did not show enhancement in PFS or OS at the time of this publication [14,15]. With
the mixed clinical results, there is a critical need to further understand the mechanism of
function of TIGIT on immune cells to support its clinical use.

Most of the current understanding of TIGIT regulation of immune cell function has
been based on T cells and/or comes from murine models, while only limited mechanistic
in vitro studies of TIGIT in human NK cells exist, and these predominantly rely on NK
cell lines [16–22], despite the same or higher TIGIT expression on NK cells compared to
T cells [23–25]. The limited studies that examined the role of TIGIT on primary human
NK cells were mostly performed with cells derived from patients with cancer or chronic
infection and showed that patient NK cells express TIGIT, and, dependent on the conditions,
TIGIT levels were found to be similar to those in healthy cells [22,23,26], downregulated
in the case of some metastatic cancer patients [21] or upregulated in patients with chronic
infection [27]. In these studies, patient’s cells were found to be dysfunctional and TIGIT
blockade alone or with cytokines was shown to increase NK cell function, including IFNγ

response and degranulation. While TIGIT and PD-1 combined blockade had a synergis-
tic effect in improving tumor control and survival in mouse models and early clinical
trials [12,28], in a B16 mouse model the therapeutic efficacy of PD-1 and TIGIT blockade
depended on the presence of NK cells, as NK cell depletion abolished the effect [29]. These
data show NK cells are an important immune population to consider in the efficacy of
TIGIT blockade treatments.

Natural killer (NK) cells are first responders as part of the innate immune system,
with an inherent ability to recognize and directly kill cancerous cells, and have emerged
as a promising platform for next-generation of cell-based immunotherapies (reviewed
in [30–35]). NK cells express a set of activating and inhibitory receptors that bind with their
ligands and the balance of these inhibitory and activating receptors’ signaling determines
NK cell activity [30]. NK cells not only directly kill tumor cells but also “jump-start” the
anti-tumor response, as they recruit, coordinate, and activate other immune cells, including
cells of the adaptive immune system through the secretion of pro-inflammatory cytokines
(e.g., IFNγ and TNFα) and chemokines ([36–38], reviewed in [39]). Recent studies have
highlighted NK cells’ critical role in the efficacy of immunotherapies where low NK cell
numbers correlated with a lack of response to treatment (reviewed in [34]). The addition
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of adoptive NK cell treatments has the potential to improve the outcomes of current
therapeutic strategies. NK cells can be efficiently expanded, viably cryopreserved without
loss of efficacy [40–44], and are not associated with graft vs. host disease (GVHD) [45–47],
supporting the potential safe use of cryopreserved donor-derived material as an off-the-
shelf cell therapy ([48,49], reviewed in [50]). There are now large numbers of clinical trials
assessing the efficacy of NK cells, including CAR-NK cells, in various cancer settings
(reviewed in [51,52]).

Adoptive NK cell therapy in combination with anti-TIGIT treatment could provide
an enhanced treatment option for cancer patients. In mouse models, blockade of TIGIT
restored NK cell cytotoxicity, increased IFNγ and TNFα expression, and promoted tumor-
specific T cell immunity [29,53–55]. However, there are no studies examining the effect
of TIGIT expression on the cytotoxicity and function of highly activated and expanded
NK cells used for adoptive cell therapy. Here, a novel exhaustion model was utilized in
combination with kinetic live-cell imaging assays and sequencing to assess the impact
of long-term exposure to lung cancer spheroids on the function of NK cells expanded
with PM21 particles (PM21-NK cells) [48,49,56]. PM21-NK cells are clinically utilized
in currently ongoing trials for cancer treatment (NCT04220684 and NCT05115630). Ex
vivo expansion and/or activation upregulated TIGIT on NK cells. TIGIT-expressing cells
expressed more activating receptors and had a higher frequency of cells producing effector
cytokines and degranulating in response to target cell engagement. LUAD-TCGA database
analysis demonstrated that TIGIT expression in the tumor tissue positively correlated
with activating NK cells, while the presence of activating NK cells correlated with better
outcomes. Expanded NK cells were found to be more resistant to TIGIT inhibition, where
TIGIT blockade did not increase the anti-tumor activities of PM21-NK cells against K562
cells or lung cancer cells in monolayers, or within the first 24–32 h of spheroid exposure.
However long-term spheroid exposure resulted in decreased cytotoxicity and function
that could be preserved by the inclusion of TIGIT blockade. TIGIT blockade increased
PM21-NK cell cytotoxicity against 3D lung cancer spheroids and prevented PVR-mediated
dysfunction after exposure to tumor spheroids. TIGIT blockade upregulated multiple gene
sets related to NK cell anti-tumor responses, including inflammatory response-related
genes, TNFα signaling via NFкB, and IFNγ response-related gene sets. The implications
of these findings on understanding TIGIT-targeted therapies and the use of adoptive NK
cell/anti-TIGIT combinations are discussed.

2. Materials and Methods

2.1. Cell Culture

Buffy coats (leukocyte source) from de-identified healthy donors were used as a
source of NK cells and were purchased from a local blood bank (OneBlood). Peripheral
blood mononuclear cells (PBMC) were separated by density gradient (Ficoll-Paque Plus
solution; GE Healthcare, Chicago, IL, USA) and cryopreserved for further use. NK cells
were expanded with PM21 particles as described previously [48,49,56]. Briefly, T-cell-
depleted PBMCs (EasySep CD3-positive selection kit; StemCell Technologies, Vancouver,
Canada) were stimulated with 200 μg/mL PM21 particles and cultured for 2–3 weeks in
SCGM media (CellGenix GmbH, Freiburg im Breisgau, Germany) and RPMI media with
100 U/mL IL-2 (PeproTech, Cranbury, NJ, USA). For activated NK cells, T-cell-depleted
PBMCs were stimulated overnight with IL-2 (1000 U/mL) or IL-12 (10 μg/mL) + IL-15
(100 μg/mL) + IL-18 (50 μg/mL). Cancer cell line K562, A549, NCI-H358, and NCI-H1975
cells (ATCC) and NCI-H1299 (a generous gift from Dr. Griffith Parks, UCF) were maintained
in RPMI media with 10% FBS, 1% antibiotic/antimycotic, and 2 mM Glutamax. A549-NLR,
NCI-H358-NLR, NCI-H1975-NLR, and NCI-H1299-NLR cells were generated through
stable transduction using commercial Nuclight Red Lentivirus (Sartorius). All cell lines
were positively selected via puromycin selection followed by sorting on uniform positive
populations (BD FACS Aria II). All cells were maintained in a humidified atmosphere at
37 ◦C supplemented with 5% (vol/vol) CO2 in air. Cell lines were routinely assessed for
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mycoplasma (E-Myco Plus Mycoplasma PCR Detection Kit, Bulldog-Bio, Inc., Portsmouth,
NH, USA) and authenticated via human STR profiling (serviced by ATCC).

2.2. Stable Cell Line Generation

PVR-expressing K562-GFPLuc cells were generated via stable transduction using
lentiviral particles generated in-house (VectorBuilder Inc., Chicago, IL, USA) containing
PVR coding gene sequences and sorted for positive and negative populations with a BD
FACSAria II Cell Sorter (BD Biosciences, Franklin Lakes, NJ, USA). PVR+ and PVR−-K562-
GFPLuc cell lines were cryopreserved until needed.

2.3. qRT-PCR

NK cells were selected (EasySep CD56-positive selection kit StemCell Technologies,
Vancouver, BC, Canada) before and after expansion, and total RNA was isolated (Direct-zol
RNA Microprep kit; Zymo Research, Irvine, CA, USA). cDNA was synthesized (High-
Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Waltham, MA, USA) and a
gene expression primer set for TIGIT (QuantiTect Primer Assay; Qiagen, Hilden, Germany)
was used to determine RNA expression levels by qRT-PCR (Quantstudio 7 PCR system,
Applied Biosystems, USA). EIF3D and RPL13A were used as control genes. The 2−ΔΔCT

method [57] was used to determine the relative RNA expression of the target gene.

2.4. Flow Cytometry

The following antibodies were used for flow cytometry analysis: CD56-PE (clone:5.1H11),
CD56-APC/Fire™750 (clone:NCAM), CD56-AF®647 (clone:5.1H11), CD3-FITC (Clone:UCHT1),
TIGIT-PE/Cy7 (Clone:A15153G), CD96-PE (Clone:NK92.39), DNAM-1-FITC (Clone:TX25),
PVRIG-APC (Clone:W16216D), PVR-PE (Clone:SKIL2), PVRL2-APC (Clone:TX31), PVRL4-
AF488 (Clone:337516), NKp30-PE (Clone:P30-15), NKp46-PE/Dazzle™594 (Clone:9E2),
CD16-PeCy5 (Clone:3G8), NKG2D-APC (Clone:1D11), NKp44-PE-Cy7 (Clone:P44-8), LAG-
3-FITC (Clone:11C3C65), PD-1-PE-Dazzle™594 (Clone:EH12.2H7), TIM-3-PE (Clone:F38-
2F2), TNFα-PE/Dazzle™594 (Clone:MAB11), IFNγ-PerCP5.5 (Clone:B27), CD107a-PE
(Clone:H4A3), CD3-PerCP-eF710 (Clone:OKT3), and NKG2A-APC (Clone:Z199). NK cells
were stained with pre-conjugated protein-specific or the corresponding isotype control
antibodies. All samples were acquired on a Cytoflex (Beckman Coulter, Brea, CA, USA)
or Northern Lights 2000 Full Spectrum (Cytek, Fremont, CA, USA) flow cytometer and
analyzed with FlowJo software (v10.6.2). An example gating strategy for NK cells is shown
in Supplementary Materials Figure S1.

2.5. Kinetic Live-Cell Imaging Cytotoxicity Assays

Kinetic live-cell imaging cytotoxicity assays were performed as previously described [58].
Lung cancer cell lines A549-NLR, NCI-H358-NLR, NCI-H1975-NLR, and NCI-H1299-NLR,
stably expressing nuclear red fluorescent protein (Nuclight Red; NLR) for tracking were
used as target cells. For monolayer cytotoxicity assays, 6000 cancer cells were seeded
per well in a flat-bottom 96-well plate the day prior to adding NK cells. For spheroid
cytotoxicity assays, 5000 cancer cells were seeded in a 96-well clear round-bottom ultra-low
attachment microplate (Corning, Corning, NY, USA), centrifuged at 130× g for 10 min, and
incubated for 3 days to form spheroids. Cancer cell monolayers or spheroids were then
co-cultured with NK cells at the indicated effector-to-target (E:T) ratios in the presence of
Ultra-LEAF isotype or anti-TIGIT antibodies (Biolegend, San Diego, CA, USA). Monolayers
were imaged for 72 h, while spheroid experiments were conducted for 7 days with an
IncuCyte® S3 Live-Cell Analysis System (Sartorius, Göttingen, Germany). Target tumor
cell growth was tracked over time by red object count per well (ROC) in 2D assays and total
red object integrated intensity (ROII) (RCU × μm2/Image) in 3D assays. Relative growth
of the target cells alone or in the presence of NK cells with or without TIGIT blockade
was determined by normalizing ROC or ROII to the value at time 0 (ROCt/ROCt=0 or
ROIIt/ROIIt=0) when NK cells were initially added to determine normalized ROC (nROC)
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or normalized ROII (nROII) [59]. Cytotoxicity (%) was then determined based on the
following equations:

2D CytotoxicityE:T(%) = (1 − (
nROCE:T

nROCT ))× 100

3D CytotoxicityE:T(%) =

(
1 −

(
nROIIE:T

nROIIT

))
× 100

2.6. In Vitro Exhaustion Model

A549-NLR cells (5000/well) were seeded in a 96-well clear round-bottom ultra-low
attachment microplate (Corning, Corning, NY, USA), centrifuged at 130× g for 10 min,
and incubated for 3–4 days to form spheroids. NK cells were then added in the presence
of Ultra-LEAF isotype or anti-TIGIT antibodies (Biolegend, San Diego, CA, USA). After
7 days of incubation, NK cells were stimulated with PVR− or PVR+-K562-GFPLuc cells
for 4–6 h in the presence of Brefeldin A (eBioscience, San Diego, CA, USA) and Golgi
Stop™ (BD Biosciences, Franklin Lakes, NJ, USA). Samples were harvested and stained
with CD56, CD3, and CD107a antibodies, fixed and permeabilized (eBioscience IC Fixation
and Permeabilization buffers), and probed with antibodies for IFNγ and TNFα, followed
by analysis using flow cytometry.

2.7. RNA-Seq

NK cells were set up as described in the exhaustion model. After 7 days of coincu-
bation, NK cells were isolated with an NK cell selection kit (EasySep CD56+ selection kit;
StemCell technologies, Vancouver, BC, Canada) and analyzed by flow cytometry (Northern
Lights 2000 Full Spectrum, Cytek, Fremont, CA, USA) to determine NK cell purity. Total
RNA was extracted from the NK cells (Direct-zol Microprep kit, Zymo research, Irvine,
CA, USA). RNA quality (RIN value) was determined by TapeStation and used for polyA
selection, library preparation, and RNA sequencing (Genewiz, Inc., South Plainfield, NJ,
USA). Raw RNA-seq data (Fastq) were analyzed with FastQC for quality control [60]. Trim-
momatic was used for trimming adaptor and low-quality reads [61], HISAT2 for mapping
genes with the hg38 human genome, and Stringtie for assembly and quantification of read
counts [62]. Combat-seq was used to remove batch effects among samples [63] and EdgeR
to normalize gene expression and determine differentially expressed genes [64]. A ranked
gene list was generated by multiplying log2-fold change and –log10 (p-value) of individual
genes obtained from EdgeR and used for pre-ranked gene set enrichment (GSEA) analysis
to determine enriched hallmark-gene sets [65].

2.8. TIMER2.0-Based Analyses

The TIMER2.0 webserver [66–68] was used to report NK cell immune infiltration,
gene expression, and patient survival correlations from the lung adenocarcinoma patient
cohort of The Cancer Genome Atlas Program (TCGA) (n = 515). Correlation between TIGIT
and NK cell infiltration was analyzed after tumor purity adjustment (partial Spearman’s
correlation) using the CIBERSORT immune deconvolution method in absolute mode. The
statistical significance of differential expression between tumor and adjacent normal tissues
was analyzed by the Wilcoxon test. The Cox proportional hazard model was used to
determine the survival of lung adenocarcinoma patients using the upper and lower 25% of
patients. The hazard ratio (HR) and p-value for Kaplan–Meier curves were determined to
understand clinical relevance.

2.9. Statistics

Statistical analysis was performed by GraphPad Prism 9.3.1. Paired or unpaired
two-tailed Student’s t-tests were used unless noted in the figure legend. All experiments
were performed for at least 3 biological replicates. p-values less than 0.05 were considered
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statistically significant. p-values are shown as * if p < 0.05, ** if p < 0.01, *** if p < 0.001, and
**** if p < 0.0001.

3. Results

3.1. PM21-Particle-Expanded or Cytokine-Activated NK Cells Have Increased TIGIT Expression

NK cells obtained from healthy donors were expanded using PM21 particles [48,49].
This feeder cell-free expansion technology utilizes plasma membrane particles derived
from K562-mbIL21-41BBL cells (PM21 particles) to stimulate NK cell proliferation, result-
ing in an average 1700-fold expansion of NK cells in 2 weeks (N = 113 from 18 donors,
Supplementary Materials Figure S2). Resting NK cells isolated from PBMCs, and NK cells
expanded from matching donors using PM21 particles (PM21-NK cells) were analyzed for
TIGIT expression by qRT-PCR and flow cytometry. TIGIT was upregulated on the RNA level
in PM21-NK cells compared to resting NK cells, ranging from 2.3-fold to 9.3-fold (average
5.6 ± 2.6-fold; N = 8, p < 0.002) (Figure 1A). Furthermore, the percentage of TIGIT+ NK
cells was increased in PM21-NK cells compared to resting NK cells (Figure 1B), with the
expression ranging from 9% to 54% in resting NK cells and 54% to 90% in PM21-NK cells
(N = 9, p < 0.0001) (Figure 1C). To determine if other NK cell activation methods also
increase TIGIT expression, T-cell-depleted PBMCs were stimulated overnight with either
IL-2 (1000 U/mL) or the combination of IL-12 (10 μg/mL), IL-15 (100 μg/mL), and IL-18
(50 μg/mL), and the percentage of NK cells expressing TIGIT was compared to resting NK
cells (Figure 1D). TIGIT expression was upregulated on IL-2-activated NK cells (86 ± 7%,
p < 0.0001) and IL-12/15/18-activated NK cells (79 ± 18%, p < 0.0001) compared to resting
NK cells (29 ± 13%), and was comparable to the level of expression on PM21-NK cells
(74 ± 13%) (Figure 1E). Altogether, these findings demonstrated that NK cells, activated
with either PM21 particles or cytokines, upregulated TIGIT on both the RNA and surface
protein levels.

3.2. More TIGIT+ PM21-NK Cells Expressed Activating and Inhibitory Receptors Compared to
TIGIT− PM21-NK Cells, and upon Stimulation with K562 Cells, More TIGIT+ NK Cells Produced
Effector Cytokines and Had Surface CD107a

To determine if the expression of TIGIT is associated with any changes to the phe-
notype and/or activation state of NK cells, the level of expression of major activating
and inhibitory receptors was compared between TIGIT+ and TIGIT− PM21-NK cells, de-
termined by flow cytometry gating (Figure 2A, Supplementary Figure S1). Differences
were evaluated on cells prior to day 14 of expansion when the expression is not at the
maximal level and differential expression can still be assessed. In general, expression of
activating and other inhibitory receptors was increased on TIGIT+ PM21-NK cells com-
pared to TIGIT− PM21-NK cells, as summarized in Figure 2B,C. The percentage of NK
cells expressing activating receptors CD16, NKp30, NKp46, DNAM-1, and NKG2D var-
ied between donors but was increased (p = 0.02 or less) for TIGIT+ vs. TIGIT− NK cells
in donor-matched pairs for all activating receptors, except for DNAM-1. DNAM-1 was
ubiquitously and highly expressed on all PM21-NK cells, averaging more than 98% of both
TIGIT− and TIGIT+ NK cells (Figure 2B). The inhibitory receptors CD96, TIM-3, NKG2A,
and LAG-3 were also expressed on PM21-NK cells, while PD-1 was detected on fewer
than 2% of PM21-NK cells (Figure 2C). A significantly higher percentage of TIGIT+ NK
cells expressed CD96 (p = 0.01) and TIM-3 (p = 0.008) compared to donor-matched TIGIT−
NK cells, while expression of NKG2A and LAG-3 were not significantly different. These
findings showed that TIGIT+ NK cells expressed higher levels of important activating and
some inhibitory receptors typically induced upon activation.
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Figure 1. Cytokine-activated or PM21-particle-expanded NK cells highly expressed TIGIT. NK cells
were either expanded with PM21 particles from T-cell-depleted PBMCs (PM21-NK cells) or were
isolated from PBMCs by negative selection and analyzed for TIGIT expression directly (resting
NK cells) or after overnight stimulation with cytokines. TIGIT expression was analyzed on the
mRNA level by qPCR and on the protein level by flow cytometry. (A) TIGIT RNA level was on
average 5.6 ± 2.6-fold greater in PM21-particle-expanded NK cells compared to resting NK cells
(N = 8 donors). TIGIT expression was measured on the protein level by flow cytometry. (B) A
representative histogram overlay is shown comparing PM21-NK cells (red) and resting NK cells
(black) to isotype control (gray). (C) Summary data from 10 donors showed TIGIT protein expression
significantly increased in PM21-NK cells (red triangles) compared to donor-matched resting NK cells
(black circles). (D) Flow cytometry was also used to analyze TIGIT expression on NK cells activated
by other methods, with dot plots showing examples of TIGIT expression on resting and activated
cells as indicated above the graphs (red—anti-TIGIT vs. black—isotype ctrl.). (E) Consistent with
PM21-NK cells (triangles), TIGIT expression is also increased in NK cells activated overnight with
1000 U/mL of IL-2 (squares) or 10 μg/mL IL-12, 100 μg/mL IL-15, and 50 μg/mL IL-18 (diamonds)
compared to resting NK cells (circles) (N = 5–10 donors). Data are presented as a mean with error bars
representing standard deviation (SD), scatter plots with donor-pair lines, or scatter plots with mean
and SD. Paired two-tailed Student’s t-tests were used to compare TIGIT expression in PM21-NK cells
to that in resting cells and one-way ANOVA corrected for multiple comparisons using a Turkey post
hoc test was used to compare TIGIT expression across different NK cell activation methods using
GraphPad Prism software v. 9.3.1. p-values are shown as ** if p < 0.01, and **** if p < 0.0001.
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Figure 2. TIGIT+ NK cells have increased expression of NK cell receptors compared to TIGIT−

NK cells and have enhanced anti-tumor function. NK cells from four donors were expanded with
PM21 particles from T-cell-depleted PBMCs for 12 days. Expression of NK cell activating and
inhibitory receptors was determined by flow cytometry and gated on TIGIT− or TIGIT+ NK cells.
(A) Representative flow cytometry dot plots with gating are shown comparing NK cells with isotype
control (gray) or the indicated receptor-specific antibody (red). The percentages of NK cells expressing
(B) activating receptors CD16, NKp30, NKp46, DNAM1, and NKG2D and (C) inhibitory receptors
CD96, TIM3, NKG2A, LAG3, and PD1 were determined for TIGIT+ NK cells (red triangles) and
TIGIT− NK cells (black circles) (N = 4 donors, avg. of duplicates). PM21-NK cells were stimulated
with either PVR− or PVR+-K562 cells and the percentage of TIGIT− or TIGIT+ NK cells expressing
IFNγ, TNFα, or CD107a was determined by flow cytometry with (D) representative dot plots shown
for stimulation with PVR− for each effector function measured. Significantly more TIGIT+-PM21-NK
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cells (red triangles) produced IFNγ and TNFα, and expressed CD107a after stimulation with either
PVR− (E) or PVR+ (F) K562 cells compared to TIGIT−-PM21-NK cells (black circles) (N = 4 donors,
avg. of 2–3 replicates). Data are presented as scatter plots with donor-pair lines. Statistical significance
was determined by multiple paired t-tests. p-values are shown as * if p < 0.05, ** if p < 0.01 and *** if
p < 0.001.

Next, the functional status of TIGIT+ vs. TIGIT− PM21-NK cells was assessed to
determine if TIGIT expression on NK cells also corresponds to higher function. For this,
the production of effector cytokines and degranulation in unstimulated PM21-NK cells
or cells stimulated with either PVR− or PVR+-K562 cells was measured and compared
based on TIGIT expression (Figure 2D). Significantly more TIGIT+ PM21-NK cells than
TIGIT− cells produced IFNγ (27 ± 12% vs. 13 ± 6%, p = 0.014) and TNFα (45 ± 11% vs.
30 ± 4%, p = 0.005) and stained for more surface CD107a (46 ± 12% vs. 31 ± 5%,
p = 0.013) in response to PVR−-K562 cells (Figure 2E). Similarly, PVR+-K562 cell stimulation
resulted in more TIGIT+ PM21-NK cells than TIGIT− cells producing IFNγ (41 ± 19% vs.
17 ± 10%, p = 0.009) and TNFα (56 ± 9% vs. 32 ± 8%, p < 0.001) and with surface CD107a
(55 ± 21% vs. 30 ± 8%, p = 0.013) (Figure 2F). There was no inhibition of TIGIT+ PM21-
NK cells stimulated with PVR+-K562 cells compared to PVR−; in fact, the percentage of
IFNγ+ and TNFα+ NK cells trended higher for PVR+-K562 stimulation (IFNγ 41 ± 19% vs.
27 ± 12%, p = 0.06; TNFα 56 ± 9% vs. 45 ± 11%, p = 0.07). This suggests that the response
to PVR is overpowered by signaling through activating receptors DNAM-1 and/or NKG2D
which are highly expressed on PM21-NK cells, while TIGIT inhibition is less evident. Con-
sistent with the observations made with regard to PM21-NK cells, when NK cells were
activated with IL-2 or IL-12/15/18, more TIGIT+ NK cells than TIGIT− cells produced
TNFα and had more cells with surface CD107a in response to both PVR− and PVR+ K562
cell stimulation (Supplementary Materials Figure S3). However, no significant difference
was observed between TIGIT+ and TIGIT− NK cells in IFNγ, with overall low levels of
IFNγ-expressing cells with O/N IL-2 activation (less than 14%) and overall high levels of
IFNγ-expressing cells even without any stimulation with O/N IL-12/15/18 (more than
40%). The high basal level of IFNγ secretion with O/N IL-12/15/18 could be overpowering
the response, not allowing for the detection of induction by target cell stimulation. No
significant difference in effector cytokine production or degranulation between TIGIT+ and
TIGIT− PM21-NK cells was observed in response to cytokine stimulation with IL-12/15/18
(Supplementary Materials Figure S4), indicating this greater function is specific to anti-
tumor response. Taken together, these data suggest that TIGIT+ NK cells represent a more
activated cell subpopulation of NK cells with greater anti-tumor response capacity, and
those cells are not inherently exhausted.

3.3. TIGIT Blockade Enhanced PM21-NK Cell Cytotoxicity against 3D Lung Tumor Spheroids

To access the effect of TIGIT blockade on PM21-NK cell anti-tumor functions, PM21-NK
cell cytotoxicity against A549 lung tumor cells was examined. This cell line expresses TIGIT
ligands PVR and PVRL2 but not PVRL3 or PVRL4 (Table 1, Supplementary Figure S5).
PM21-NK cells were co-cultured with 2D A549 lung cancer cell monolayers at a 0.33:1
NK:A549 cell ratio in the presence of anti-TIGIT antibodies or isotype controls and cy-
totoxicity was measured with a live-cell imaging assay. No significant enhancement of
PM21-NK cell killing occurred with TIGIT blockade over 72 h (cytotoxicity in the pres-
ence of isotype control vs. anti-TIGIT antibodies was 14 ± 10% vs. 15 ± 9% at 24 h,
27 ± 11% vs. 31 ± 7% at 48 h, and 44 ± 9% vs. 50 ± 4% at 72 h, N = 3 donors) (Figure 3A,B).
Concentration-dependent cytotoxicity curves were determined for each timepoint for
one donor and no difference in killing was observed with or without TIGIT blockade
(area under the curve was 559 ± 18% × cell ratio vs. 525 ± 24% × cell ratio at 24 h,
689 ± 17% × cell ratio vs. 629 ± 37% × cell ratio at 48 h, and 751 ± 14% × cell ratio vs.
697 ± 25% × cell ratio at 72 h) (Figure 3C–E).

To determine if blockade of TIGIT affects PM21-NK cell cytotoxicity against lung can-
cer spheroids that better mimic the cancer environment, PM21-NK cells were co-cultured
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with A549 cell spheroids, and their killing over time as well as NK cell phenotype at the
end of the co-culture were assessed. PM21-NK cells were exposed to tumor spheroid for
7 days in the presence of anti-TIGIT or isotype control antibodies. Representative videos
and images at several time points show the increased killing of A549 spheroids in the
presence of anti-TIGIT after 48 h (Supplementary Figure S6A, Figure 4A), apparent by
the smaller size of resulting spheroids (Figure 4A) and reduced relative spheroid growth
(Supplementary Figure S6B). Cytotoxicity curves over time were determined and repre-
sentative curves from one donor and summary cytotoxicity data from multiple donors
are shown in Figure 4B–D. The cytotoxicity was increasing over time with a compa-
rable rate of killing observed between the control and anti-TIGIT samples during the
first 48 h (Supplementary Figure S6A). Killing slowed down after 28 h in the absence of
anti-TIGIT, while the killing rate remained unchanged when NK cells were with anti-
TIGIT until 72 h, resulting in greater killing observed in the presence of anti-TIGIT over
time. TIGIT blockade enhanced PM21-NK cell cytotoxicity against A549 spheroids at
72 h by an average of 20% across donors (p < 0.0001, 1:1 PM21-NK cells:A549 cells, N = 6)
(Figure 4C,D). Expression of multiple activating and inhibitory receptors was evaluated on
unexposed control PM21-NK cells and PM21-NK cells from three donors after exposure
to A549 spheroid in the presence of isotype control or anti-TIGIT antibodies. Tumor expo-
sure alone or with TIGIT blockade did not change the frequency of NK cells expressing
inhibitory receptors TIM-3, NKG2A, LAG-3, PD-1, or CD96 compared to isotype control
or unexposed NK cells (Supplementary Figure S7). Similarly, there was no difference in
the expression of activating receptors CD16, NKG2D, NKp30, NKp46, and DNAM-1 after
tumor exposure with or without TIGIT blockade, although there was a trend toward a
decreased expression of NKG2D upon spheroid exposure, particularly with isotype control
(Supplementary Figure S7).

Table 1. TIGIT ligand expression in lung cancer cell lines. Lung cancer cell lines were stained with
TIGIT-ligand-specific antibodies and compared to isotype controls to determine ligand expression by
flow cytometry. Data are presented as percentage of cancer cells that are ligand-positive (%) averaged
from 2–3 different passages, in duplicate.

Lung Cancer
Cell Line

PVR
(%)

PVRL2
(%)

PVRL3
(%)

PVRL4
(%)

A549 100 ± 1 100 ± 1 2 ± 1 1 ± 1
NCI-H358 100 ± 1 100 ± 1 0 ± 1 82 ± 18
NCI-H1299 100 ± 1 100 ± 1 2 ± 1 1 ± 1
NCI-H1975 100 ± 1 100 ± 1 2 ± 2 16 ± 13

To confirm that the enhancement in NK cell cytotoxicity against lung cancer spheroids
upon TIGIT blockade is not limited to a single cell line, testing of the anti-TIGIT antibody
was also performed in the NCI-H1299, NCI-H358, and NCI-1975 lung cancer cell lines.
These cell lines also highly express PVR and PVRL2 while H358 additionally expresses
PVRL4 among the TIGIT ligands assessed (Table 1).

PM21-NK cell cytotoxicity against spheroids of these cell lines was determined using
the live-cell imaging assay. Each cell line was killed at different rates, but all demon-
strated enhanced cytotoxicity upon TIGIT blockade after the 24 h time point, with the
effect increasing over time (Figure 5A–C). While there was donor-dependent variability
in the extent of killing, TIGIT blockade increased cytotoxicity in donor-matched compar-
isons against all cell lines tested (NCI-H1299 p = 0.02, NCI-H358 p = 0.01, and NCI-1975;
p = 0.005) and modestly enhanced the killing of H1299 (on average by 12%) and H358 (by
18%), while strongly enhancing killing of H1975 (by 88%) (Figure 5D,E). Collectively, these
findings indicate that in 3D spheroid models, TIGIT blockade enhanced the cytotoxicity of
PM21-NK cells over time against lung cancer cells without a change in the phenotype of
the NK cells. The enhancement difference was not observed during the first 24–36 h but
increased over time, with the largest differential observed after 72 h.
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3.4. TIGIT Blockade Preserved PM21-NK Cell Effector Function against PVR-Positive Cancer
Cells after Co-Culture with Cancer Cell Spheroids

NK cell exhaustion can occur in the context of the tumor microenvironment whereby
long-term exposure to tumors leads to decreased effector function, altered phenotype, or
decreased killing. The mechanisms leading to NK cell exhaustion are not well defined,
although recent studies have shown that exacerbated inhibitory receptor signaling plays a
role (reviewed in [69]). Previous studies have reported that chronic inhibitory signaling pro-
motes the exhaustion of cytotoxic immune cells [69] and TIGIT has been associated with NK
cell exhaustion in tumor-bearing mouse models and cancer patients [28]. In the experiments
testing cytotoxicity of PM21-NK cells against lung cancer spheroids (Figures 3A and 4A–C),
TIGIT blockade resulted in the enhancement of cytotoxicity that was increasing as a func-
tion of the time in co-culture with tumor, indicating that the rate of killing was decreasing
in the absence of TIGIT blockade potentially as a result of progressive decline in function.
To determine if TIGIT blockade could alleviate signs of exhaustion in PM21-NK cells upon
exposure to tumor spheroids, an in vitro exhaustion model was developed. PM21-NK cells
were first co-cultured with A549 spheroids for 7 days either in the presence of anti-TIGIT or
isotype control antibodies. NK cells were then stimulated with either PVR− or PVR+-K562
cells and the production of effector cytokines and degranulation was assessed. Unexposed,
unstimulated PM21-NK cells were used as a negative control while unexposed PM21-NK
cells, stimulated with either PVR+-K562 or PVR−-K562 cells, were used as positive controls.
A schematic of the in vitro exhaustion model is shown in Figure 6A, and examples of flow
cytometry histograms for one donor are shown in Figure 6B. Notably, the cytotoxicity,
cytokine production, and degranulation of unexposed PM21-NK cells stimulated with
either PVR+-K562 or PVR−-K562 cells were comparable and were not affected by TIGIT
blockade (Supplementary Figure S8).

Figure 3. TIGIT blockade did not enhance PM21-NK cell cytotoxicity against A549 lung tumor
monolayers. NK cells were expanded with PM21 particles from T-cell-depleted PBMCs obtained from
multiple donors for 14–16 days. Cytotoxicity against A549-NLR lung cancer cells in a monolayer,
measured by kinetic live-cell imaging, was not significantly improved in the presence of anti-TIGIT
antibodies compared to isotype control. (A) Representative cytotoxicity time courses from one donor
are shown in the presence of 0.3:1 NK cells:A549 cells either with isotype control (black circles) or
in the presence of anti-TIGIT antibodies (red triangles). (B) Summary plot comparing cytotoxicity
at 24, 48, and 72 h for NK cells from multiple donors at 0.3:1 of NK:A549 cells is shown (N = 3).
Concentration-dependent cytotoxicity curves are shown for one donor at multiple NK cells:A549 cell
ratios at 24 h (C), 48 h (D), and 72 h (E). Statistical significance was determined by multiple paired
t-tests and represented as ns if p > 0.05.
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Figure 4. TIGIT blockade enhanced PM21-NK cell cytotoxicity against A549 lung tumor spheroids.
Expanded NK cells were co-cultured with A549 tumor spheroids for 7 days. NK cell cytotoxicity was
determined by kinetic live-cell imaging. Representative images at 10× magnification from the live-cell
imaging cytotoxicity assay of NLR-expressing A549 cancer cell spheroids incubated with 10,000 NK
cells in the presence of anti-TIGIT or isotype control after 0, 48, 96, and 144 h showed increased NK
cell cytotoxicity in the presence of anti-TIGIT antibodies against A549 spheroids (A). Representative
cytotoxicity time courses from one donor are shown with isotype control (black circles) or anti-TIGIT
(red triangles) antibodies present (B). Summary plot comparing NK cell cytotoxicity from multiple
donors at 72 h at 1:1 NK:A549 ratio shows that TIGIT blockade significantly increased cytotoxicity
(N = 6 donors, avg. of 2–3 replicates) (C), and relative cytotoxicity increased for each donor when
normalized to isotype control (D). Data are presented as scatter plots with donor-pair lines or as
mean with error bars representing standard deviation. Statistical significance was determined by
multiple paired t-tests. For concentration-dependent cytotoxicity curves, the area under the curve
(AUC) was determined and compared by unpaired t-tests. p-values are shown as **** if p < 0.0001.

When unexposed PM21-NK cells were stimulated with K562 cells, the percentage
of NK cells expressing IFNγ increased from less than 1% to 15 ± 5% (p = 0.0002) when
stimulated with PVR−-K562 cells and to 14 ± 7% (p < 0.0001) with PVR+-K562 cells
(Figure 6C). Restimulation with K562 cells after A549 spheroid co-culture resulted in a
lower percentage of PM21-NK cells expressing IFNγ (8 ± 5% for PVR− (p = 0.03) and
4 ± 3% with PVR+ cells (p = 0.0002)) (Figure 6C) and the decrease was greater when
PVR+ cells were used (p = 0.04). TIGIT blockade during co-culture with A549 spheroids
did not mitigate the tumor-induced decrease in IFNγ expression after restimulation with
PVR− cells with still only 9 ± 7% of cells expressing IFNγ. By contrast, restimulation with
PVR+-K562 cells increased IFNγ expression in NK cells from 3 ± 2% with isotype control
to 7 ± 4% with anti-TIGIT, although without reaching significance (p = 0.1) (Figure 6C).
Additionally, there was no longer a significant difference in IFNγ expression between PVR−
or PVR+-K562 cell restimulation when anti-TIGIT antibodies were present in the initial
tumor co-culture, indicating that the initial difference was TIGIT-dependent. Thus, tumor
exposure resulted in close to 80% loss in the IFNγ generation capacity with about 30% of
this loss being dependent on TIGIT/PVR engagement.
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Figure 5. TIGIT blockade enhanced NK-cell-mediated killing in multiple 3D lung tumor spheroid
models. NK cells were expanded with PM21 particles from T-cell-depleted PBMCs obtained from
multiple donors for 14–16 days. Expanded NK cells were co-cultured with NCI-H1299-NLR, NCI-
H358-NLR, or NCI-1975-NLR lung tumor spheroids for 7 days. NK cell cytotoxicity time courses
were determined by kinetic live-cell imaging. Representative cytotoxicity curves from one donor
are shown against H1299 (A), H358 (B), and H1975 (C) spheroids either with isotype control (black
circles) or TIGIT (red triangles) antibodies present. Summary plot comparing NK cell cytotoxicity
from multiple donors at 72 h shows that TIGIT blockade significantly increased cytotoxicity (D) and
enhanced relative cytotoxicity when cytotoxicity with anti-TIGIT for each donor was normalized to
isotype control (E) (E:T ratios used were 3:1 for NCI-H1299, 1:1 for NCI-H358, and 1:3 for NCI-H1975;
N = 6 donors, avg. of 3 replicates). Data are presented as scatter plots with donor-pair lines or as
mean with error bars representing standard deviation. Statistical significance was determined by
multiple paired t-tests. p-values are shown as * if p < 0.05 and ** if p < 0.01.

TNFα generation was also negatively impacted by tumor exposure, with most of
the decrease being driven by the TIGIT/PVR axis. Stimulation of unexposed PM21-NK
cells with K562 cells resulted in an increased frequency of TNFα+ NK cells compared to
unstimulated cells (4 ± 1% vs. 29 ± 5% upon PVR− cell stimulation (p < 0.0001) and
4% vs. 28 ± 3% with PVR+ cells (p < 0.0001)) (Figure 6D). Compared to unexposed cells,
A549 tumor exposure either in the presence of isotype control or anti-TIGIT antibodies
did not result in a change in the frequency of TNFα+ NK cells induced in response to
PVR−-K562 cell restimulation (27 ± 6% in the presence of isotype control and 30 ± 8% with
anti-TIGIT antibodies) (Figure 6D). However, restimulation with PVR+-K562 cells resulted
in a lower frequency of TNFα+ NK cells after co-cultures with isotype control antibodies
compared to PVR−-K562 cell restimulation (27 ± 6% with PVR− vs. 15 ± 5% with PVR+

cells; p = 0.008) or compared to unexposed NK cells stimulated with PVR+-K562 cells
(28 ± 3% in unexposed vs. 15 ± 5% for spheroid exposed; p = 0.0001) (Figure 6D). Blocking
of TIGIT during spheroid co-culture prevented the decrease in the frequency of TNFα+ NK
cells, with 28 ± 7% of NK cells expressing TNFα after restimulation with PVR+-K562 cells,
frequencies comparable to unexposed stimulated NK cells (28 ± 3%) and to exposed NK
cells stimulated with PVR−-K562 cells (27 ± 6%) (Figure 6D). Thus, blocking TIGIT fully
restored the TNFα production capacity of NK cells in response to PVR+ targets.
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Figure 6. TIGIT blockade prevents PVR-mediated NK cell exhaustion during spheroid exposure.
NK cells were expanded from T-cell-depleted PBMCs for 14–16 days. Expanded NK cells were
co-cultured with A549 spheroids for 7 days in the presence of anti-TIGIT or isotype control. After
7 days of co-culture, NK cells were stimulated with K562 cancer cells with or without PVR expression
for 4–6 h in the presence of Brefeldin A and Golgi Stop, and NK cell expression of surface CD107a,
IFNγ, and TNFα was analyzed with flow cytometry. Unexposed PM21-NK cells, either unstimulated
or stimulated, were used as controls. Additionally, NK cells were selected after co-culture with A549
spheroids and used for RNA extraction and transcriptomic analysis. A schematic of the experiment is
shown in (A). IFNγ, TNFα, and CD107a expression on NK cells was determined by flow cytometry,
and representative histograms are shown overlaying unexposed stimulated PM21-NK cells (light
gray fill with black outline) with PM21-NK cells that were tumor exposed in the presence of a
blocking antibody isotype control (dark gray fill with black outline) or anti-TIGIT (red fill and outline)
and stimulated with PVR+ K652 cells for all shown conditions (B). Unstimulated, unexposed NK
cells (open squares), unexposed stimulated NK cells (gray filled diamonds), NK cells that were
tumor-exposed in the presence of isotype (dark gray filled circles) or anti-TIGIT antibodies (red filled
triangles) are shown for either re-stimulation with PVR−-K562 cells or PVR+-K562 cells. TIGIT blockade
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preserved IFNγ (C), TNFα (D), and CD107a (E) expression to levels of unexposed NK cells, when
re-challenged with PVR+-K562 cells (N = 4–6 donors, avg. of 2 replicates). GSEA analysis of RNA-
seq data from 3 donors shows that TIGIT blockade upregulated IFNγ, TNFα, and other related
inflammation response gene sets. Summary graphs show upregulated gene sets upon TIGIT blockade
based on their −log10(FDR) (F). Data are presented as scatter plots or bar graphs with error bars
representing standard deviation. Statistical significance was determined by 2-way ANOVA with
p-values shown as * if p < 0.05, ** if p < 0.01, *** if p < 0.001, and **** if p < 0.0001 for comparing each
exposure and stimulation condition. Statistical significance was determined by unpaired t-tests with
p-values shown as ns p > 0.05, # if p < 0.05, or ## p < 0.01.

TIGIT blockade also restored most of the ability of PM21-NK cells to degranulate
upon PVR+ cell restimulation post-tumor-co-culture. Surface CD107a expression, a marker
for degranulation, increased in unexposed PM21-NK cells upon stimulation with K562
cells where the frequencies of degranulating, CD107a+ NK cells increased from 6 ± 3% in
unstimulated to 53 ± 9% (p < 0.0001) in cells stimulated with PVR−K562, and to 44 ± 5%
(p < 0.0001) after PVR+-K562 cell stimulation (Figure 6E). Tumor co-culture in the presence of
isotype control antibodies decreased the frequency of CD107a+ NK cells upon restimulation
with K562 cells (37 ± 5% for PVR− (p = 0.004) and 19 ± 8% PVR+ (p < 0.0001)) with a
larger decrease with PVR+-K562 cells compared to PVR− cells (p = 0.005). TIGIT blockade
during tumor co-culture only restored CD107a expression for PVR+-K562-restimulated NK
cells; resulting in an increase in the frequency of CD107a+ NK cells compared to isotype
control conditions (41% with TIGIT blockade vs. 19% with isotype control; p < 0.0001),
resulting in comparable frequencies of CD107a+ NK cells to those observed for PVR−-K562-
restimulated NK cells, which remained unchanged after TIGIT blockade (41% with PVR+

cell restimulation vs. 39% with PVR−).
In summary, evidence of NK cell exhaustion upon tumor exposure was observed,

resulting in decreased frequencies of NK cells degranulating and producing IFNγ and
TNFα after re-stimulation with K562 cells compared to K562 stimulation of unexposed NK
cells, and these decreases were greater when restimulated with PVR+-K562 cells. TIGIT
blockade restored the ability of NK cells to produce IFNγ and TNFα and degranulate (based
on CD107a surface expression) upon restimulation with PVR+ cells in tumor-exposed
PM21-NK cells back to levels comparable to re-stimulation with PVR−-K562 cells, and
for TNFα and degranulation to levels observed for unexposed NK cells stimulated with
PVR+-K562 cells.

In order to determine if the protective effect of TIGIT blockade on the effector func-
tions of PM21-NK cells post-exposure occurs on a transcriptional level, NK cells were
selected after co-culture with A549 spheroids for 7 days and RNA extracted for sequencing
and transcriptomic analysis (schematically depicted in Figure 6A). Gene set enrichment
analysis revealed that TIGIT blockade upregulated hallmark gene sets including TNFα
signaling via NFкB, inflammatory response, IFNγ response, and IFNα response gene sets
(Figure 6F, Supplementary Figure S9). These enrichments in the transcriptome indicate a
more activated state [70] of PM21-NK cells upon TIGIT blockade during A549 co-culture.
Altogether, these observations from functional and transcriptomic analyses demonstrated
that TIGIT blockade restored PM21-NK cell anti-tumor functions against PVR+ cancer cells
after exposure to cancer cell spheroids.

3.5. Translational Importance of Activated NK Cells and PVR/TIGIT Axis

To assess if there is a correlation between NK cell levels and/or the PVR/TIGIT axis
and outcomes, the lung adenocarcinoma (LUAD) cohort of The Cancer Genome Atlas
(TCGA) was analyzed using the TIMER2.0 webserver. TIGIT was significantly upregulated
in tumor tissue compared to adjacent normal tissue in the LUAD cohort (Figure 7A). While
PVR was not upregulated, TIGIT ligands PVRL2 and PVRL4 had significantly increased
expression levels (Figure 7A). Further, TIGIT expression positively correlated with infil-
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trated activated NK cells, but not resting NK cells (Figure 7B), indicating that the presence
of activated NK cells in the tissue may lead to higher overall levels of TIGIT expression
in tumors, including associated infiltrating immune cells, likely including activated NK
cells. Most importantly, higher levels of activated NK cell infiltration correlated to better
survival (Figure 7C) while higher levels of PVR on tumors correlated with poorer survival
(Figure 7D). There was no correlation between the levels of resting NK cells and outcomes
(Supplementary Materials Figure S10). Taken together, these results corroborate the impor-
tance of the in vitro findings and show that there is a correlation between levels of activated
NK cells, TIGIT tumor tissue expression, and better outcomes. On the other hand, the
presence of PVR on tumors would likely result in TIGIT engagement and progression to a
more exhausted state correlated with poorer outcomes and also suggest that combining
the adoptive transfer of highly activated NK cells with TIGIT blockade could enhance
response rates and improve outcomes by preventing exhaustion and prolonging NK-cell
activation state.

Figure 7. Activated NK cells infiltrated into LUAD tumors upregulate TIGIT and correlate with
better survival. The TIMER2.0 webserver was used to analyze the lung adenocarcinoma (LUAD)
cohort of The Cancer Genome Atlas (TCGA) (n = 515) to determine if there are correlations be-
tween NK cell levels, TIGIT/PVR expression, and outcomes. The analysis revealed that TIGIT and
its ligands PVRL2 and PVRL4 are significantly upregulated in LUAD tumors compared to nor-
mal tissue (A). TIGIT expression positively correlated with activated NK cells, but not resting NK
cells, based on absolute CIBSORT deconvolution of immune infiltrates and gene expression in the
cohort (B). Additionally, higher levels of activated NK cell infiltration correlated with better survival
(C) while higher levels of PVR on tumors correlated with poorer survival (D). Statistical significance in
(A) was determined by the Wilcoxon test; p-values are shown as * if p < 0.05 or *** if p <0.001). Scatter
plots with purity-adjusted spearman’s rho and p-value are shown in (B). The hazard ratio (HR) and
p-value for Kaplan-Meier curves are shown in (C,D).
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4. Discussion

TIGIT has received a tremendous amount of attention in recent years as a promising
target with the potential to match or exceed the success of anti-PD-(L)1 therapies. Based
on the exciting preclinical and early clinical data, there are currently over 60 active trials
of therapies targeting TIGIT in different cancer settings and in various combinations [71].
There are also more than 20 additional TIGIT-targeting modalities, including antibody–
drug conjugates and bi- and tri-specifics, that are currently under development [72]. This
high enthusiasm has been recently quenched by the release of data from larger phase III
trials in NSCLC (SKYSCRPER-01) and ES-SCLC (SKYSCRAPER-02) that failed to meet
primary endpoints in terms of reaching target improvement in progression-free survival
or overall survival. Thus, there is a great need to gain a better understanding of TIGIT
function in the cell populations that are behind tumor control to realize the potential
shortcomings. NK cells are one of those populations that not only kill but also set the
stage for other components of the immune system. NK cells also constitutively express
TIGIT [13,18,21,22,73–75], and, under some circumstances, the levels of TIGIT expression
were found to be higher than on any of the T cell subtypes, including CD8 T cells and
Tregs [24]. Yet, NK cells are also largely ignored when investigating potential reasons
behind the failure of TIGIT therapeutics. This study was designed to provide a more
detailed understanding of TIGIT function on activated human NK cells derived from
healthy donors prior to, and after, exposure to PVR-expressing lung cancer spheroids. The
results were further compared with the analysis of patient data from the LUAD-TCGA
database, and together, provide important findings that should be considered when using
TIGIT therapeutics as well as adoptive NK cell therapies to potentially improve outcomes.

In the current study, TIGIT was found to be highly expressed on the surface of activated
NK cells irrespective of the activation method used. Activation of NK cells with the methods
used clinically for the generation of cells for adoptive NK cell therapy, such as cytokines,
IL-12/15/18, or through expansion with PM21 particles, resulted in the upregulation
of TIGIT expression. TIGIT expression marked NK cells that had increased expression
of major activating receptors (CD16, NKG2D, NKp46, and NKp30) and some inhibitory
receptors, such as CD96 and TIM-3. TIGIT+ NK cells had enhanced cytotoxic function,
resulting in a greater level of degranulation and effector cytokine secretion after exposure
to tumor targets, suggesting that TIGIT is a marker of NK cell activation. Previous studies
have similarly reported that IL-15 stimulation can increase TIGIT expression on NK cells,
while other cytokines tested, such as IL-7 and IL-21, resulted in only minor increases
(<15%) or no change (such as with IL-12) in the MFI of TIGIT-stained cells [3,25]. In
contrast to our findings, the functional performance of TIGIT+ NK cells was reported to be
lower as compared to TIGIT−, although most of the studies examined NK cells derived
from tumor-bearing mice or patients either with chronic infection or cancer, which were
likely already exhausted [22,26,28,76]. For example, TIGIT expression trended higher
in early melanoma but was downregulated in metastatic melanoma [21]. TIGIT+ NK
cells from melanoma patients were found to have higher lytic potential, as determined
by higher levels of perforins and granzyme, but lower lytic function, resulting in lower
degranulation and specific lysis. In murine models, TIGIT+ NK cells recovered from
either spleen or tumors of tumor-bearing mice had a lower frequency of IFNγ-, TNFα-,
or DNAM-expressing cells as compared to TIGIT− NK cells [28]. Wang et al. reported
that TIGIT+ NK cells from healthy individuals had decreased function resulting in lower
degranulation and cytokine production, although the stimulation method used was either
with IL-12 or lipopolysaccharide (LPS) [24]. Similarly, we did not observe any difference in
IFNγ or TNFα production between TIGIT+ and TIGIT− NK cells in response to cytokine
stimulation, suggesting that these TIGIT+ NK cells have greater anti-tumor but not general
responsiveness. Thus, the observed differences are likely due to differences in the activation
method used for testing the function or the cell source (healthy vs. tumor-derived NK cells).
The present study demonstrated that freshly activated and/or expanded NK cells appear
to have higher TIGIT expression, which also correlates to a more activated phenotype and
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enhanced anti-tumor function. Surprisingly, TIGIT blockade also did not affect PM21-NK
cell cytotoxicity in short-term assays with 2D lung cancer monolayers. This suggests that
activation, likely involving DNAM-1-PVR binding and/or NKG2D, overpowers TIGIT
inhibitory signaling in the highly cytotoxic PM21-NK cells [55] in the short term. PM21 NK
cells have high expression of major activating receptors such as DNAM-1, NKG2D, NKp46,
and NKp30. This also suggests that the observed higher cytotoxicity of expanded cells may
also be the result of lower sensitivity to inhibitory signaling.

To address if expanded cells are still susceptible to exhaustion after prolonged tumor
exposure, a novel in vitro spheroid model was developed. This model was utilized in com-
bination with blocking antibodies to assess the effect of TIGIT engagement on the function
of expanded NK cells after chronic tumor exposure. In this chronic exposure model, TIGIT
blockade had no effect within the first 48 h but thereafter gradually improved PM21-NK-cell
cytotoxicity against multiple lung cancer spheroids. This suggests that during long-term
exposure to tumors, TIGIT signaling can inhibit and/or downregulate NK-cell-mediated
killing. Furthermore, chronic tumor exposure had a negative impact on general NK-cell
anti-tumor function, resulting in reduced degranulation and decreased expression of ef-
fector cytokines IFNγ and TNFα in NK cells exposed to tumors and re-challenged with
either PVR+ and PVR− K562 cells. Combining TIGIT blockade during tumor exposure with
either PVR+ or PVR− restimulation allowed us to decern which function was negatively
impacted by the engagement of the TIGIT/PVR pathway, and to what extent. PVR/TIGIT
interaction was the main mechanism leading to the decline in TNFα production, whereas
TIGIT blockade and/or absence of PVR resulted in the retention of full function at the
level of unexposed cells. Additional factors contributed to decreased IFNγ production and
degranulation in this system, preventing the full restoration of these functions with TIGIT
blockade or in the absence of PVR engagement. Although in the present study, the blockade
was applied concurrently with tumor exposure and as such likely prevented functional
decline, the effect of TIGIT could also be reversing the loss of function, as others have shown
when applying anti-TIGIT to cells recovered from tumor microenvironments either from
patients or mice [22]. However, in those studies, it is difficult to assess how much of the
function is recovered since starting levels are not easy to evaluate. In some of those studies,
TIGIT blockade itself was not sufficient to enhance the function of exhausted cells but rather
had to be combined with cytokine activation [21,22]. Interestingly, in the present study, no
significant changes in the surface phenotype were observed after tumor exposure, including
similar DNAM-1 expression, and a trend toward decreased expression was only observed
for NKG2D, with some improvement with TIGIT blockade. Transcriptomic analysis of NK
cells after exposure to the A549 spheroids demonstrated that chronic TIGIT engagement re-
sults in NK cell reprogramming associated with the functional decline, and blocking TIGIT
resulted in the upregulation of gene sets involved in inflammatory responses and TNFα
signaling, consistent with the functional results. These gene sets could be upregulated by
applying TIGIT blockade and suggested a more activated state of NK cells when combined
with anti-TIGIT.

These findings agree with previous reports from murine models that showed that
in tumor-challenged mice, TIGIT deficiency or blockade resulted in better tumor control
and that the recovered tumor-infiltrating NK cells had more than double the frequency of
TNFα-producing cells and more CD107+ and DNAM+ cells within the tumor-infiltrating
NK cell populations. There was either small or no change observed in the frequency of
IFNγ-producing NK cells dependent on the model, which is somewhat different from the
findings presented in this study, although in the current study, the decline observed in
IFNγ production appears to be largely mediated by mechanisms other then TIGIT/PVR
engagement, where only a minor component was restored with TIGIT blockade and a large
decrease was observed with restimulation with PVR− cells. Another difference between the
present study and others is in the lack of downregulation of DNAM-1 expression after tumor
exposure. Several studies have reported that NK cells obtained from cancer patients or
patients with chronic infections had lower expression of DNAM-1 and/or TIGIT [22,77,78].

52



Cancers 2023, 15, 2712

Moreover, in the tumor-bearing murine models, TIGIT blockade or deficiency resulted in
more DNAM-1+ cells (~15% more) [28]. This is different from the present study and may
be either due to shorter exposure time (7 days vs. >14 days) or due to the greater activation
state of the expanded cells that renders the DNAM-1 expression more stable and resistant
to downregulation upon TIGIT engagement and/or exhaustion. The cells also retained
their function after exposure even in the absence of TIGIT blockade, supporting their utility
for adoptive cell therapies.

As mentioned earlier, NK cells are the critical component of anti-tumor immunity. The
efficacy of anti-TIGIT antibodies was dependent on NK cells and NK cells were shown
to regulate CD8 T cell anti-tumor immunity, including preventing their exhaustion and
helping with memory formation [28]. Thus, the presence of functional, TIGIT+ NK cells is
critical to the efficacy of anti-TIGIT therapies and adoptive NK cell therapy may further
improve the efficacy of anti-TIGIT antibodies by boosting overall T cell immune response
against cancer cells in cancer patients frequently lacking the NK cell compartment.

NK cells are critically important for the efficacy of anti-TIGIT therapies. Yet, the major-
ity of current therapeutic anti-TIGIT antibodies in development, including tiragolumab
that recently failed in PhIII trials, are Fc-competent and can engage FcγR on effector
cells, e.g., macrophages, and potentially lead to clearance of TIGIT+ cells. Depletion of
TIGIT+ populations including Tregs has been reported in tumor samples obtained from
patients treated with Fc-optimized TIGIT antibodies and was considered important for
the therapeutic effects of the antibodies [79,80]. Given that TIGIT is highly expressed on
activated, tumor-infiltrating NK cells and at lower levels on resting non-activated NK cells
(Figures 1 and 7), Fc-competent anti-TIGIT antibodies could lead to the depletion of this
critical population through FcR-dependent mechanisms. The effect of an Fc-competent
anti-TIGIT antibody on the function of NK cells has been examined in a short-term assay
and shown to increase the percentage of CD107a+ NK cells [81]; however, long-term assays
or in-depth analyses of the effects on NK cell amount were not performed. Although
blocking TIGIT could help prevent NK cell exhaustion and/or restore NK cell function,
Fc-competent anti-TIGIT antibodies may negatively affect the efficacy of treatment by
removal of this critical effector population. Further studies are warranted to probe this
potential consequence of Fc-competent antibody use and its effect on treatment outcomes.

5. Conclusions

In summary, this study provides insight into mechanisms of TIGIT blockade in ex
vivo-expanded human NK cells. TIGIT is highly expressed on activated NK cells and
correlates with higher anti-tumor function, although during prolonged tumor exposure, its
engagement can result in a decrease in NK cell function (Figure 8). Anti-TIGIT antibodies
have the potential to improve the efficacy of PM21-NK cell tumor immunity, and adoptive
PM21-NK cells and anti-TIGIT antibodies should be explored in future preclinical studies
and clinical trials as a combination therapy against lung tumors.
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Figure 8. TIGIT expression in the context of NK cell activation state and TIGIT blockade. TIGIT
expression is increased on activated NK cells compared to resting. Activated TIGIT+ NK cells have a
better anti-tumor response as compared to TIGIT− NK cells. However, chronic TIGIT engagement
with its ligands in the tumor microenvironment leads to the functional decline of NK cells, which can
be prevented with anti-TIGIT.
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Simple Summary: CAR-T cells are immune cells equipped with a claw that enable them to bind
cancer cells. Usually, CAR-T cells are made using immune cells from blood. Here, we tested the
hypothesis that also immune cells that reside in the tumor, so called tumor-infiltrating lymphocytes,
can also be modified to carry the claw. This may mean that these cells, called CAR-TILs, will be able
to attack cancer cells in two ways, using the claw or binding using its normal protein on the cell
surface, the so-called T cell receptor. We show that CAR-TILs can be generated, and that they can
kill melanoma cells in cell culture and in mice. Finally, to prepare for clinical trials, we also assess if
CAR-TILs can be safe in a human cancer patient-like model, a companion dog suffering from cancer.
Our data suggest that CAR-TILs may be a way to treat patients with melanoma but human clinical
trials are needed.

Abstract: Patients with metastatic melanoma have a historically poor prognosis, but recent advances
in treatment options, including targeted therapy and immunotherapy, have drastically improved
the outcomes for some of these patients. However, not all patients respond to available treatments,
and around 50% of patients with metastatic cutaneous melanoma and almost all patients with
metastases of uveal melanoma die of their disease. Thus, there is a need for novel treatment strategies
for patients with melanoma that do not benefit from the available therapies. Chimeric antigen
receptor-expressing T (CAR-T) cells are largely unexplored in melanoma. Traditionally, CAR-T cells
have been produced by transducing blood-derived T cells with a virus expressing CAR. However,
tumor-infiltrating lymphocytes (TILs) can also be engineered to express CAR, and such CAR-TILs
could be dual-targeting. To this end, tumor samples and autologous TILs from metastasized human
uveal and cutaneous melanoma were expanded in vitro and transduced with a lentiviral vector
encoding an anti-HER2 CAR construct. When infused into patient-derived xenograft (PDX) mouse
models carrying autologous tumors, CAR-TILs were able to eradicate melanoma, even in the absence
of antigen presentation by HLA. To advance this concept to the clinic and assess its safety in an
immune-competent and human-patient-like setting, we treated four companion dogs with autologous
anti-HER2 CAR-TILs. We found that these cells were tolerable and showed signs of anti-tumor activity.
Taken together, CAR-TIL therapy is a promising avenue for broadening the tumor-targeting capacity
of TILs in patients with checkpoint immunotherapy-resistant melanoma.
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1. Introduction

Patients with metastatic melanoma have a historically poor prognosis; however [1],
recent advances in treatment options have drastically improved patient prognosis. Targeted
therapies using inhibitors of BRAF alone [2,3] or in combination with MEK inhibitors [4,5]
have shown good response rates in patients with metastatic cutaneous melanoma. How-
ever, most patients treated with these inhibitors develop drug resistance. Immunotherapies,
including checkpoint inhibitors targeting PD1 and CTLA4 or LAG3, can result in more
durable response rates among patients with melanoma [6–9]. Adoptive T cell transfer
(ACT) with tumor-infiltrating lymphocytes (TILs) has also been used to treat metastatic
melanoma in clinical trials, with response rates of approximately 50% [10–12]. Importantly,
not all patients with metastatic malignant melanoma respond to current treatment strate-
gies; therefore, alternative and/or combination therapies are currently being explored in
preclinical experiments and trials.

Uveal melanoma (UM) is a rare form of melanoma [13] arising in the uveal tract
of the eye, i.e., the iris, ciliary body, and choroid. UM is treated with brachytherapy or
enucleation with very good local control (97%) [14]. However, approximately 50% of
patients will later present with metastatic disease [15], mainly to the liver, but also to other
sites [16]. Patients with spread UM rarely respond to systemic chemotherapy or targeted
therapies, [17] and combined immune checkpoint inhibitors have not shown the same
promising effect in UM [18,19] as in cutaneous melanoma [20]. Benchmark data suggest
an average progression-free and overall survival of approximately 3.3 and 10.2 months,
respectively [21]. Loco-regional treatment with isolated hepatic perfusion or percutaneous
hepatic perfusion demonstrates high response rates and prolonged progression-free sur-
vival in randomized trials, but mature survival data are still pending [22,23]. The combined
treatment with PD-1 inhibitor pembrolizumab and the HDAC inhibitor entinostat exhibited
durable responses in a fraction of patients, including one with an iris melanoma with a
high mutation burden and patients with tumors exhibiting a wildtype BAP1 tumor sup-
pressor gene [24]. ACT with TILs was tested in patients with UM in a clinical trial, with a
response rate of 35% [25]. Finally, for patients with the HLA-A2 genotype, the bispecific
T cell engager tebentafusp can activate anti-tumor immune responses [26] and prolong
the survival of patients with UM [27], despite surprisingly low response rates [28]. Hence,
although recent progress has been made, metastatic UM remains a medical challenge.

Immunotherapies aim to overcome tumor immune evasion strategies to re-activate
the patient’s own immune system to attack and kill the tumor. However, some tumors
downregulate the antigen presentation pathway [29,30], rendering these tumor cells in-
sensitive to TCR-mediated recognition and cytotoxicity, thereby disarming both immune
checkpoint inhibition and ACT. One way to overcome this problem is to equip T cells with
a chimeric antigen receptor (CAR) designed to recognize a specific protein expressed on
the surface of tumor cells irrespective of antigen presentation. CAR-T therapy has not
yet been approved for use in any solid cancer; however, CD19 CAR-T therapy is used
in young patients with acute lymphocytic leukemia (ALL) [31]. The reason why CAR-T
therapy has not yet been successful in solid cancers is not fully understood, but includes
heterogeneous expression of antigens, expression of checkpoint proteins, poor homing and
tissue penetrance of CAR-T cells, an immune suppressive tumor microenvironment (TME),
and CAR-T cell endurance [32].

Mouse models are useful for studying the antitumor efficacy of human CAR-T cells,
but there are limitations. Patient-derived xenograft (PDX) models are immunodeficient [33],
and in both PDX models and cell line-derived xenograft models, the tumor stroma and
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off-target tissues of CAR-T cells are of mouse origin. Therefore, these models cannot be
readily used for TME or toxicity studies without additional genetic engineering. Neither
xenograft nor syngeneic transplant models are spontaneous tumor models; therefore, tumor
architecture can also be suboptimal. Companion dogs are an emerging and complementary
model to study toxicity and anti-cancer treatment efficacy [34]. Dogs live and socialize with
their human owners, share their habits and microbiota, and develop lifestyle diseases, such
as cardiovascular problems, joint problems, diabetes, and cancer, with age [35]. Malignan-
cies range from leukemia and lymphoma to solid tumors such as mammary or squamous
cell carcinoma of the head and neck [36]. Melanoma is a particularly aggressive form of
cancer in some breeds of dogs [37]. It is not associated with solar damage and most often
develops in mucosal areas such as the mouth or under the nail bed. Similar to human
mucosal melanoma, the spectrum and driver mutations of canine melanoma are different
from those of human cutaneous and uveal melanoma [38,39].

We previously reported good antitumor efficacy of CAR-T cells directed against HER2
in PDX models of cutaneous and uveal melanoma [40]. We demonstrated that the elicited
effect of CAR-T cells was target-specific, as CRISPR/Cas9-mediated disruption of HER2
abolished the sensitivity of melanoma cells to anti-HER2 CAR-T cells. Importantly, CAR-T
cells were also able to eradicate tumors that were refractory to ACT. Current CAR-T
therapies use CAR-transduced T-cells from blood as drug substances. This T cell pool
largely consists of naïve and memory T cells carrying a TCR with irrelevant affinity. Naïve T
cells generally do not express molecules that facilitate homing to inflamed peripheral tissues.
TILs, on the other hand, can home to tumors; therefore [41,42], they could potentially serve
as good starting materials for the generation of CAR-T cells. The aim of this study was
to assess whether CAR expression in TILs can boost tumor cell death. We also assessed
whether the CAR-TILs were safe and tolerable in mice and companion dogs.

2. Materials and Methods

2.1. Human Patient Samples

Tumor samples were obtained from patients treated at the Department of Surgery,
Sahlgrenska University Hospital, Gothenburg, Sweden, following informed consent (Re-
gional Human Ethics Board of Västra Götaland, Sweden approval #288-12 and #44-18).
Tumor cells were extracted from tumor samples and used for patient-derived xenograft
establishment, as previously described [43]. Young TILs (y-TILs) were extracted from the
same tumor samples, cultured, and expanded, as previously described [42].

2.2. Cell Experiments

Patient-derived melanoma cell lines were maintained in RPMI with 10% fetal bovine
serum and were either described previously [UM22, MM2, MM3, MM4 [42,44]] or gener-
ated by culturing melanoma samples in RPMI with 10% FCS (MM5, MM6). 92-1 Uveal
melanoma cells were a kind gift from the European Collection of Authenticated Cell
Cultures (ECACC, UK, or available from Sigma-Aldrich), and the HER2 knockout line
was established previously [40]. The canine tumor cell lines D17.os and CF41.mg were
purchased from ATCC (Manassas, VA, USA).

For CRISPR/Cas9 inactivation of B2M, the Cas9:crRNA:tracrRNA ribonucleoprotein
(RNP) complex was assembled according to the manufacturer’s recommendations (IDT
DNA) and transfected into the cells using Lipofectamine RNAiMAX reagent (Invitrogen,
Thermo Fisher, Carlsbad, CA, USA). Negative cells were sorted based on the absence
of B2M-PE antibody staining (clone 2M2, BioLegend, San Diego, CA, USA) using mag-
netic separation with PE-beads (Miltenyi, Bergisch, Germany), confirmed negative by
staining with the same antibody, and analyzed using an Accuri C6 flow cytometer (BD,
Franklin Lakes, NJ, USA) equipped with the BD Accuri C6 softwaren (v1.0).
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2.3. Generation of TILs and CAR-TILs

Young TILs (yTILs) were made by cutting 2–3 mm3 pieces from tumors and placing
these in a 24-well plate containing RPMI medium supplemented with 10% human AB
serum (Sigma-Aldrich, St. Louis, MO, USA), 6000 IU/mL human recombinant IL2 (Pepro-
tech, East Windsor, NJ, USA), 1 mM sodium pyruvate (Gibco, Thermo Fisher, Carlsbad,
CA, USA), and 50 μM 2-Mercaptoethanol (Gibco). After 10–14 days, the yTILs were ei-
ther expanded or cryopreserved for future use. For the rapid expansion (REP) of TILs,
yTILs (1 × 105) were mixed with irradiated (40 Gy) feeder cells (20 × 106), CD3 antibody
(clone OKT3, 30 ng/mL, Miltenyi), and a medium containing 50% RPMI and 50% AIM-V
(Invitrogen) supplemented with 10% human AB serum (Sigma-Aldrich) and 6000 IU/mL
IL-2 (Peprotech).

A HER2 CAR-expressing lentiviral vector that was previously shown to be specific
for HER2 was purchased from ProMab (Richmond, CA, USA) [40]. The second-generation
CAR expressed from this vector contains a CD8 leader, a Herceptin-like scFV binding
domain, a CD8 transmembrane region and the intracellular signaling domains from CD3ζ
and CD28. CAR-TILs were produced by transducing TILs on days 1 and 2 of the REP
with the HER2 CAR lentiviral vector in the presence of Vectofusin-1 (Miltenyi). After
five days of culture at 37 ◦C in 5% CO2, half of the medium was replenished. From day
six onwards, the flasks were inspected daily and split when necessary to maintain cell
densities of approximately 1–2 × 106/mL. After 14 days in culture, the cells were harvested,
resuspended in PBS with 300 IU/mL of IL-2, and intravenously transplanted into mice
(20 × 106 cells per mouse in 100 μL).

Alternatively, REP-TILs were transfected with anti-HER2 CAR mRNA via electropora-
tion using a 4D nucleofector (Lonza, Basel, Switzerland). This mRNA was generated by
PCR amplification of the coding sequence of anti-HER2-CAR [40] using primers that carried
a T7 RNA polymerase recognition sequence at the 5′-end. The resulting PCR product was
used in an in vitro transcription reaction with the T7 mScript Standard mRNA Produc-
tion System (Cellscript, Madison, WI, USA). The TILs were resuspended in P3 primary
cell solution with supplement (Lonza), and mRNA was added before pulsing using the
DN100 program.

2.4. CAR Detection

For qPCR detection, genomic DNA was prepared from TILs and CAR-TILs 10–14 days
after the start of REP by lysing in Direct PCR Lysis Reagent (Nordic BioSite, Stockholm,
Sweden) and proteinase K. Quantitative PCR was performed in triplicate using a qPCR
SyGreen mix (Techtum Lab AB, Stockholm, Sweden), and the PCR reaction was performed
with a CFX cycler (Bio-Rad, Hercules, CA, USA). Data analysis comparing ΔCT values
normalized to a reference gene (β-actin) was performed to determine the CAR copies/cell.

For analysis of the HER2 protein binding capacity of CAR-TILs, 100,000 cells were
incubated with 1 μg biotinylated HER2 protein (Abcam, Cambridge, UK) for 30 min at
4 ◦C, followed by incubation with an allophycocyanin-conjugated streptavidin antibody
(Jackson Immuno Research, West Grove, PA, US) for 25 min at 4 ◦C, and flow cytometry
analysis was performed.

2.5. Cytotoxicity Experiments

Melanoma cells were infected with a lentivirus made using pHAGE-PGK-GFP-IRES-
LUC-W (Addgene # 46793) containing coding sequences for green-fluorescent protein and
firefly luciferase. To assess the cytotoxicity of T cells, patient-derived melanoma cell lines
expressing luciferase were plated at 20,000 cells/well in black 96-well plates (Corning,
Corning NY, USA) and cultured in the presence or absence of different ratios of T cells per
well. After 48 h, the medium was aspirated for IFN-γ secretion analysis using an ELISA
kit (Diaclone, Besancon Cedex, France), and the viability of the cancer cells was assessed
by measuring luminescence with a GloMax Discover plate reader (Promega, Madison,
WI, USA) or an IVIS Lumina III XR (Perkin-Elmer, Waltham, MA, USA) after adding
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luciferin (150 μg/mL) to the cells. For degranulation analysis, TILs and CAR-TILs were
co-cultured with cancer cells for 4–6 h in RPMI supplemented with human AB serum
(Sigma-Aldrich) and CD107a antibody (clone H4A3, BD), followed by washing in PBS
and the detection of bound CD107a antibody by flow cytometry (BD Accuri C6 Plus). For
the IFN-γ secretion assay, the degranulation assay was followed by additional staining
procedures according to the manufacturer’s instructions (Miltenyi Biotech), and bound
IFN-γ was detected using flow cytometry. For the detection of cleaved caspase 3 (CC3),
cancer cells were co-cultured with TILs and CAR-TILs for 24 h, followed by fixation and
permeabilization using Cytofix/Cytoperm solution for 25 min (554714, BD), washed twice
with supplemented Wash/Perm buffer (554714, BD), and stained with a CC3 antibody
(clone C92-605, BD) at 1:10 dilution in Wash/Perm buffer. Finally, the cells were washed
and analyzed using flow cytometry.

2.6. Mouse Experiments

All mouse experiments were performed in accordance with EU Directive 2010/63
(Regional Animal Ethics Committee of Gothenburg #2014-36, #2016-100, and #2018-1183).
Non-obese diabetic-severe combined immune-deficient interleukin-2 chain receptor γ

chain knockout mice (NOG mice, Taconic, Ry, Denmark) and human IL-2 transgenic NOG
(hIL2-NOG) mice (Taconic) were used for the engraftment of tumor samples. Tumor size was
monitored by caliper measurements, alternatively bioluminescent signals, using the IVIS
imaging system (Perkin-Elmer). When tumor growth was confirmed by two consecutive
measurements, hIL2-NOG mice were treated with autologous human tumor-infiltrating
lymphocytes (TILs; 20 million cells per mouse) by intravenous injection into the tail vein.
NOG mice served as untreated controls.

2.7. Canine CAR-TIL Expansion

For canine yTIL expansion, 2–3 mm3 tumor pieces were cut and placed in a 24-well
plate containing RPMI medium supplemented with 10% human AB serum (Sigma-Aldrich),
6000 IU/mL human recombinant IL2 (Peprotech), 1 mM sodium pyruvate (Gibco), and
50 μM 2-Mercaptoethanol (Gibco). After seven days, the yTILs were harvested, washed
in PBS, and resuspended in PBS supplemented with 10% fetal bovine serum. Cells were
stained with a CD5-PE antibody (clone YKIX322.3, eBioscience) diluted 1:50 for 20 min
at 4 ◦C, washed in PBS, and stained with PE microbeads (Miltenyi) according to the
manufacturer’s protocol. Finally, cells were washed and CD5 positive cells were sorted
using MACS separation with LD columns (Miltenyi) using a QuadroMACS Separator
(Miltenyi) according to the manufacturer’s instructions. CD5 positivity was confirmed by
analyzing PE expression using flow cytometry (BD Accuri C6 Plus). CD5 positive yTILs
were either cryopreserved for later expansion or directly expanded using a rapid-expansion
protocol (REP). For REP of canine TILs, CD5 positive yTILs (1 × 105) were mixed with
20 × 106 irradiated (40 Gy) feeder cells from healthy dog blood donors (three different
donors) and human CD3 antibody (clone OKT3, 30 ng/mL, Miltenyi) and expanded for
14 days in RPMI supplemented with 10% human AB serum (Sigma-Aldrich), 6000 IU/mL
human IL2 (Peprotech), 1 mM sodium pyruvate (Gibco), and 50 μM 2-Mercaptoethanol
(Gibco). For CAR-TIL production, cells were electroporated with anti-HER2 CAR mRNA
after expansion and used to treat the patient the next day. Alternatively, anti-HER2 CAR
lentivirus was added after 1, 2, and 12 d of culture.

2.8. First-in-Dog (FIDO) Trial

Four client-owned dogs with HER-2 positive aggressive tumors were recruited at
the University Animal Hospital (Uppsala, Sweden) between November 2019 and April
2021. All the dogs had recurrent spontaneous cancers with metastases. The CAR-TIL FIDO
study and sample collection were approved by the Swedish Animal Ethical Committee
and Swedish Animal Welfare Agency (#2019-2435). Written consent was obtained from
dog owners.
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The study design was as follows: at the initial visit, blood samples were collected
and the hematology and biochemistry were analyzed. The dogs were screened with a
whole-body CT scan (dogs 1 and 4) or thoracic X-rays and ultrasound of the local lymph
nodes and abdomen (dogs 2 and 3). As soon as possible, surgical extirpation of the primary
tumor was performed in three dogs (dogs 1–3) and of the metastasized local lymph nodes
in one dog (dog 4). The tumors were sent to a pathology laboratory for diagnostic purposes.
Parts of the tumors were sent in sterile PBS containing Primocin (InVivoGen, San Diego,
CA, USA) to the laboratory in Gothenburg for expansion of autologous TILs. The TILs
were modified, grown, and harvested as described below.

Before the first dose of CAR-TILs, each dog was treated for 10–14 days with oral
Toceranib phosphate (Hospital pharmacy, brand name PalladiaTM) 2.3–2.5 mg/kg qd to
suppress regulatory T-cells. Treatment was stopped five days before CAR-TIL transfu-
sion. The dogs were sedated with subcutaneous injections of medetomidine:butorphanol
(0.01 mg/kg:0.1 mg/kg). Transfusion of CAR-TILs was performed via a peripheral venous
catheter for 30 min using a protocol that included monitoring vital signs (body temperature,
breathing, mucous membrane heart rate, blood pressure, and pulses). After the transfusion,
the sedated dogs were reverted with an intramuscular injection of atipamezol (0.05 mg/kg).
Dogs stayed at the clinic for at least one hour after transfusion for supervision. Three dogs
were treated with amoxicillin 9.5–11.5 mg/kg bidaily (BID) for 10 days and 1 (dog 2) was
treated with clindamycin 12 mg/kg BID for 10 days, after each CAR-TIL treatment. Human
IL-2 (a kind gift from the NCI) was administered by subcutaneous injections.

Blood samples were collected at visits for treatment and revisits. A complete blood
count, standard clinical chemistry profile, and immunoglobulin gel electrophoresis were
performed. Response to therapy was categorized in accordance with veterinary-adjusted
RECIST criteria [45] as CR (complete regression of measurable soft tissue disease), PR
(partial response of at least 30% reduction in the sum of diameters of target lesions, taking
as reference the baseline sum), PD (progression of the disease by either the appearance of
one or more new lesions or at least a 20% increase in the sum of diameters of target lesions,
taking as reference the smallest sum on study), and SD (less than 30% reduction or 20%
increase in the sum of diameters of target lesions, taking as reference the smallest sum of
diameters while on the study). The best overall response was defined as the best response
recorded from the start of treatment to disease progression or recurrence. Macroscopic
tumor lesions were measured using a caliper and documented using photographs. In addi-
tion, dogs were followed up with diagnostic imaging (computed tomography, radiography,
and/or ultrasound), using the most suitable modality for each case. Adverse events were
graded according to VCOG-CTCAE version 2 [46].

2.9. Protein Analysis

For immunohistochemistry, dog tumor tissues were fixed in 4% formalin, dehydrated,
and embedded in paraffin. Sections (4 μm were mounted onto positively charged glass
slides and dried at 60 ◦C for 1 h. The slides were rehydrated, and antigen retrieval
was performed by heat-induced epitope retrieval (HIER) in Dako PT Link with a high
pH buffer (Dako, Glostrup, Denmark). The staining was performed with an autostainer
(Autostainer Link 48, Dako) using the following protocol: Endogenous Enzyme Block
for 5 min (FLEX Peroxidase Block, Dako), primary antibody (HER2 A0485 and Melan-A
IR633; both from Dako) staining for 60 min at room temperature, secondary reagent staining
(FLEX + Rabbit LINKER, K8009, Dako) for 15 min, FLEX HRP for 20 min, diaminobenzidine
(DAB) chromogen development for 10 min, and counterstaining with hematoxylin for
12 min. The slides were dehydrated and mounted using a Pertex.

2.10. Statistical Analyses of Experimental Data

Statistical analysis was performed using GraphPad software, ordinary one-way ANOVA,
multiple comparisons with Tukey’s correction (Figure 1 and Figure 3b,c), and alternatively
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unpaired t tests (Figures 2 and 3a). P values are represented as * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001. All mouse experiments contained 3–4 mice per group.

2.11. Single Cell Gene Expression Analysis

Single-cell RNA-seq from two recent studies [24,44] was used to compare the gene ex-
pression profiles of CD8+ and CD4+ T cells found in tumors (TILs) and blood from patients
with uveal melanoma. Alignment and estimation of gene expression levels were performed
using Cell Ranger (v. 3.0.2, 10× Genomics). The specific commands used were cellranger
count (with the 10× Genomics version of the GRCh38 reference transcriptome; v. 3.0.0)
and cellranger vdj (with the 10× Genomics GRCh38 VDJ reference dataset, v. 2.0.0). After
identifying cell types, the remaining analyses were performed using the Seurat R package
(v. 4.0.3) [47], and data were imported and normalized using the NormalizeData function
with default settings. Cells predicted to be duplicates were excluded from statistical tests
using R package DoubletFinder (v. 2.0.3, parameters: PCs = 1:15, pN = 0.25). Cells with
more than one TCR alpha or beta chain were also excluded; however, not all cells were
duplicates. An approach described by Karlsson et al. [44] was used to classify the cell
types in both datasets. Differential expression was assessed using the Seurat FindMarkers
function (test.use = “LR,” logfc.threshold = −Inf) between the same cell type in the two
datasets. Note that the batch effects cannot be excluded from the analysis. FindMarkers
were run at three different times with or without accounting for the cell cycle (derived
from the Seurat function CellCycleScoring) and sex, and only genes commonly identified
as differentially expressed in all three analyses were retained (Supplementary Table S3).

2.12. RNA-Sequencing

RNA was prepared from companion dog tumors using the RNA/DNA kit from Qia-
gen. RNA was sequenced at the Clinical Genetics Center at Sahlgrenska University Hospital
using a Novaseq sequencer. Reads were aligned to the CanFam3.1 genome (http://ngi-igen
omes.s3.amazonaws.com/igenomes/Canis_familiaris/Ensembl/CanFam3.1/Sequence/W
holeGenomeFasta/genome.fa, accessed on 5 February, 2021) with STAR (v. 2.7.10a) [48],
with a matching reference genome annotation supplied from AWS iGenomes (http://ngi-ig
enomes.s3.amazonaws.com/igenomes/Canis_familiaris/Ensembl/CanFam3.1/Annotation
/Genes/genes.gtf, accessed on 5 February 2021), using the parameters “twopassMode Ba-
sic” and “setting—sjdbOverhang” equal to read length 1. Gene expression levels were
quantified from name-sorted and non-duplicate marked alignment files using htseq-count
(v. 1.99.2) [49], with the parameters “-s reverse -m intersection-strict”.

2.13. Transcriptomic Classification

TCGA data, downloaded and processed as described previously [50], were used for
the classification of canine tumors relative to human cancer types. Pairwise Spearman
correlation coefficients were calculated between our sample and each TCGA sample for all
coding genes. Classification was performed using a k-nearest neighbor approach based
on these correlation coefficients, using k = 6, as previously found to be optimal based on
leave-one-out cross-validation in TCGA cohort [50].

3. Results

3.1. TILs Differentially Express Chemokine Receptors and Selectins

CAR-T cells were approved for clinical use against some B-cell malignancies; however,
no CAR-T cell therapy has been approved for solid tumors. To investigate the difference
in the expression of cell surface molecules involved in T cell trafficking and homing, we
performed single-cell sequencing of blood-derived T cells and young TILs that had grown
out uveal melanoma metastases in the presence of the T cell growth factor interleukin-2
(IL-2) [44]. Focusing on differentially expressed genes in the category of ‘chemokine recep-
tors’ or ‘adhesion molecules’ we find that genes like ITGA4 (CD49D), ITGB2 (CD18), ITGAL
(CD11a), ITGAE (CD103), PECAM1 (CD31), and CXCR3 are all more highly expressed on
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TILs compared to on blood-derived T cells (Supplementary Figure S1a). Since TILs are
cultured, we validated the finding at the protein level using flow cytometry. Although
it confirmed the differential expressions, it also demonstrated that at least some of this
differential expression could be caused by the IL-2 used in the culture medium of TILs
(Supplementary Figure S1b,c).

3.2. CAR-TILs Can Kill Melanoma Cells In Vitro

CAR-T cell manufacturing is performed by modifying blood-derived T cells from
leukapheresis with a chimeric antigen receptor (CAR) that binds to a surface antigen on the
tumor cell. To investigate whether anti-HER2 CAR-expressing TILs, hereafter called CAR-
TILs, are capable of recognizing melanoma cells, we used TILs from human patients with
melanoma and transfected these cells with an mRNA encoding a HER2 CAR consisting of
a single-chain variable fragment (scFv) to detect HER2 fused with the signaling domains of
CD3 epsilon and the CD28 co-stimulatory molecule [40]. We consistently observed HER2
CAR expression in these cells which peaked at 5–16 h but lasted for at least 24 h, as assessed
by recombinant HER2 binding to CAR-TILs (Figure 1a and Supplementary Figure S2).
CAR was functional and specific because the CAR-TILs (but not mock-transfected TILs)
from patient MM1 degranulated, released, and caused accumulation of interferon gamma
(IFN-γ) in the medium when co-cultured with the HER2 positive uveal melanoma cell
line 92-1 (Figure 1b–d). This was dependent on HER2 expression since CRISPR-generated
92-1 HER2 knockout cells [40] were not able to activate CAR-TILs. This demonstrates that
anti-HER2 CAR-TILs can react with HER2 on the surface of melanoma cells.

Figure 1. TILs can be activated by equipping them with a CAR construct. mRNA encoding anti-HER2
CAR was electroporated into TILs from five cutaneous melanomas (MM1, MM3, MM4, MM5, and
MM6) and one uveal melanoma (UM22) to produce CAR-TILs. CAR expression was detected by
HER2-biotin binding at 5–16 h post-transfection (a). MM1 TILs and CAR-TILs were co-cultured with
the parental or HER2 KO 92-1 uveal melanoma cell line for 4–6 h, followed by flow cytometry to
measure degranulation (CD107a expression) (b) or IFN-γ-secreting cells (c). TILs and CAR-TILs
not co-cultured with 92-1 cells (TILs alone; TA) were used as controls in (b,c). Alternatively, cells
were co-cultured for 48 h, and the supernatant was collected for analysis of secreted IFN-γ by
ELISA (d). 92-1 cells not co-cultured with TILs (no TILs) were used as a control. Data are presented
as mean ± standard deviation (SD) of duplicates. The experiments were performed twice, and
representative results are shown. p values are represented as **** p < 0.0001.
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Next, we co-cultured MM1 or CAR-TILs with 92-1 cells and stained them with an
antibody directed against cleaved caspase-3. 92-1 cells cultured with CAR-TILs, but not
TILs, were positive for intracellular cleaved caspase-3, suggesting that the cells underwent
apoptosis (Figure 2a). We also generated patient-derived cell lines, TILs, and CAR-TILs
from MM5 cells. CAR expression in autologous MM5 TILs enhanced their ability to kill
melanoma cells (Figure 2b). Four out of five patient-derived cell lines were more sensitive
to increasing amounts of CAR-TILs than to TILs in the co-culture experiments (Figure 2c–g).
This correlated with the greater degranulation of CAR-TILs than mock-transfected TILs
(Supplementary Figure S3).

Figure 2. CAR-TILs kill tumor cells more efficiently than TILs. (a,b) TILs and CAR-TILs from MM1
were co-cultured with the parental or HER2 KO 92-1 uveal melanoma cell line for 24 h, followed by
cleaved caspase 3 (CC3) detection in the tumor cells using flow cytometry (a). Additionally, TILs and
CAR-TILs from MM5 were co-cultured with autologous cancer cells for 24 h, followed by cleaved
CC3 detection using flow cytometry (b). Cancer cells not treated with TILs were used as a control
(no TILs). (c–g) Viability of autologous cancer cells was measured by luciferase signal detected after
48 h co-culture with increasing doses of TILs and CAR-TILs from UM22 (c), MM3 (d), MM4 (e),
MM5 (f), and MM6 (g) in the indicated ratios (TILs:cancer cells). Data are presented as mean with SD
of triplicates. Asterisks represent p-values of difference between similar doses of TILs and CAR-TILs.
The experiments were performed twice, and representative data from one experiment is shown.
P values are represented as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.3. CAR-TILs Can Kill Melanoma Cells In Vivo

The mRNA transfection of CAR into TILs allowed for a fast way to assess the efficacy
of CAR in TILs, but the expression was not durable. TILs kill via the binding of the
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T-cell receptor (TCR) to the MHC class I complex, which is loaded with peptides. The
MHC complex consists of one alpha chain (encoded by HLA A/B/C) and one beta-2-
microglobulin (B2M) chain (encoded by B2M). To challenge the TILs, we deleted B2M
by CRISPR/Cas9 (B2M KO; Supplementary Figure S4) in a cell line from patient MM3,
rendering the tumor cells resistant to the cytotoxic activity of autologous TILs but not to
anti-HER2 CAR mRNA-transfected CAR-TILs (Figure 3a).

Figure 3. Anti-HER2 CAR-TILs eradicate autologous tumor cells refractory to TCR-mediated cyto-
toxicity. Parental MM3 melanoma and MM3 cells with CRISPR-Cas9 disruption of β-2-Microglubulin
(B2M KO, Supplementary Figure S5) were cultured with autologous TILs or CAR-TILS. (a,b) Viability
was measured by luciferase activity in melanoma cells after 48 h of co-culture with TILs or mRNA
generated (a) or virus generated (b) CAR-TILs. (c) IFNγ was measured in the culture supernatant
from the same experiment as in (b). (d) Mice bearing B2M CRISPR knockout MM3 melanoma cells
were treated with PBS (n = 3), 20 × 106 TILs (n = 3), or 20 × 106 CAR-TILs (n = 3). Arrow indicates
treatment start. Data are presented as mean ± standard error of the mean. p values are represented
as ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

To study the effect of CAR-TILs in vivo we used a lentivirus expressing the same
anti-HER2 CAR mRNA [40]. CAR expression was much lower in lentivirus-transduced
cells than in those transfected with CAR mRNA and only 1–10% of TILs were susceptible
to lentivirus transduction (Supplementary Figure S5). Nevertheless, this modification of
MM3 TILs enabled the cytotoxicity of both parental MM3 cells and B2M KO tumor cells
in vitro (Figure 3b), which correlated with IFN-γ secretion into the medium.

We previously showed that TILs and blood-derived HER2 CAR-T cells can eradicate
PDX tumor models in the human IL-2 transgenic NOG/NSG mouse strain (hIL2-NOG).
We transplanted B2M KO MM3 cells into hIL2-NOG cells and treated them with TILs or
anti-HER2 CAR-TILs. As expected from the in vitro experiments (Figure 3a–c), TILs were
not able to eradicate B2M deficient melanoma in the PDXv2 model, but CAR-TILs could
(Figure 3d). In PDX models from UM1, MM2, and MM7, the added value of lentiviral CAR
expression in TILs was only visible in MM2, since unmodified TILs could eradicate tumors
in UM1 and MM7 PDX models (Supplementary Figure S6).

3.4. First-in-Dog (FIDO) Trial Suggests CAR-TIL Therapy Is Safe and May Have Anti-Tumoral
Activity in Tumor-Bearing Companion Dogs

To assess the safety of anti-HER2 CAR-TILs in an immune-competent and spontaneous
tumor model before the first-time-in-man trial (FTIM), we conducted a first-in-dog (FIDO)
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trial that recruited four companion dogs with high-grade cancer (two with squamous
carcinoma and two with melanoma). In parallel with the recruitment and treatment of
dogs, we also performed several analyses of the tumors and TILs. First, we assessed
the expression of HER2 in the tumors of all dogs compared to blood leukocytes, canine
D17.os osteosarcoma and CF41.mg mammary cell lines. The Dog 2 tumor had the highest
HER2 mRNA expression, followed by the mammary cell line and the second melanoma
dog (Dog 4). The tumors of dogs 1 and 3 had a similar expression as the osteosarcoma
line, whereas blood leukocytes were practically negative for HER2 expression (Figure 4a).
Immunohistochemistry demonstrated HER2 expression in all dog tumors (Figure 4b).

Figure 4. Dog tumor cells express HER2 and can be killed by anti-HER2 CAR-TILs. HER2 expression
detected by qPCR (a) and immunohistochemistry (b) in tumors from four companion dogs (dogs 1-4).
Canine cell lines D17.os and CF41.mg and canine PBMC were used as controls in a. (c) Expression of
human melanoma marker Melan-a in tumors from dogs 3 and 4 with melanoma. (d) Classification
of canine tumor biopsies from dogs 3 and 4 based on gene expression relative to TCGA cohort of
>10,000 human tumor samples from 32 cancer types. The similarities between canine melanoma and
samples in TCGA were visualized using tSNE dimensionality reduction. SKCM: melanoma cases.
(e,f) TILs and mRNA electroporated CAR-TILs from dog 3 were co-cultured with the canine cell
lines CF41.mg (e) and D17.os (f) for 24 h. The experiment was performed twice and representative
data (n = 3, data ± SD) from one experiment are shown. (g) Photograph of Dog 3 with metastatic
oral malignant melanoma enrolled in the FIDO trial evaluating the safety of CAR-TIL treatment in
companion dogs.
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We recruited two dogs with melanoma, Dog 3, which had a patchy expression, and
Dog 4, which had a uniform expression of the melanoma marker Melan-a (Figure 4c). To
compare the transcriptomes of canine and human cancers, we used an in-house bioin-
formatics pipeline developed to diagnose cancer of unknown primary origin [50]. By
comparing the gene expression of around 10,000 human tumors in The Cancer Genome At-
las (TCGA) with those of the biopsies from dogs 3 and 4 using k-nearest neighbor analysis,
we could analyze the similarities between the canine melanomas to other cancers. Of the
10 tumors whose transcriptome correlated to that of dog 3′s tumor (Spearman correlation
0.8), 8 were melanomas. The other two tumors were those of breast cancer and bladder
cancer. In total, 5 of the 10 most similar tumors to Dog 4′s tumor were melanomas, the
remaining being 2 sarcomas, 1 breast cancer, 1 bladder cancer, and 1 esophageal tumor. The
similarity to human melanoma (SKCM) with all tumors in TCGA are also visible in tSNE
plots (Figure 4d).

To evaluate whether our anti-HER2 CAR binder would bind to canine HER2, we
transfected canine TILs with the mRNA encoding anti-HER2 CAR. We co-cultured the
TILs or anti-HER2 CAR-TILs with the canine D17.os and CF41.mg cell lines labeled with
firefly luciferase. Since luciferase requires ATP to glow, we were able to assess the viability
of tumor cells exclusively by luciferase measurements when co-cultured with increasing
amounts of TILs or CAR-TILs. None of the cell lines were sensitive to allogenic TILs,
but both were killed by CAR-TILs in a dose-dependent manner (Figure 4e,f). The canine
mammary carcinoma cell line was more sensitive than the osteosarcoma cell line, suggesting
that the level of HER2 expression (Figure 4a) affects sensitivity to CAR-TILs.

The FIDO trial design was a dose-escalation study giving 0.1–10 million CAR-TILs/kg
dog, without or with injections of human IL-2. All dogs received one dose of the lowest
dose of CAR-TILs, and after safety monitoring, one or two additional doses with or without
IL-2 were administered. The first two dogs had squamous cell carcinoma of the tongue and
tonsils. The dogs initially tolerated the treatment well; however, the first dog developed
pyometra, a common disease in female dogs of this breed. None of the other two female
dogs in the study developed this disease, suggesting that it was not apparently related
to treatment. The first dog experienced a slight reduction in tumor size, but this was not
a durable response (Supplementary Table S1). Since the percentage of anti-HER2 CAR
positive cells was very low in the CAR-TILs of the first dog, and the main purpose of the
trial was to evaluate the safety of the anti-HER2 CAR binder, we used anti-HER2 CAR
mRNA transfection for the next dog. We achieved approximately 30% of CAR-positive
cells. The tumor size was not accurately measurable from the back of the tongue, but there
was no apparent softening or decrease in size with treatment, and the dog was euthanized
upon tumor progression because of deteriorating quality of life (Supplementary Table S2).

Dogs 3 and 4 suffer from melanoma, a debilitating disease in dogs because it often
affects eating: it rapidly develops systemic metastases and, if untreated, is lethal. We were
able to generate more TILs from dogs with melanoma and were therefore able to inject
both mRNA-transfected and virus-transduced CAR-TILs, as well as treatment with IL-2.
Initially, the tumor grew rapidly on Dog 3 (Figure 4g), but a transient decrease in tumor
size (PR) was observed after the third CAR-TIL injection and first IL-2 injections. The dog
experienced gastrointestinal side effects, such as loss of appetite, vomiting, and diarrhea
(Table 1), which were resolved and did not appear after subsequent reduction in the dose of
reminders of IL-2 injections. After the initial decrease in tumor size, the tumor progressed,
and the dog was euthanized because of tumor progression.
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Table 1. Clinical responses to CAR-TIL treatment of Dog 3. Abbreviations used: CRP, C-reactive
protein, and WBC, white blood cell count.

Days after
Treatment

Treatment
Number of

Cells/kg
CAR

Expression
Tumor

Size (mm)
CRP

(mg/L)
WBC

(109/L)
Eosinophils

(109/L)
Side Effects

0 Dose 1: CAR-TILs 0.1 million 70% (mRNA) <7 5 0.3

14 Dose 2: CAR-TILs 10 million 75% (mRNA) 15 × 13 <7 8.4 0.4 Diarrhea that resolved
after one day

35 27 × 14 <7 7.9 0.5

63 35 × 29 <7 7.4 0.4

78 Dose 3: CAR-TILs 10 million 1–7% (virus) 42 × 24 <7 7.2 0.6

78 IL-2 injections
30,000 IU/kg q12h

Diarrhea and vomiting,
decreased appetite all

grade 1

84 IL-2 injections
30,000 IU/kg q12h 36 × 22 58 10.5 1.3 Eosinophilia grade 1

89 IL-2 injections
30,000 IU/kg q12h 34 × 24 51 23.2 9.7 Eosinophilia grade 1

112 52 × 44 <7 11.2

133 Euthanized due to
tumor progression

The fourth dog underwent surgery for subungual melanoma with metastasis to the
prescapular lymph node, and no detectable tumor was detected after surgery. Nevertheless,
since local recurrence or distant metastases invariably develop within 3–6 months in these
cases, we treated the dog with both the lowest and therapeutic dose of CAR-TILs in an
adjuvant setting. No acute side effects were observed with CAR-TIL treatment; however,
after IL-2 treatment, gastrointestinal side effects and eosinophilia resolved with treatment
discontinuation and re-emerged when reinitiating treatment (Table 2). IL-2 treatment
ceased, and one year after surgery, the dog was still tumor-free.

Table 2. Clinical responses to CAR-TIL treatment of Dog 4.

Days after
Treatment

Treatment
Number of

Cells/kg
CAR

Expression
CRP

(mg/L)
WBC

(109/L)
Eosinophils

(109/L)
Side Effects

0 Dose 1: CAR-TILs 0.1 million 79% (mRNA) <7 6.6 0.5
20 Dose 2: CAR-TILs 10 million 9% (virus) <7 4.4 0.3

21–24 IL-2 injections
30,000 IU/kg q12h

Altered appetite,
vomiting and

diarreha all grade 1

27–32 IL-2 injections
30,000 IU/kg q24h 43 12.9 2.5

Eosinophilia, altered
appetite, vomiting,

diarreha and
lethargy all grade 1

34 12 22.1 10.9 Eosinophilia grade 1
241 Revisit, in CR

290 Revisit, still in CR

Monitoring of safety in all four dogs throughout the treatment period did not reveal
any apparent effects on blood pressure or cardiac, pulmonary, or endocrine functions. Liver
and electrolyte levels were normal, but CRP was elevated in response to tumor progression,
IL-2 administration, or infection (Supplementary Tables S1 and S2, and Tables 1 and 2).

4. Discussion

Immunotherapies with checkpoint blockade have revolutionized the treatment of
metastatic melanoma, with durable and high response rates in patients who previously had
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a poor prognosis. However, some tumors pose a challenge for immunotherapies because
of their low antigen load or different immune evasion strategies. A great challenge in the
field is how to render these tumors immunogenic.

We posed the question of whether it would be possible to enhance the effect of
TIL therapy by genetic engineering with CAR. Indeed, we showed that this therapeutic
approach resulted in the activation of T cells that could not kill allogenic or immune-evaded
autologous tumors. We observed complete tumor regression in PDX mice from tumors that
lacked B2M and were treated with CAR-TILs (but not TILs). These responses were superior
to those observed in a study published while writing this manuscript [51]. This can be
explained by the use of different immunocompromised mouse strains. Our data confirm
the importance of IL-2 supplementation for TIL and CAR-T activity in vivo as shown in
hIL2-NOG mice [40,42]. On the other hand, Mills et al. [51] reported better transduction
efficiencies using CAR-expressing retroviruses, although they selected cells to ensure high
expression levels. This information is valuable for advancing the concept of CAR-TILs in
the clinic.

CAR-TIL treatment could be used in patients with cancers that are normally not
recognized by the immune system, for instance, due to downregulation of MHC or the
antigen presentation machinery, lack of suitable neoantigens, or expression of any inhibitory
receptors (including but not limited to PD1 and CTLA-4). One PDX model, which is a
poor responder to TIL therapy (MM2), was rendered more responsive to T-cell cytotoxicity
after equipping the TILs with a CAR construct. However, tumors that respond to ACT
treatment with autologous TILs (e.g., UM1 and MM7 in this study) may not be eradicated
more efficiently by CAR-TIL treatment. Hence, a potential target population for a trial
could consist of patients with immune checkpoint inhibitor-resistant metastatic cutaneous,
mucosal, or uveal melanoma.

A challenge for immunotherapy research is to utilize good preclinical models to study
human tumors and to generate preclinical efficacy and safety data that can warrant the start
of clinical trials. Most preclinical advances have depended on in vitro studies of human
tumors and immune cells, mouse tumor models, and mouse immune cells. In vitro systems
do not always recapitulate the in vivo setting in a satisfactory manner, highlighting the
importance of using in vivo models to develop novel treatment strategies for cancer patients.
Mouse models used to study mouse tumors and immune cells accurately recapitulate the
complex truth [52], but with limitations attributed to differences between mouse and human
biology. The hIL2-NOG mouse model used here [42] has the advantage of recapitulating
the heterogeneous nature of TIL therapy in cancer patients, which is not possible in NOG
mice. Unfortunately, for the rare form of melanoma arising in the eye, uveal melanoma,
there is a lack of models, and those that we have developed [40,44] most often grow slower
in NSG/NOG mice than in cutaneous melanoma.

Companion dogs are emerging models for human diseases because their etiologies
are very similar [34,36]. In this study, we utilized the fact that solid tumors in companion
dogs express the dog variant of HER2, which was also similar to the human protein, so
that we could generate CAR-expressing T cells using our human-specific construct. The
primary aim of the FIDO trial was to generate safety data for a planned FTIM study, as a
previous trial with HER2 CAR-T cells reported a lethal incident [53]. All adverse events
were mild and exclusively associated with IL-2 treatment. Toxicity was concentrated in the
GI tract, with loose stool, decreased appetite, and vomiting. The eosinophilia observed has
been described previously and is likely due to the release of IL-5 and GM-CSF release by
IL-2-stimulated CD4-positive lymphocytes [54]. Reduced dosing of IL-2 resulted in control
of toxicity, which was completely resolved after the termination of IL-2 administration.

In the safety FIDO trial, we also observed some signs of anti-tumoral activity, as
evidenced by a near partial response in a dog with melanoma and potentially a delay in
recurrence in a second dog. We are cautiously optimistic about these early signs of efficacy,
although mindful of the pitfalls and caveats of the experiments. First, since our mouse data
comparing the efficacy of TILs and CAR-T cells in NOG vs. hIL2-NOG mice undeniably
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indicated that IL-2 is essential for the efficacy of these therapies, we treated the dogs with
subcutaneous injections of IL-2. It is therefore not inconceivable that some of the therapeutic
effects observed were mediated by this factor, or that the gastrointestinal adverse events
resulted in metabolic effects on the tumor. Second, we could not detect CAR-TILs in the
blood of dogs using PCR. This could be due to the CAR-TILs not surviving or expanding,
but it could also be due to them leaving the bloodstream because they express homing
receptors for inflamed areas, such as tumors [41,42]. A future study protocol will need to
include metastasectomy or biopsy after CAR-TIL therapy to evaluate whether CAR-TILs
reach the target, as they commonly do in humans.

5. Conclusions

We present a novel approach to treating metastatic cancer in mice and dogs by combin-
ing CAR-T cell therapy and adoptive T cell transfer, called CAR-TIL treatment. CAR-TILs
elicited complete eradication of tumors in immune-humanized PDX mouse models of
melanoma, even in the absence of antigen presentation, indicating the potential usefulness
of this strategy for treating melanomas that do not respond to existing therapies. This
regimen should be tested in patients with metastatic melanoma to assess the potential of
this therapy. Since owners and veterinarians of companion dogs with melanoma have
difficulty accessing effective immunotherapies when they progress on approved therapies,
the data here provide an interesting avenue for future trial activities. Companion dogs also
contribute to 3R by reducing (and long-term replacing) the use of healthy beagles for safety
studies and refining, since companion dogs have spontaneous tumor formation and are
therefore more representative of patients in FTIM studies than using beagles.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers15030648/s1, Figure S1: Differential expression of chemokine and
adhesion between TILs and blood-derived T cells.; Figure S2: anti-HER2 CAR-expression after mRNA
electroporation; Figure S3: Cytotoxicity of CAR-TILs and TILs on autologous tumor cells; Figure S4:
Flow analysis of B2M in KO cells; Figure S5: Expression of anti-HER2 CAR in virus transduced
melanoma TILs; Figure S6: CAR-TIL activity against melanoma xenografts in IL2 transgenic NOG
mice; Tables S1 and S2: Clinical responses to CAR-TIL treatment of Dog 1 and 2.
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Simple Summary: Data on the efficacy of SARS-CoV-2 mRNA vaccinations in patients with CAR-T-
cell therapy is very limited. We analyzed patients (predominantly DLBCL) undergoing CAR-T-cell
therapy and receiving BNT162b2 (Pfizer-BioNTech) or mRNA-1273 (Moderna) vaccination. This
single center retrospective analysis aimed to evaluate the number of B-cells and CAR-T-cell copies as
prognostic factors of humoral antibody test results as well as the effects of a third and fourth dose on
humoral antibody response. Our results demonstrate that patients with more B-cells and fewer CAR-
T-cells at vaccination were more likely to produce a positive antibody test result. Overall, we found
very poor humoral antibody responses, while additional doses increased rates of seroconversion and
antibody titers.

Abstract: Background: Due to B-cell aplasia following CAR-T-cell therapy, patients are at risk of
severe SARS-CoV-2 course. Methods: COVID-19 vaccines were assessed by IgG antibody tests against
SARS-CoV-2 spike protein (anti-S1/S2). Vaccination procedures: group (1): CAR-T-cells followed by
two to four vaccine doses; group (2): Two vaccine doses prior to CAR-T-cells, followed by doses 3 or 4.
Results: In group 1 (n = 32), 7/30 patients (23.2%) had positive antibody tests after a second dose, 9/23
(39.1%) after a third dose, and 3/3 patients after a fourth dose. A third dose led to seroconversion in
5 of 21 patients (23.8%) with available data, while a fourth dose did so in 2/3 patients. Higher B-cells
(AUC: 96.2%, CI: 89–100, p = 0.0006) and lower CAR-T-cell copies (AUC: 77.3%, CI: 57–97, p = 0.0438)
were predictive of positive humoral vaccine response. In group 2 (n = 14), 6/14 patients (42.9%) had
a positive antibody test after a second dose, 3/8 patients (37.5%) after a third dose, and 3/4 patients
after a fourth dose. A third dose led to seroconversion in 1/8 patients (12.5%), while a fourth dose did
so in 3/4 patients. Conclusion: Additional vaccine doses increased seroconversion rates whilst high
B-cell counts and low CAR-T-cell copy numbers were associated with positive antibody response.

Keywords: CAR-T-cell therapy; mRNA COVID-19 vaccines; humoral antibody responses; diffuse
large B-cell lymphoma (DLBCL)

1. Introduction

CAR-T-cell therapy is a highly promising therapeutic option in the treatment of
advanced lymphoproliferative neoplasms such as diffuse large B-cell lymphoma (DL-
BCL), acute lymphatic leukemia (ALL), and mantle cell lymphoma [1–4]. CD19-directed
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CAR-T-cells have an impact on malignant B-cell tissues as well as the healthy B-cell com-
partment and thus lead to B-cell depletion and hypogammaglobulinemia [5,6]. Frequent
complications are Cytokine release syndrome (CRS) in more than 60% and CAR-T-Related
Encephalopathy Syndrome (CRES) in more than 30% of the patients, according to the
literature [7]. Increased serum IL-6 levels and clinical CRS symptoms can contribute to the
indication of therapeutic interventions [8]. Tocilizumab should be administered to patients
with CRS, while corticosteroids are used in patients with CRES and CRS not responsive
to tocilizumab [6].

Patients with CAR-T-cell therapy suffer from severe immunosuppression and thus
are particularly vulnerable to infectious diseases, such as COVID-19. This is due to the
prolonged cytopenias with B-cell aplasia and hypogammaglobulinemia caused by CAR-T-
cell therapy. Also, treatment of CAR-T-cell complications with tocilizumab and steroids
has been shown to further increase these patients’ vulnerability [9]. Spanjaart et al. have
found that patients diagnosed with a COVID-19 infection after B-cell targeted CAR-T-cell
therapy have a COVID-19 attributable mortality rate of 41%. Therefore, in the context
of the COVID-19 pandemic, it is crucial to protect the patients undergoing CAR-T-cell
therapy with an effective vaccination against COVID-19. The mRNA-COVID-19 vaccines
of Pfizer/BioNTech Comirnaty (BNT162b2) and Moderna (mRNA-1273) were approved
by the European Medicines Agency and are widely used [10]. The European Society for
Blood and Marrow Transplantation (EBMT) recommends maintaining a period of 6 months
between CAR-T-cell therapy and vaccination, due to delayed B-cell reconstitution. After
this interval, three doses are recommended as a primary series, at 4 week intervals [11].
However, data on the efficacy of the vaccinations for CAR-T-cell patients are sparse.

Dhakal et al. have reported a seropositivity rate of only 21% (3/14 patients) after
two doses of the mRNA vaccine in patients with CAR-T-cell therapy [12]. Similarly low
percentages have been reported by Ram et al. with a positive serology of 36% (5/14 patients)
in patients after CAR-T-cell therapy and two doses of the BNT162b2 mRNA COVID-19
vaccine [13]. However, the efficacy of a third dose in patients with CAR-T-cell therapy
has yet to be examined. A small study identified patients who had no humoral response
after two vaccine doses and eventually achieved a positive serology after a third vaccine
dose in 40% (4/10 patients) of patients post allogeneic HCT and in 17% (1/6 patients) post
CAR-T-cell therapy [14]. Currently, there is no data on the efficacy of a fourth dose of a
COVID-19 vaccine in patients with CAR-T-cell therapy. Additionally, patients vaccinated
before CAR-T-cell therapy face another problem, as the therapy procedures often wipe
out all immune memory of other vaccines. It is therefore recommended by the EBMT
to re-vaccinate these individuals as if they had never received a COVID-19 vaccine [11].
This recommendation is based on evidence from other vaccines, where revaccination after
CAR-T-cell therapy is also recommended [15].

There are still many open questions regarding optimal timing of vaccination after
CAR-T-cell therapy as well as the efficacy of different amounts of vaccine doses. In addition,
re-vaccination strategies of patients with vaccination prior to CAR-T-cell therapy have yet to
be clarified. This analysis attempted to provide further details to this limited data, analyzing
humoral antibody responses to COVID-19 vaccines in CAR-T-cell therapy patients. In this
real-world retrospective approach, we studied two consecutive cohorts: (A) patients who
received two to four doses of the vaccine after CAR-T-cell therapy since vaccination was
simply not yet available at CAR-T treatment, and (B) patients with two doses before CAR-
T-cell therapy and subsequent re-vaccination after CAR-T treatment. Finally, the impacts of
B-cell and CAR-T-cell levels in patients’ peripheral blood were assessed at the time of the
first vaccination as well as the relevance of the interval between CAR-T-cell infusion and
subsequent vaccination.
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2. Materials and Methods

2.1. Methods

We conducted a retrospective single-center study at the University Hospital Inselspi-
tal, Bern, Switzerland. Patients (predominantly DLBCL, mantle cell lymphoma, B-ALL)
undergoing CAR-T-cell therapy between January 2019 and December 2021 were analyzed.
They received two to four doses of COVID-19 mRNA vaccines between January 2021
and February 2022. We assessed the COVID-19 vaccines using IgG antibodies against
SARS-CoV-2 spike protein (anti-S1/S2) (Clia Diasorin; cut-off > 12 AU/mL for minimal
positive results and cut-off > 100 AU/mL for clear positive results). IgG antibody test
results were compared after the second, third, and fourth dose of the mRNA COVID-19
vaccine. In patients with CAR-T-cell therapy before vaccination, the number of B-cells and
CAR-T-cells in peripheral blood at the time of first vaccination and the interval between
CAR-T-cell infusion and first vaccination were analyzed. Additionally, we analyzed the
effect of age at the time of vaccination on the antibody response to control for any bias due
to the substantial age range in our cohort. The purpose of this analysis was to assess the
possible influence of these parameters related to CAR-T-cell therapy before vaccination on
the results of the IgG antibody test. The infection rate of the patients is based on medical
history and anamnesis. Data on eventual COVID-19 PCR test results were not available for
this analysis.

2.2. Patients

Patients received vaccinations depending on availability of the vaccines throughout
the evolution of the pandemic, as well as the treating decisions of the attending physicians.
Retrospectively, we analyzed the vaccination procedure. To this end, we divided the
patients retrospectively into two groups depending on their vaccination status prior to
CAR-T-cell therapy. This allowed a more differentiated analysis of the data in these two
different vaccination settings. In group 1, which will be called “CAR-T before VAC”,
vaccines were not yet available before the CAR-T-cell therapy. The procedure in these
patients was as follows: Administration of CAR-T-cell therapy followed by either two,
three, or four doses of the COVID-19 vaccine. In group 2, which will be called “CAR-T after
VAC”, the procedure was as follows: Administration of two doses of COVID-19 vaccines,
followed by CAR-T-cell therapy, and then re-vaccination with doses 3 or 4 of the COVID-19
vaccine. Figure 1 is an illustration of these vaccination procedures. Informed consent was
obtained from all subjects involved in the study.

Figure 1. Illustration of vaccination procedures. * No antibody determination after the 1st vaccination.
** In the group “CAR-T before VAC”, 32 patients had a 1st and 2nd vaccination, but data on antibody
determination after 2nd vaccination were only available for 30 patients.

2.3. Laboratory Analysis
2.3.1. Antibody Determination

The quantitative analysis of anti-S1 and anti-S2 IgG against SARS-CoV-2 in human
serum was based on an indirect chemiluminescence immuno assay (CLIA).
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In the first step, human serum is incubated with recombinant S1- and S2-coated
magnetic beads. Anti-SARS-CoV-2 IgG antibodies present in human serum bind to S1
and S2 antigens. Unbound antibodies are removed by washing cycles. In the second step,
isoluminol-conjugated mouse anti-human antibodies are added to bind immobilized anti-
SARS-CoV-2 IgG captured in the solid phase. Unbound isoluminol-conjugated antibodies
are removed by washing cycles. In the last step, starter reagents are added to evoke a
chemiluminescence light reaction. Luminescence is measured in relative light units (RLU)
and converted to antibody concentrations in arbitrary units per milliliter (AU/mL) by
the automated immunoassay analyzer Liaison® XL by DiaSorin, Saluggia, Italy. CLIA is
very similar to an ELISA. The difference is that in an ELISA, the readout is based on a
colorimetric reaction and subsequent quantification by absorption, whereas in a CLIA,
the readout is based on measuring luminescence signal. Sensitivity of the assay was as
follows: ≤5 days: 25% (14.6–39.4%); 5–15 days: 90.4% (79.4–95.8%); and >15 days: 97.4%
(86.8–99.5%). The specificity of the assay was 98.9 % (94.0–99.8 %). Of note, in this assay, it
is not possible to distinguish between anti-S1 and anti-S2 IgG. RBD is part of the S1 subunit
of the SARS-CoV-2 spike protein; therefore, binding to RBD is also considered. Meanwhile,
there are tests commercially available specifically targeting RBD alone or the whole trimer
of the spike protein.

2.3.2. B-Cells

B-cells were measured by multiparameter flow cytometry using the TBNK Multitest kit
(including CD4/CD8, CD19, CD16+/CD56+) on the Lyrics platform (kit and platform, both
from BD Biosciences, Allschwil, Switzerland). For absolute cell count measurement, this
system includes tubes with a defined number of fluorescent Latex beads (“TruCOUNT”).
Alternatively, for some samples, we used the BD OneFlowTM Lymphoid Screening Tube
(LST), which includes mature lymphocyte populations of B, T, and NK lineages (including
the B-cell antigens CD19, CD20, skappa/slambda) (previously Cytognos, now also BD
Biosciences, Allschwil, Switzerland). SARS-CoV-2 specific memory B-cells had not been
determined in these patients, as B-cells were only analyzed before vaccination.

2.4. Statistical Analyses

For the statistical analyses, we used GraphPad Prism and we performed One-Way
ANOVA in a mixed effect model with a follow-up Tukey test for the comparison of the
IgG antibody test results. For the analysis of prognostic parameters, we used simple
logistic regression.

3. Results

3.1. Clinical Characteristics of the Patients

The clinical characteristics of the 46 patients are presented in Table 1. Median age
of patients at time of diagnosis was 58.5 years, and the male/female ratio was 1.6. The
initial diagnosis was de novo DLBCL (52%; 24/46), transformed DLBCL (24%; 11/46),
mantle cell lymphoma (15%; 7/46), and B-ALL (9%; 4/46). Previous autologous stem cell
transplantation before CAR-T-cell therapy had been conducted in 21 patients (46%) and
allogeneic stem cell transplantation before CAR-T-cell therapy in 1 patient (2%). The median
age at the time of CAR-T-cell therapy was 64 years. A total of 25 patients had the CAR-T-cell
therapy tisagenlecleucel (61%; 28/46), 10 patients had axicabtagene ciloleucel (22%; 10/46),
and 8 patients had brexucabtagen autoleucel (17%; 8/46). A total of 30 patients suffered
from a Cytokine release syndrome (grade I–III) (65%; 30/46), while 12 patients suffered
from a CAR-T-Related Encephalopathy Syndrome (grade I-IV) (26%; 12/46). A total of
21 patients were treated with Tocilizumab (46%; 21/46), and 16 with steroids (35%; 16/46).
A total of 10 patients had a relapse after CAR-T-cell therapy (22%; 10/46), and 3 patients
died during the follow-up of this study (7%; 3/46).

80



Cancers 2022, 14, 3527

Table 1. Clinical characteristics of the patients.

Parameter Total (46 Patients)

Demographic characteristics
Males: females (ratio) 28:18 (1.6)

Median age at the time of
diagnosis (range) 58.5 (17–78)

Initial diagnosis
Primary (de novo) DLBCL 24 (52%)

Secondary/transformed DLBCL 11 (24%)
Mantle cell lymphoma 7 (15%)

B-ALL 4 (9%)
Previous hematopoietic SCT before CAR-T-cell therapy

Autologous SCT 21 (46%)
Allogeneic SCT 1 (2%)

Median age at the time of CAR-T-cell therapy (range) 64 (18–80)
CAR-T-cell-therapy type

tisagenlecleucel 28 (61%)
axicabtagene ciloleucel 10 (22%)

brexucabtagen autoleucel 8 (17%)
Clinical course after CAR-T-cell therapy

CRS 30 (65%)
CRES 12 (26%)

Tocilizumab therapy 21 (46%)
Steroid therapy 16 (35%)

Relapse after CAR-T-cell therapy 10 (22%)
Death 3 (7%)

DLBCL—diffuse large B-cell lymphoma; B-ALL—B-cell acute lymphoblastic leukemia; SCT—hematopoietic
stem-cell transplantation; CAR-T—chimeric antigen receptor T-cell; CRS—Cytokine release syndrome; CRES—
CAR-T-related Encephalopathy Syndrome.

3.2. Vaccination Procedures

Retrospectively, we assessed the effectivity of the vaccinations of the CAR-T-cell pa-
tients. Overall, we identified two vaccination procedures. The retrospective distribution of
patients into two groups is illustrated in Figure 1. We observed 32 patients with their CAR-
T-cell therapy before a COVID-19 vaccination (“CAR-T before VAC”). In total, 32 patients
were identified with two vaccinations after the CAR-T-cell therapy (but only 30 patients
with an antibody test result after second vaccination, as in two patients, data was not
available due to the retrospective data collection). In total, 23 of these patients also received
a third vaccination and 3 patients a fourth vaccination. Finally, we identified 14 patients
with their CAR-T-cell therapy after a COVID-19 vaccination (“CAR-T after VAC”). In total,
14 patients were identified with two vaccinations before the CAR-T-cell therapy; we found
that 8 of these patients received a third dose after the CAR-T-cell therapy, and 4 patients
received a fourth dose.

3.3. Parameters Concerning Vaccination

Table 2 shows all the parameters concerning vaccination. The first vaccine in 33 patients
(72%; 33/46) was Moderna (mRNA-1273), while 13 patients (28%; 13/46) were administered
the vaccine of Pfizer/BioNTech (BNT162b2). All patients, except for one, had the same
vaccine for all following doses. Only one patient had the first two doses with Moderna and
received the third booster dose with Pfizer/BioNTech. The remission status at the time of first
vaccination was complete remission (46%; 21/46), partial remission (11%; 5/46), progressive
disease (28%; 13/46), and not evaluated (15%; 7/46).
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Table 2. Parameters concerning vaccination.

Parameter
Total

[46 Patients]
CAR-T before VAC

[32 Patients]
CAR-T after VAC

[14 Patients]

Vaccine
Moderna (mRNA-1273) 33 (72%) 22 (69%) 11 (78.6%)

Pfizer/BioNTech (BNT162b2) 13 (28%) 10 (31%) 3 (21.4%)
Remission Status at time of 1st vaccination

CR 21 (46%) 21 (65.6%) 0 (0%)
PR 5 (11%) 4 (12.5%) 1 (7.1%)
SD 0 (0%) 0 (0%) 0 (0%)
PD 13 (28%) 3 (9.4%) 10 (71.4%)
NE 7 (15%) 4 (12.5%) 3 (21.4%)

Median interval between CAR-T and respective VAC in days (range)

1st VAC (range) 286 (23–975)
[32 patients]

−76 (−278; −34))
[14 patients]

2nd VAC (range) 317 (51–1003)
[32 patients]

−37 (−239; −8)
[14 patients]

3rd VAC (range) 531 (262–882)
[23 patients]

102 (54–248)
[8 patients]

4th VAC (range) 757 (610–1026)
[3 patients]

274 (179–314)
[4 patients]

Median interval of antibody determination after respective VAC in days (range)

2nd VAC (range) 57 (24–203)
[30 patients]

40 (5–289)
[14 patients]

3rd VAC (range) 59 (14–162)
[23 patients]

40 (6–90)
[8 patients]

4th VAC (range) 48 (47–59)
[3 patients]

59 (23–64)
[4 patients]

CR—complete remission; PR—partial remission; SD—stable disease; PD—progressive disease; NE—not evaluated;
CAR-T—chimeric antigen receptor T-cell therapy; VAC—vaccination.

In total, 32 patients with the “CAR-T before VAC” procedure were identified. The
median time between CAR-T-cell therapy and the first vaccination was 286 days, while
the median time between CAR-T-cell therapy and second vaccination was 317 days. The
median time between second vaccination and antibody determination was 57 days.

In total, 14 patients with the “CAR-T after VAC” vaccination procedure were identified.
The first vaccination had a median of 76 days and the second vaccination had a median
of 37 days before CAR-T-cell therapy. The median time between second vaccination and
antibody determination was 40 days. The third vaccination took place a median of 102 days
after CAR-T-cell therapy.

3.4. Humoral Antibody Responses
3.4.1. CAR-T before VAC (n = 32 Patients)

The humoral antibody titers after second, third, and fourth vaccination in patients with
CAR-T-cell therapy before vaccination are illustrated in Table 3. In patients with the procedure
“CAR-T before VAC”, we identified 32 patients who received at least two doses of the COVID-
19 vaccination after their CAR-T-cell therapy. Two patients received no antibody determination
after two vaccine doses. Negative antibodies were found in 23 patients (76.7%; 23/30), while
7 patients (23.3%; 7/30) had positive humoral antibody responses, among whom 5 patients
(16.6%; 5/30) had clear positive antibody titers > 100 AU/mL.
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Table 3. Outcome of humoral antibody determinations after CAR-T-cell therapy and COVID-19
mRNA vaccine in patients with “CAR-T before VAC”.

CAR-T before VAC (32 Patients):
Anti-Spike Protein IgG Antibodies (AU/mL)

after 2nd VAC
(30 Patients)

after 3rd VAC
(23 Patients)

after 4th VAC
(3 Patients)

Results after 2 doses (no 3rd or 4th vaccination)

Pat. 1–8 <12 x x

Pat. 9 143 x x

Results after 3 doses (no data on 2nd dose and no 4th vaccination)

Pat 10–11 x <12 x

Results after 2 and 3 doses (no 4th vaccination)

Pat. 12–20 <12 <12 x

Pat. 21 <12 12.2 x

Pat. 22 <12 28.5 x

Pat. 23 <12 43.5 x

Pat. 24 <12 110 x

Pat. 25 <12 138 x

Pat. 26 17.2 20.2 x

Pat. 27 106 400 x

Pat. 28 129 <12 x

Pat. 29 152 >400 x

Results after 2, 3, and 4 doses

Pat. 30 <12 <12 24.3

Pat. 31 26.3 <12 22.1

Pat. 32 190 >400 302
All results are in AU/mL; <12 AU/mL: negative anti-spike protein IgG antibody test result; >12 AU/mL:
positive anti-spike protein IgG antibody test result; >100 AU/mL: clear positive result; VAC—vaccination; x—no
data available.

Furthermore, in 23 patients, data were available after a third dose of the COVID-19
vaccination after their CAR-T-cell therapy. Negative antibodies were found in 14 patients
(60.8%; 14/23), while 9 patients (39.1%; 9/23) had positive humoral antibody responses
(only 5 patients (21.7%; 5/23) with clear positive antibody titers > 100 AU/mL). In 21 of
these patients, data were available after both the second and third dose of the vaccination.
In total, 10 patients (47.6%; 10/21) stayed negative after the second and third dose, while in
5 patients (23.8%; 5/21), a negative result after the second vaccine could be turned into a
positive result after the third dose (2 patients (9.5%; 2/21) with a clear positive result after
third vaccination). Six patients (28.6%; 6/21) already had a positive test result after two
doses, which increased due to third vaccination in four patients (19%; 4/21).

Finally, in three patients, data were available after a fourth vaccination after their CAR-
T-cell therapy. All three patients evaluated with four vaccine doses had positive humoral
antibody responses (only 1pt. (1/3) with clear positive antibody titers > 100 AU/mL). Two
patients seroconverted after the fourth vaccination, while 1pt. stayed clear positive after
the third and fourth vaccination.

3.4.2. CAR-T after VAC (14 Patients)

The humoral antibody titers after second, third, and fourth vaccination in patients with
CAR-T-cell therapy after vaccination are illustrated in Table 4. In patients with the procedure
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“CAR-T after VAC”, there were 14 patients who received at least two doses of the COVID-
19 vaccination before their CAR-T-cell therapy. Among these, eight patients had negative
humoral antibody responses (57.1%; 8/14), while six patients (42.9%; 6/14) had positive
humoral antibodies (only 1pt. (7.1%; 1/14) with clear positive antibody titers > 100 AU/mL).

Table 4. Outcome of humoral antibody determinations after CAR-T-cell therapy and the COVID-19
mRNA vaccine in patients with “CAR-T after VAC”.

CAR-T after VAC (14 Patients):
Anti-Spike Protein IgG Antibodies (AU/mL)

after 2nd VAC
(14 Patients)

after 3rd VAC
(8 Patients)

after 4th VAC
(4 Patients)

Results after 2 doses (no 3rd and 4th vacciantion)

Pat. 1–3 <12 x x

Pat. 4 80.2 x x

Pat. 5 87 x x

Pat. 6 >400 x x

Results after 2 and 3 doses (no 4th vaccination)

Pat. 7–8 <12 <12 x

Pat. 9 <12 47.6 x

Pat. 10 90.01 321 x

Results after 2, 3, and 4 doses

Pat. 11 <12 <12 <12

Pat. 12 <12 <12 346

Pat. 13 25.5 42.9 30.4

Pat. 14 99.2 <12 400
All results are in AU/mL; <12 AU/mL: negative anti-spike protein IgG antibody test result; >12 AU/mL:
positive anti-spike protein IgG antibody test result; >100 AU/mL: clear positive result; VAC—vaccination; x—no
data available.

Of these patients, eight received a third dose of the COVID-19 vaccination after their
CAR-T-cell therapy. Negative antibodies were found in five patients (62.5%; 5/8), while
three patients (37.5%; 3/8) had positive humoral antibody responses (only 1pt. (12.5%;
1/8) with clear positive antibody titers > 100 AU/mL). In all of these eight patients, data
were available after the second and third doses of the vaccination. Four patients (50%; 4/8)
remained negative after the second and third dose, while 1 pt. (12.5%; 1/8) seroconverted
after the third dose. Three patients (37.5%; 3/8) already had a positive test result after two
doses, and this increased due to a third vaccination in two patients (25%; 2/8).

Finally, four patients received a fourth dose of the vaccination after their CAR-T-cell
therapy. Negative antibodies were found in one patient (1/4), while three patients (3/4) had
positive humoral antibody responses (only two patients (2/4) with clear positive antibody
titers > 100 AU/mL). In three patients (3/4), we noted seroconversion after the fourth
vaccination (two patients (2/4) with clear positive results after the fourth vaccination),
while one patient (1/4) stayed negative after the third and fourth vaccinations.

3.5. Anti-Spike Protein IgG Antibody Titers

Due to our small sample size, we found distinct differences in the point estimates
(mean differences of titer levels between specific vaccinations), but none of these showed
statistical significance.
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3.5.1. CAR-T before VAC (32 Patients)

In patients with “CAR-T before VAC”, the third dose of the COVID-19 vaccination in
comparison with the second dose led to an increase from 34.65 AU/mL to 74.8 AU/mL (mean
diff. 40.15 AU/mL; SE of diff. 19.33; p = 0.1202). The fourth dose in comparison to the third
dose led to an increase from 74.8 AU/mL to 116.1 AU/mL (mean diff. 41.3 AU/mL; SE of diff.
44.72 AU/mL; p = 0.6804). Comparing the second to the fourth dose of the vaccination, there
was an increase from 34.65 AU/mL to 116.1 AU/mL (mean diff. 81.48; SE of diff. 34.6 AU/mL;
p = 0.2475).

In Figure 2a, we illustrate IgG antibody titers after second (n = 30 patients), third
(n = 23 patients), and fourth (n = 3 patients) vaccination in patients with CAR-T-cell
therapy before vaccination. Each point in the columns shows data of one individual
patient. We also illustrate the mean values with range after second (mean 34.65 AU/mL;
range 12–190), third (mean 74.8 AU/mL; range 12–400), and fourth vaccination (mean
116.1 AU/mL; range 22.1–302). Please note that all patients with an antibody determination
of <12 AU/mL are depicted at 12 AU/mL in this graph.

3.5.2. CAR-T after VAC (n = 14 Patients)

In patients with “CAR-T after VAC”, the third dose of the COVID-19 vaccination in
comparison with the second dose led to a slight decrease from 62.71 AU/mL to 58.94 AU/mL
(mean diff. −3.77 AU/mL; SE of diff. 30 AU/mL; p = 0.9913). The fourth dose in com-
parison to the third dose led to an increase from 58.94 AU/mL to 197.1 AU/mL (mean
diff. 138.2AU/mL; SE of diff. 94.39 AU/mL; p = 0.4196). Comparing the second to the
fourth dose of the vaccination, there was an increase from 62.71 to 197.1 AU/mL (mean
diff. 134.4 AU/mL; SE of diff 74.05AU/mL; p = 0.3055).

In Figure 2b, we illustrate IgG antibody titers after second (n = 14 patients), third
(n = 8 patients), and fourth (n = 4 patients) vaccination in patients with CAR-T-cell therapy
after vaccination. Each point in the columns shows data of one individual patient. The
figure also illustrates the mean antibody levels with the corresponding ranges after second
(mean 62.71 AU/mL; range 12–400), third (mean 58.94 AU/mL; range 12–321), and fourth
vaccination (mean 197.1 AU/mL; range 12–400). Please note that all patients with an
antibody level <12 AU/mL are depicted at 12 AU/mL in this graph.

3.6. Prognostic Factors on the Antibody Outcome (CAR-T before VAC; n = 32 Patients)

In this study, we examined the number of B-cells and CAR-T-cells at time of vaccina-
tion, the time interval between CAR-T-cell therapy and first vaccination, and the age at
time of vaccination as prognostic factors on the antibody outcome.

In 28 of the 32 identified patients who received a vaccination after CAR-T-cell therapy,
data regarding the amount of B-cells in the blood of the patients were available. This blood
sample of B-cells was taken a median of 34 days before the first vaccination. All 21 patients
with 0/uL B-cells in this blood sample at the time of the first vaccination had a negative
antibody test result after the second vaccination. The more B-cells (optimal cutoff at >10/uL
B-cells; PPV 85.7%; NPV 100%) in the patients’ peripheral blood at the time of the first
vaccination, the more likely patients were to develop a positive antibody test result after
the second vaccination (area under the curve (AUC): 96.2%, CI: 89–100, p = 0.0006).

In 28 of the 32 identified patients who received a vaccination after CAR-T-cell therapy,
data regarding the amount of CAR-T copies in the blood of the patients were available. This
blood sample of CAR-T copies was taken a median of 30 days before the first vaccination.
The fewer the CAR-T copies (optimal cutoff at <38/μg DNA CAR-T copies; PPV 94.7%;
NPV 55.5%) in the patients’ peripheral blood at the time of the first vaccination, the more
likely patients were to develop a positive antibody test result after the second vaccination
(area under the curve (AUC): 77.3%, CI: 57–97, p = 0.0438).

The influence of B-cells and CAR-T-cells at first vaccination on antibody outcome
is shown in Figure 3. The distribution of B-cells and CAR-T-cell copies in patients with
positive and negative antibodies is illustrated.
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Figure 2. (a) Anti-spike protein IgG antibody titers after 2nd, 3rd, and 4th vaccination in patients
with “CAR-T before VAC”; Square: In this patient, data after 2nd, 3rd, and 4th vaccination are
available; Circle: in this patient, data after 2nd and 3rd vaccination are available; Triangle: in this
patient, data after 2nd vaccination are available; X: in this patient, data only after third vaccination
are available; eight patients had an antibody titer of <12AU/mL after 2nd vaccination (grey triangle)
and nine patients had an antibody titer of <12AU/mL after 2nd and 3rd vaccination (black circle).
(b) Anti-spike protein IgG antibody titers after 2nd, 3rd, and 4th vaccination in patients with “CAR-T
after VAC”. Square: in this patient, data after 2nd, 3rd, and 4th vaccination are available; Circle: in
this patient, data after 2nd and 3rd vaccination are available; Triangle: in this patient data, after 2nd
vaccination are available; three patients had an antibody titer of <12AU/mL after 2nd vaccination
(grey triangle) and two patients had an antibody titer of <12AU/mL after 2nd and 3rd vaccination
(black circle).
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Figure 3. Scatter plot (median with range) depicting (a) number of B-cells at time of 1st vaccination
and (b) number of CAR-T-cell copies at time of 1st vaccination in patients with positive anti-spike
protein IgG antibody test result (>12AU/mL) compared to patients with a negative antibody test result.
(a) n = 28 patients (21 patients with negative antibodies overlap at 0/uL B-cells); (b) n = 28 patients.

The time interval between CAR-T-cell therapy and first vaccination was tested as
a prognostic parameter for the antibody outcome after the second vaccination. In 30 of
the 32 patients with vaccination after CAR-T-cell therapy (2 patients had no antibody
evaluation after second vaccination), we found no significant correlation between time
interval and antibody outcome (AUC: 65.8%, CI: 41–89, p = 0.2112). The time interval
between CAR-T-cell therapy and vaccination was ≤6 months in 8 patients, while it was
>6 months in 22 patients. Overall, 1/8 patients with a time interval of ≤6 months had a
positive antibody response, whereas 6/22 patients with a time interval of >6 months had a
positive antibody response. These differences are not statistically significant.

Due to the substantial age range in patients, we also tested the age at time of first
vaccination as a prognostic parameter for the antibody outcome after the second vaccination.
In 30 of the 32 patients with vaccination after CAR-T-cell therapy (2 patients had no antibody
evaluation after 2nd vaccination), we found no significant correlation between age at time
of first vaccination and antibody outcome (AUC: 50.6%, CI: 27–73, p = 0.9609). Overall,
5 patients were under the age of 50 years, while 25 patients were more than 50 years
old. Only 1/5 patients < 50 years in age had a positive antibody response, whereas
6/25 patients > 50 years of age had a positive antibody test result. These differences are
not significant.
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3.7. Infection Rate

Overall, 12 out of 46 patients reported a COVID-19 infection in their medical history.
Eight patients had no detectable antibody response before the infection. Four patients
had a positive antibody response before the infection (but only 1/4 with a strong positive
result > 100 AU/mL). In seven patients, the infection took place after the second vaccination,
in four patients after the third vaccination, and in one patient after the fourth vaccination.

Taking a closer look at the groups, 9/32 patients with CAR-T before VAC were infected.
Four patients with reported infection were infected after second vaccination. These were
4/23 patients with negative antibodies and 0/7 patients with positive antibodies. Four
patients were infected after third vaccination. These were 3/14 patients with negative
antibodies and 1/9 patients with positive antibodies. One patient was infected after fourth
vaccination. These were 1/3 patients with positive antibodies.

Overall, 3/14 patients with CAR-T after VAC were infected. All three patients with
reported infection were infected after second vaccination. These were 1/8 patients with
negative antibodies and 2/6 patients with positive antibodies (only 1 infected patient with
a strong positive result > 100AU/mL) after second vaccination.

4. Discussion

In this retrospective real-world analysis, performed at a single tertiary academic
center, we examined patients with CAR-T-cell therapy and two to four doses of COVID-19
vaccination and two different vaccination procedures.

In patients who underwent CAR-T-cell therapy before COVID-19 vaccination, we
found a very low seropositivity rate of only seven patients (23.3%; 7/30) after two doses
of the vaccine. Other studies have shown similar low results, with a seropositivity rate
of 21% (3/14 patients) in the study from Dhakal et al. and 36% (5/14) in the study from
Ram et. al. [12,13]. Administration of a third dose lead to seroconversion in five patients
(23.8%; 5/21) and an increase of antibody titers in four patients (19%; 4/21). Ram et al.
showed similar results with post CAR-T-cell patients who had no humoral response after
two doses, in which 17% (1/6) of patients achieved a positive result after a third dose [14].
Our study showed that seroconversion could be achieved in two patients (66%; 2/3) due to
the fourth vaccination, while 1pt. (33%; 1/3) stayed clearly positive after third and fourth
vaccination. Currently, there is very limited data on a fourth dose in immunosuppressed
patients, but a study from Alejo et al. with 18 solid organ transplant recipients showed
that 50% of participants with negative and all with low-positive titers showed significant
boosting to high-positive titers after the fourth dose [16]. Therefore, our study suggests a
clear benefit from a third as well as a fourth vaccination in patients with prior CAR-T-cell
therapy, as it could lead to an increase in the number of patients with a positive antibody
result and an increase in anti-spike protein IgG antibody titers.

In this analysis, the number of B-cells and CAR-T copies in patients’ peripheral blood
at time of first vaccination and the time interval between CAR-T-cell therapy and first
vaccination were investigated as a prognostic factor for the outcome of antibody tests in
patients with prior CAR-T-cell therapy. We found that all 21 patients with 0/μL B-cells
at the time of the first vaccination had a negative antibody test result. The more B-cells
(optimal cutoff at >10/μL B-cells; PPV 85.7%; NPV 100%) in the patients’ peripheral blood
at the time of the first vaccination, the more likely patients were to develop a positive
antibody test result (AUC: 96.2%, CI: 89–100, p = 0.0006). Also, the fewer the CAR-T copies
(optimal cutoff at <38/μg DNA CAR-T copies; PPV 94.7%; NPV 55.5%) in the patients’
peripheral blood at the time of the first vaccination, the more likely patients were to develop
a positive antibody test result (AUC: 77.3%, CI: 57–97, p = 0.0438). However, no significant
correlation between time interval from CAR-T-cell therapy to the first vaccination and
antibody outcome was observed. We also found no significant correlation between the age
at time of vaccination and the antibody outcome. These results suggest that patients’ B-cells
and CAR-T-cells are important prognostic parameters in order to find the optimal time for
vaccination. An earlier study from Ram et al. produced similar results. They examined
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66 hematopoietic cell transplantation patients and 14 patients with CAR-T-cell therapy and
found that higher CD19+ cells were associated with positive humoral responses [13].

Patients with two doses of the vaccination before CAR-T-cell therapy (CAR-T after
VAC) showed a slightly higher seropositivity rate after the second vaccine dose, as six
patients (42.9%; 6/14) had positive humoral antibodies. However, it was only in one patient
(12.5%; 1/8) that a negative result after the second vaccine could be turned into a positive
result after the third dose, which took place as re-vaccination after CAR-T-cell therapy.
Three patients (3/4) seroconverted after the fourth vaccination, while 1pt. (1/4) stayed
negative after the third and fourth vaccinations. Therefore, our study suggests that patients
with vaccination prior to CAR-T-cell therapy should receive two doses as re-vaccination
after CAR-T-cell therapy. The reason for this is the higher benefit shown above in the
administration of a fourth dose in comparison with only a third dose.

Given that patients were retrospectively divided into two groups (CAR-T before
VAC/CAR-T after VAC), a comparison between these two groups is difficult as there
were different amounts of patients in the two groups. Our study reflects a real-world
scenario in which some of the patients had their CAR-T-cell therapy without the protection
of a COVID-19 vaccination as vaccines were not available at the time. In these patients
with CAR-T before VAC, only 23.3% (7/30) had a positive antibody test result after two
vaccinations. In comparison, patients with CAR-T after VAC 42.9% (6/14) had a positive
antibody test result after two vaccinations. Thus, we could assume that six patients with
CAR-T after VAC had protection by a positive antibody test result as they went through
the procedure of the CAR-T-cell therapy. We consider this as a benefit in vaccination before
CAR-T-cell therapy.

Overall, 12 out of 46 patients reported a COVID-19 infection: 4 patients with positive
antibody response and 8 patients with no detectable antibody response. Due to the limited
patient count, no definite conclusions can be drawn as to the protection offered by different
antibody levels.

Limitations to this study were the retrospective data collection and the limited number
of patients, particularly at the fourth vaccination time point. Additionally, our study only
examined the humoral antibody responses and not the cellular reactivity to COVID-19
vaccines. Currently, it also remains unclear which quantities of antibody titers are protective
against severe courses of COVID-19 infection. It is also not conclusively clarified how long
protection by high antibody titers lasts; more studies are needed to address this question.
However, this study provides an important real-world analysis of COVID-19 vaccines in
CAR-T-cell patients with two different vaccination procedures. This information shows the
benefits of additional booster doses for these patients and can give guidance for the optimal
time of vaccination. Our study is an important addition to the very limited data available
in this group of patients. Further studies with more CAR-T-cell recipients, especially for
third and fourth vaccination, are needed to conclusively confirm our results.

5. Conclusions

Our results indicate poor humoral antibody responses in patients with CAR-T-cell
therapy and two doses of mRNA COVID-19 vaccines, which could be improved by admin-
istration of an additional third or fourth dose of the vaccine. Low B-cell counts and high
CAR-T-cell numbers are associated with lacking antibody response and could therefore be
an important parameter in choosing the optimal moment of vaccination. However, larger
studies will be needed to ultimately clarify this question.
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Simple Summary: There are multiple strategies to target cancer cells, and among the rapidly evolving
field is the use of bispecific antibodies and T-cell engagers in the treatment of cancers. These drugs
work by recruiting and activating T-cells, a type of white blood cell, to recognize and attack cancer
cells. These agents consist of two different antibody fragments: one that binds to a tumor antigen
on cancer cells and another that binds to the CD3 receptor on T-cells. Once the T-cell engager binds
to both the cancer cell and T-cell, it brings the T-cell into close proximity to the cancer cell, leading
to the activation of T-cells and the release of cytokines and cytotoxic molecules that kill the cancer
cell. T-cell engagers have shown promising results in the treatment of a variety of hematological
malignancies. Research is ongoing to explore their use in the treatment of variety of solid cancers.
Nevertheless, T-cell engagers can cause side effects like cytokine release syndrome and neurotoxicity.
More research is ongoing to determine their long-term safety and effectiveness.

Abstract: Monoclonal antibody treatment initially heralded an era of molecularly targeted therapy in
oncology and is now widely applied in modulating anti-cancer immunity by targeting programmed
cell receptors (PD-1, PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and, more recently,
lymphocyte-activation gene 3 (LAG3). Chimeric antigen receptor T-cell therapy (CAR-T) recently
proved to be a valid approach to inducing anti-cancer immunity by directly modifying the host’s
immune cells. However, such cell-based therapy requires extensive resources such as leukapheresis,
ex vivo modification and expansion of cytotoxic T-cells and current Good Manufacturing Practice
(cGMP) laboratories and presents significant logistical challenges. Bi-/trispecific antibody technology
is a novel pharmaceutical approach to facilitate the engagement of effector immune cells to potentially
multiple cancer epitopes, e.g., the recently approved blinatumomab. This opens the opportunity to
develop ‘off-the-shelf’ anti-cancer agents that achieve similar and/or complementary anti-cancer
effects as those of modified immune cell therapy. The majority of bi-/trispecific antibodies target the
tumor-associated antigens (TAA) located on the extracellular surface of cancer cells. The extracellular
antigens represent just a small percentage of known TAAs and are often associated with higher
toxicities because some of them are expressed on normal cells (off-target toxicity). In contrast,
the targeting of intracellular TAAs such as mutant RAS and TP53 may lead to fewer off-target
toxicities while still achieving the desired antitumor efficacy (on-target toxicity). Here, we provide
a comprehensive review on the emerging field of bi-/tri-specific T-cell engagers and potential
therapeutic opportunities.
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1. Introduction

The use of monoclonal antibody (mAb) technology in anti-cancer therapy has evolved
rapidly since the Food and Drug Administration first approved the use of the anti-CD20
mAb rituximab in 1997 for treating relapsed CD20-positive B-cell lymphoma. Improve-
ments in gene sequencing, proteomics and computational platforms resulted in the produc-
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tion of antibodies with increasing affinity to antigenic epitopes and efficacy [1]. Targeting
tumor-associated antigens (TAA) continues to be a major focus in anti-cancer drug devel-
opment and has become particularly relevant in the era of immunotherapeutics because
these antigens may be targeted to elicit antitumor immune responses [2,3]. However, this
approach can be hindered by several resistance mechanisms, including but not limited
to downregulation of TAA expression by cancer cells, activation of signaling pathway
granting cancer cells resistance to apoptosis as well as tumor microenvironmental factors
impeding mAb activity [4]. Furthermore, inducing immune responses that alter antibody-
dependent cellular cytotoxicity and complement-dependent cytotoxicity may impair the
efficacy of these mAbs [5].

Bispecific antibodies (BsAbs) are a proven anti-cancer drug platform capable of simulta-
neously targeting multiple TAAs and potentially overcoming these resistance mechanisms,
and, in the era of immuno-oncology, they modulate/induce immune cell responses by
simultaneously targeting the TAA(s) and antigens/receptors on the effector cells [6]. The
majority of BsAbs are designed based on IgG molecules (Figure 1). The antigen-binding
site (ABS) is an area between the heavy variable (VH) and light variable (VL) chains and is
designed via the re-arrangement of the complementarity-determining regions (CDRs) [7].

Figure 1. Basic BsAb structure showing the antigen-binding site that harbors the complementarity-
determining region (CDR) segment, disulfide bond, light chains (L) and heavy chains (H); C: constant
domain; V: variable domain, Fab: fragment antigen-binding domain; Fc: fragment-crystallizable
domain. Figure created by BioRender.com (accessed on 14 May 2023).

Optimizing the CDRs is important for higher affinity (on-target efficacy) and avoidance
of bystander cells (off-tumor toxicity) [8]. The design of an effective BsAbs involves multiple
processes, and for the purposes of this review we will summarize it into four key steps:
(A) lead identification, which is the detailed analysis/identification of the antibody-binding
site for an antigen e.g., protein docking [9,10]; (B) predicting the antibody structure through
proteomic computational methods, e.g., AlphaFold [11]; (C) lead optimization, which is the
prediction of the binding affinity between the antibody (paratope) and the antigen (epitope),
e.g., the PInet [12]; and finally (D): for the antibody to be effective, it does require good
solubility to avoid overt immunogenicity. Lead identification, optimization and assessment
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of the relative positions of both parts of the paratope–epitope complex are crucial steps for
the development of successful therapeutic antibodies [13].

BsAbs are designed in a way that one target is the neoepitope of cancer cells (TAA) and
the other target site is dedicated to engaging with targets that can facilitate an antineoplastic
effect. The antineoplastic activity can be achieved through several mechanisms: (1) direct
engagement with surface antigens of immune effector cells, such as CD3 in T-cells, CD16
in NK cells or CD47 in macrophages; (2) engagement with receptors that modulate T-cell
response; and (3) interaction with other signaling pathways.

The most common BsAbs are the bispecific T-cell engagers (BiTEs), which act through
the simultaneous engagement of TAAs and CD3, resulting in the activation of T-cells
irrespective of MHC, with the resultant release of perforins and granzymes [14]. In solid
tumors, the success in targeting GP100 through construction of gp100/HLA*0201 fused
to anti-CD3 single-chain variable fragments (scFv) led to tebentafusp’s approval for the
treatment of uveal melanoma.

BsAbs’ T-cell-modulating targets include those that are immune-inhibitory such as
PD-L1/CTLA-4 [15] and those that are immune-stimulatory such as the TNF receptors
OX40, CD27 and CD137 (4-1BB) or the T-cell costimulatory receptor CD28. Engagement of
one or more of these receptors may enhance the antitumor immune response or activate
exhausted tumor-infiltrating lymphocytes in the tumor immune microenvironment [16].

Antibody–drug conjugates are another approach that utilize the mAb platform for
targeted delivery of cytotoxic agents [17]. The use of trastuzumab deruxtecan in the
treatment of HER2+ breast cancer is a successful example in which the BsAb binds to
HER2/CD63 or HER2/PRLR and concurrently facilitates the internalization and lysosomal
degradation essential for the action of the cytotoxic payload [18,19].

At the time of the writing of this review, there were a total of seven BsAbs approved for
the treatment of different malignant diseases: amivantamab (EGFR/cMET), blinatumomab
(CD3/CD19), catumaxomab (CD3/EpCAM), mosunetuzumab (CD3/CD20), tebentafusp
(GP100/CD3), teclistamab (CD3/BCMA) and zenocutuzumab (HER2/HER3) [20,21].

Here, we focus on conditional T-cell engagers in solid tumors using the bi-/trispecific
antibody platform and contrast this with immune effector cell therapies such as CAR-
T therapy. We will also discuss the potential benefits of targeting intracellular TAAs
and provide a summary of currently approved agents and those in development for the
treatment of solid tumors.

2. Structural Mechanism of T-Cell Engagers

Bispecific antibodies (BsAbs) are divided into two major categories based on their
structure and mechanism of action.

2.1. T-Cell Engagers without FC Fragment

Characterized by a lack of immune-mediated target cell killing (ADCC), as they lack
the FC domain, these agents have lower stability and a short plasma half-life but have
better tissue penetration given their lower molecular weight. These are particularly useful
in targeting the central nervous system (CNS), and examples include nanobodies and
svFC [22,23] (Figure 2A).

2.2. T-Cell Engagers with FC Fragment

These agents have the potential to exert actions related to their FC fragment, including
ADCC. BsAbs with FC fragments are characterized by a longer half-life and higher stability.
The design examples include the knob-in-hole technique in which the heavy chain is
engineered with a knob, and the other heavy chain consists of a hole [24]. The disadvantages
of including an FC fragment on a BsAb are both structural and functional. The structural
disadvantage is that the large size of the molecule impedes tissue distribution and access
to neoplastic cells. In addition, the non-covalent binding of the two variable domains via
a hydrophobic interface is more challenging from the design and manufacturing aspects
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(Figure 2B). From a functional standpoint, the presence of an intact FC domain decreases
T-cell trafficking and limits the antineoplastic activity, though it can be improved by FC
silencing via FC fragment modifications [25].

Figure 2. (A) BsAbs without FC portion connected via a linker. Example is blinatumomab. (B) Classic
BsAbs with FC portion that requires antigen-presenting cells and activation of which results in ADCC.
Example is catumaxomab. Figure created by BioRender.com (accessed on 14 May 2023).

3. T-Cell Engagers in Solid Tumors

Most approved BiTEs are used in the treatment of hematologic malignancies. While
TAAs have been identified both in hematologic malignancies and solid tumors, most are
also present in normal cellular counterparts, which results in “on-target” toxicities. These
on-target toxicities in normal tissues are more manageable in hematologic malignancies
than in solid tumors. For example, CD19 targeting results in B-cell aplasia and hypogam-
maglobulinemia and increases the risk of infection; such infections can be managed by
being vigilant clinically and the prompt use of antibiotic(s). On the other hand, targeting
epidermal growth factor (EGFR) in lung cancer leads to generalized cutaneous toxicity and
cardiotoxicity in the treatment of HER2-positive breast cancer using trastuzumab [26,27].

These “on-target” toxicities can further be mitigated through the use of conditional T-
cell engagers (cTCE), which are inactive precursors of TCEs activated by tumor-associated
proteases. This induces TCEs to kill tumor cells expressing the target antigen in the
tumor microenvironment without affecting distant tissues. The decreased toxicity of
cTCEs potentially confers upon them a superior therapeutic index and may allow the
administration of a higher dose. An example is ProTriTACs, where a half-life-extending
albumin-binding domain masks the CD3-binding domain [28,29].

Intracellular TAA targeting may sidestep the challenges of mAb targeting of shared cell
surface TAAs between tumor and normal tissues in solid tumors. This strategy may lead to
higher tumor cell killing (on-target/on-tumor effect), decreased risk of damaging normal
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tissues (on-target/off-tumor toxicity) as well as lower bystander toxicity (off-target/off-
tumor toxicity).

However, intracellular TAA targeting is currently challenged by a lack of effective
tools to penetrate the cell surface and deliver the antibody arm of TCEs into neoplastic cells.
This is an area of active research, and novel approaches include technologies that promote
the expression of intracellular TAAs or enhance the delivery of BsAbs into tumor cells.

3.1. Targeting Tumor-Associated Peptides Presented by MHC

Aberrant intracellular proteins can be presented by MHC class 1 molecules on the cell
surface (Figure 3E). One example is p53: a small fraction of intracellular p53 is degraded
via proteosomes and can be presented by HLA on the cell surface. Specific peptides of
mutated p53 (R175H) can bind to HLA-A*02:01 on the surface of cancer cells. Hsiue et al.
developed CD3 engagers that bind specifically to the p53-R175H peptide–HLA complex
with high affinity and resulted in tumor cell killing [30–32].

Figure 3. Techniques under investigation for targeting intracellular tumor antigens using antibodies.
(A) Liposomal coating of antibodies. (B) Cell-penetrating peptides that adhere to the phospholipid
bilayers. (C) Nanoparticles. (D) Cytosol-penetrating antibodies. (E) TCR-like antibodies that can
target low-concentration intracellular peptide fragments that are presented to extracellular space via
MHC. (F) Viral vectors that incorporate into the genome and produce intracellular antibodies. Figure
created by BioRender.com (accessed on 14 May 2023).

A similar strategy is the use of oncolytic vaccines such as MAGE-1 and NY-ESO-1.
These are incorporated into the tumor genome and are translated into antigens which,
when degraded, are presented by MHC to the extracellular surface of tumor cells, mak-
ing them recognizable by T-cell engagers. An example is melanoma-associated antigen
A4 (MAGE-A4) solid cancers in patients with the HLA-A*02:01 genotype. MAGE-A4
is processed intracellularly, resulting in peptide fragments that are co-presented with
HLA-A*02:01 (Figure 3E). Afamitresgene autoleucel is an HLA-restricted autologous T-cell
therapy that targets MAGE-A4 that was evaluated in a phase 1 trial in solid tumor patients
with HLA*02:01. The overall response rate was 24% (all partial response). All patients ex-
perienced grade 3 and above hematologic toxicity; 55% of patients experienced =< grade 2
cytokine release syndrome [33].

3.2. Intracellular Delivery of Antibodies

The delivery of larger antibodies to intracellular targets is an area of intense research,
and approaches under investigation include the use of liposomes, cell-penetrating peptides,
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nanoparticles, cytosol-penetrating antibodies, TCR-Like antibody and the use of viral
vectors (Figure 3A–F). The successful targeting of intracellular p53 and KRAS mutants had
been demonstrated in preclinical studies [34].

3.3. Successful Examples of T-Cell Engagers in Solid Tumors

This section highlights the importance of T-cell engagers in the treatment of advanced
solid tumors. Some of these example are FDA-approved, while others are in later stages of
drug development. (Figure 4, summarize therapeutic targets in solid tumors).

Figure 4. Therapeutic targets for bi- and trispecific antibodies. Figure created by BioRender.com
(accessed on 14 May 2023).

• GP100

Melanoma-associated antigen (gp100) is a membrane-bound protein expressed on the
surface of melanocytes and most malignant melanoma. T-lymphocytes recognize gp100
presented by HLA proteins such as HLA-A*02:01. Vaccination with gp100 peptide vaccine
was evaluated in a phase II randomized trial in the treatment of metastatic melanoma in
combination with IL2; the overall response rate (ORR) was 16%, and overall survival (OS)
was 17 months [35]. This suggested gp100 as a potential TAA, which led to designer BiTEs’
with a high-affinity TCR-binding domain and an anti-CD3 T-cell-engaging domain. Such a
construct facilitates and redirects T-cells to attack gp100-expressing tumor cells. Tebentafusp
is a gp100/CD3 BsAb and was evaluated in a phase 1 study of 42 patients with metastatic
uveal melanoma. The study found that tebentafusp was generally well-tolerated, with the

96



Cancers 2023, 15, 2824

most common adverse events (AEs) being fever (91%), rash and pruritis (83%), fatigue (71%)
and chills (69%). The overall response rate was 11.9% (95% CI, 4.0 to 25.6). The median
overall survival was 25.5 months (range, 0.89–31.1 months), and the 1-year overall survival
rate was 67% [36]. The subsequent phase 3 trial in HLA-A*02:01-expressing patients with
treatment-naive metastatic uveal and cutaneous melanoma compared tebentafusp against
the investigator’s choice of treatment (pembrolizumab, ipilimumab or dacarbazine). At a
median follow-up of 14 months, the tebentafusp-containing arm achieved superior survival
compared to the investigator’s choice (median OS 22 months versus 16 months; 6-month
PFS 31% versus 19%, respectively). A 1-year overall survival rate of 65% was reported for
both patient cohorts [37,38]. This pivotal trial led to Food and Drug Administration (FDA)
approval of tebentafusp in April 2022. Cytokine release syndrome (CRS) occurred in 89%
of patients, though the adverse events improved during subsequent dosing. Only 2% of
patients discontinued treatment due to treatment-related side effects, and there were no
treatment-related deaths.

• EPCAM

Catumaxomab is a T-cell engager with specificity for CD3 and epithelial cell adhesion
molecule (EpCAM). Interestingly, this agent can be considered “trifunctional” because the
mAb has a functional FC receptor capable of engaging FCγ receptors that induce immune
reaction [39]. Catumaxomab was approved by the European Medical Agency in 2009 for
treatment of EpCAM-positive carcinomas and malignant ascites. However, catumaxomab
was withdrawn from the market in 2017 due to unacceptable CRS and high-grade liver
toxicity which was fatal in some patients [40]. The severity of the toxicities was likely due
to the high immunogenicity and wide expression of EpCAM in normal tissues such as the
Kupffer cells of the liver.

• PSMA

Pasotuxizumab, a CD3/PSMA T-cell engager, was evaluated in a phase 1 trial of
patients with metastatic castrate-resistant prostate cancer (mCRPC). The BsAb was admin-
istered as a continuous IV infusion over 12 weeks. Of the 16 patients treated, 13 (81%)
experienced grade ≥ 3 adverse events (AEs). The most frequent all-grade AEs were flu-like
illness and fatigue, whereas the most frequent grade ≥ 3 AEs were decreased lymphocytes
and infections (44%). Three patients had a reduction of >50% in serum PSA levels, two
of them had long-term responses, and one achieved a near CR as assessed by PSMA PET
imaging [41]. The development of pasotuxizumab was halted after this study in favor
of acapatamab.

Acapatamab is T-cell engager targeting CD3/PSMA but has a longer half-life than pa-
sotuxizumab. Acapatamab was evaluated alone or in combination with pembrolizumab in
a phase 1 trial involving patients with mCRPC. In the monotherapy cohort, a ‘confirmed ≥
30% PSA reduction’ was achieved in 27.6% of patients, a partial response in 20% and stable
disease in 53.3%. However, 60.5% had grade 2 CRS, and 25.6% had grade 3 CRS. [42,43].
The CD3/PSMA T-cell engager is being compared to enzalutamide and abiraterone in
patients with mCRPC in a phase 2 trial (NCT04631601). The study has completed accrual,
and the results are pending.

• CD33 (MDSC-targeting)

CD33 is a transmembrane receptor expressed on the surface of various myeloid cells,
including myeloid-derived suppressor cells (MDSCs), and is known to promote tumor
growth and suppress antitumor immune response in solid tumors [44]. AMV564 is a
novel CD3/CD33 T-cell engager which induces antitumor immune response via T-cell-
directed lysis of CD33 cells [45]. The agent was evaluated in a phase 1 trial which included
30 patients with advanced solid tumors. AMV564 was given via subcutaneous injections
on days 1–5 and 8–12 of a 21-day cycle, either alone (20 patients) or in combination with
pembrolizumab (10 patients) at a dose of 200 mg IV q3w. The monotherapy cohort dosing
was 15, 50 and 75 mcg/day, while the combination therapy cohort dosing was 5, 15
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and 50 mcg/day. Complete response was achieved in patients with ovarian cancer in
the monotherapy cohort. The agent was well tolerated, with 2 cases of grade 2 CRS at
75 mcg/day and no dose-limiting toxicities. The most common side effects were injection
site reactions, fever, fatigue, anemia, hypotension and nausea. Subcutaneous injection of
AMV564 resulted in relevant plasma exposure [46].

3.4. Toxicity Profile and Management of Toxicity of T-Cell Engagers in Solid Tumors

The major advantages of T-cell-engaging immunotherapeutics such as BsAbs and
T-cell engagers over cellular therapeutics, e.g., CAR-T, include their “off-the-shelf” avail-
ability and their requiring no lymphodepletion prior to administration. Both treatment
modalities (T-cell engagers and CAR-T-cells) have similar toxicity profiles, including CRS
and immune effector-associated neurotoxicity syndrome (ICANS). These toxicities are less
severe or less frequent in T-cell engagers and may be related to their dosing (Table 1 and
Table 3) [47,48]. While CAR-T-cell treatment is often administered in a single dose, T-cell
engagers may be administered repeatedly. As such, T-cell engager administration includes
a period of step-up dosing to mitigate the risk of these toxicities and is followed by the full
doses about 1 to 2 weeks after.

Table 1. Unique toxicities based on therapeutic targets of T-cell engagers.

Target Antigen Specific Toxicity

EPCAM Immune-mediated hepatotoxicity

HER2 Hypotension, hypertension, tachycardia

PSMA Hepatotoxicity

DLL3 Pneumonitis

Myeloid-derived suppressor cells (MDSC) Anemia, hypotension, pruritis

EGFRvIII Dermatologic toxicities, SJS, TEN

CEA Hepatotoxicity

• Cytokine release syndrome

The immune-mediated toxicities associated with treatment using CAR-T-cells and
T-cell engagers are significant challenges requiring close attention. The binding of the target
antigen induces T-cell expansion and the release of proinflammatory cytokines, which
then leads to the recruitment of other endogenous immune cells such as macrophages and
further escalation of the immune response [49]. The overactive and uncontrolled immune
response results in CRS, which is characterized by fever and multiple-end-organ dysfunc-
tion/damage. This systemic toxicity is experienced by approximately 15% of patients
treated using blinatumomab. The incidence is dependent on the BiTEs’ structure, affinity
for CD3 engagement and TAA abundance, e.g., grade 3 and above CRS being reported
in 2% of patients with MUC17/CD3 (AMG199) and 25% of patients with PSMA/CD3
(acapatamab) [42].

The risk can be mitigated by close monitoring and premedication with corticosteroids.
Step-up dosing can also reduce CRS risk by starting at a lower dose and escalating during
the first cycle of treatment. The use of a subcutaneous route has been proposed to decrease
the risk of CRS [50]. A recent computational study showed that the co-administration of
the interleukin (IL)-6 receptor-blocking mAb tocilizumab and/or anti-TNFα may reduce
the incidence without compromising antitumor activity [51].

The management of low-grade CRS includes the use of antihistamines, antipyretics
and intravenous fluids. CRS of grade 2 and above requires admission to the hospital and
may require pressors for hypotension, as well as supplemental oxygen for respiratory
distress [52,53]. Severe CRS will require intensive care unit care with early initiation of high-
dose corticosteroids—for example, methylprednisone at 1 mg/kg/day and tocilizumab
at 8 to 12 mg/kg based on body weight. Tocilizumab can be repeated after an interval of
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8 h, and it should not exceed 4 doses in total [54]. Supportive therapies include the use of
intravenous vasopressors or mechanical ventilation to assist with respiratory distress.

• Neurotoxicity

Immune effector-associated neurotoxicity syndrome (ICANS) with T-cell engager
treatment may manifest as mild confusion, headache, dysgraphia and, in more severe cases,
encephalopathy. The pathophysiology of ICANS is not yet fully understood. Cerebral
microvasculature damage from activated immune cells, endothelial damage, blood–brain
barrier disruption and direct effects of cytokines have been hypothesized as underlying
mechanisms [55].

The neurotoxicity risk from T-cell engagers may be mitigated by step-up dosing and
pre-treatment with corticosteroids. Once it has occurred, management consists primarily of
aggressive supportive care and corticosteroids. Tocilizumab, however, is not recommended
for neurotoxicity, as it can increase IL-6 plasma concentration and exacerbate ICANS.

The management of ICANS often involves supportive care measures such as hydration,
electrolyte balancing, the use of steroids and seizure management. For patients with more
severe symptoms, more aggressive interventions may be indicated including mechanical
ventilation or intracranial pressure monitoring. A neurologist or other specialist with
experience in managing neurological complications of immunotherapy should be consulted
if one has not been already.

The prophylactic use of corticosteroids has been shown to be effective in ameliorat-
ing the side effects of CRS and ICANS. The ZUMA-1 study showed the superiority of
prophylactic use of dexamethasone at 10 mg for 3 days before axicabtagene ciloleucel
(no grade 3 CRS) compared to the 13% incidence of CRS among patients who received
steroids after an infusion of axicabtagene ciloleucel. The efficacy was not compromised in
this approach, though there was a higher rate of ICANS [56].

Based on the above information, clinicians should be aware of the potential side effects
of CRS and ICANS when using T-cell engagers. Early identification and prompt manage-
ment are key to preventing the development of severe side effects. A multidisciplinary
team with experience in immunotoxicity provides the best outcome.

• TAA-specific toxicities

Other less common but important side effects include hepatoxicity and cardiac toxicity,
which are mostly managed with supportive care and interventions described above. Table 1
lists toxicities described for solid tumor T-cell engagers.

• T-cell engagers undergoing clinical evaluation in solid tumors

Publicly available databases including PubMed, meeting abstracts of major scientific
meetings and ClinicalTrials.gov were searched for T-cell engagers that are in the early
phases clinical testing (summarized in Table 2).

Table 2. Summary of T-cell engagers in development against solid tumors.

Target Population
Phase of

Study/References
Number of Patients Results

Clinical Trial
Number

CD3/HER2
Advanced

HER2-positive
breast cancer

Phase 2 [57] 32 patients, 8 patients
had stable disease.

The median OS was
13.1, 15.2 and

12.3 months for the
entire group,

HER2-HR+ and
TNBC patients,

respectively. Plan for
phase 3.

NCT03272334

EGFRvIII/CD3
(AMG596),

(CX-904) EGFR/CD3.

EGFRvIII-positive
GBM or malignant

glioma
Phase 1/1b [58] Total 14 patients. 1 partial response,

2 stable disease. NCT03296696

Tumor expression
EGFR Early phase 1 Plan for 100 patients Not published NCT05387265
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Table 2. Cont.

Target Population
Phase of

Study/References
Number of Patients Results

Clinical Trial
Number

Tyrosinase Related
Protein 1 (TYRP1)

(RO7293583)
Melanoma Phase 1 20 patients Not published NCT04551352

MUC17/CD3

Advanced gastric, GE
junction, CRC and

pancreatic (AMG199)
Phase 1 [59] Total 64 patients.

13 had PR, 17 SD.
CRS > grade 3
occurred in 2%

NCT04117958

Advanced liver
cancer Phase 2 [60] 11 Patients

Median PFS
4 months, median OS

13.2 months;
5 discontinued

treatments due to
severe side effects

NCT03146637

DLL3/CD3 Small cell lung cancer Phase 1 [61]

Confirmed partial
responses in 20% of

patients and duration
of response of

8.7 months

Phase 2 ongoing NCT05060016

CEA
(MEDI-565) Advanced GI cancers Phase 1 Total 39 patients,

11 patients have
stable disease as best

response.
NCT01284231

PSMA

Prostate cancer
Phase 1

2 LAVA-1207 Not published NCT05369000

Phase 1 [62] AMG 509 Not published NCT04221542

Phase 1 BAY 2010112
47 patients,

12 patients had >50%
decrease in PSA

NCT01723475

EpCAM Advanced solid
tumors

Solitomab: Phase 1
Catumoximab:

Phase 2 [63]

Catumoximab and
Solitomab: for

malignant ascites
both associated with

sever toxicities
precluding

development
of Solitomab.

Solitomab DLT in
phase-limiting

escalation.
Catumoximab,

withdrawn from
market due
to toxicities.

NCT00635596
NCT00836654

Myeloid-derived
suppressor cells

(MDSC)

Advanced solid
tumors.

with and without
pembrolizumab

Phase 1

20 patients in
monotherapy arm.
10 in combination

arm.

Not fully published,
study mentioned One
CR. Study is going to

phase 2.

NCT04128423

CLDN18.2
(AMG 910)

Gastric and
gastroesophageal
junction (G/GEJ)
adenocarcinoma

Phase 1 [64] Plan recruitment
34 patients Not finished (NCT04260191)

HLA-G Advanced solid
tumors Phase 1 Actively recruiting Not finished NCT04991740

4. Conclusions

Bispecific T-cell engagers have emerged as a valid and clinically relevant anti-cancer
therapeutic. The practical advantages of T-cell engagers over immune effector cell therapies,
such as off-the-shelf availability and avoidance of complex cell handling facilities, broaden
the applications of this class of immune therapeutics in cancer care (Table 3).

The majority of bispecific antibodies can be given on an outpatient basis; however,
this can vary based on the drug toxicity profile and the clinical condition of the patient.
Therefore, there are no standards of care of management, and many clinicians prefer to
admit patients to inpatient care for cycle 1 to monitor for side effects before continuing via
outpatient care.
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Table 3. Comparison of T-cell engagers and CAR-T therapies.

T-Cell Engagers CAR-T

Basic Structure Bispecific antibody that binds TAA and
CD3 on T-cells

Engineered T-cell that express engineered
scFV fused to linker and

activation domain

Source of T-cells Endogenous T-cell activation Requires ex vivo expansion of engineered
T-cells

Availability Outpatient Inpatient and only at high-volume
medical centers

Drug properties Off the shelf Must be engineered (2–4 weeks)

Dosing Requires multiple doses, sometimes
requires pump

One dose, sometimes multiple dosing if
HLA is eliminated

Toxicity Less CRS Higher CRS and neurotoxicity

Lymphodepletion prior to treatment Not required Required

Operational Cost High (USD 90,000) per course Very high (USD 450,000 to 750,000)

CAR-T, chimeric antigen receptor-T-cells; CRS, cytokine release syndrome; scFV, single-chain, fragment variable
antibody; TAA, tumor-associated antigen.

Significant efforts are now underway in search of clinically relevant TAAs, optimizing
molecular structures and identifying their roles in the treatment of hematologic and solid
cancers. The majority of BiTEs in clinical development are directed towards extracellular
proteins that represent 10% of the known targetable proteome [65]. Intracellular TAAs
are the next frontier for T-cell engagers, and research to direct CD3 cells towards targets
such as p53R175H and RAS proteins on MHC molecules of tumor cells are underway [32,66].
Conditional activation of T-cell engagers is another approach to enhance tumor selectivity
and on-target/on-tumor efficacy while lessening off-tumor toxicity. Here, inactive T-cell
engagers become activated upon entering a tumor by either leveraging tumor proteases
or modulating the pH of the microenvironment [67]. In summary, this class of immune
therapeutics holds great promise, especially in highly heterogeneous solid tumors, and
commands the attention of anti-cancer drug developers.
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Simple Summary: Colorectal cancer is one of the most common cancers worldwide, and novel
treatments are urgently needed to improve treatment for cancer patients. In this report, three different
designs of humanized EpCAM-CD3 antibodies were engineered and tested against colorectal tumors.
The antibodies demonstrated high efficacy and specificity. In addition, the study demonstrates a
novel method of delivering bispecific antibodies using mRNA-lipid nanoparticle (LNP) technology.
The delivery of EpCAM-CD3 human Fc (hFc) mRNA-LNPs into mice tumors with intravenous T cell
injection significantly blocked OVCAR-5 xenograft tumor growth in vivo. The data provide a basis
for future clinical studies.

Abstract: The epithelial cell adhesion molecule (EpCAM) is often overexpressed in many types of
tumors, including colorectal cancer. We sequenced and humanized an EpCAM mouse antibody
and used it to develop bispecific EpCAM-CD3 antibodies. Three different designs were used to
generate bispecific antibodies such as EpCAM-CD3 CrossMab knob-in-hole, EpCAM ScFv-CD3 ScFv
(BITE), and EpCAM ScFv-CD3 ScFv-human Fc designs. These antibody designs showed strong and
specific binding to the EpCAM-positive Lovo cell line and T cells, specifically killed EpCAM-positive
Lovo cells and not EpCAM-negative Colo741 cells in the presence of T cells, and increased T cells’
IFN-gamma secretion in a dose-dependent manner. In addition, transfection of HEK-293 cells with
EpCAM ScFv-CD3 ScFv human Fc mRNA-LNPs resulted in antibody secretion that killed Lovo
cells and did not kill EpCAM-negative Colo741 cells. The antibody increased IFN-gamma secretion
against Lovo target cells and did not increase it against Colo741 target cells. EpCAM-CD3 hFc
mRNA-LNP transfection of several cancer cell lines (A1847, C30, OVCAR-5) also demonstrated
functional bispecific antibody secretion. In addition, intratumoral delivery of the EpCAM-CD3
human Fc mRNA-LNPs into OVCAR-5 tumor xenografts combined with intravenous injection of T
cells significantly blocked xenograft tumor growth. Thus, EpCAM-CD3 hFc mRNA-LNP delivery to
tumor cells shows strong potential for future clinical studies.

Keywords: colorectal cancer; EpCAM; CD3; bispecific antibody

1. Introduction

Colorectal cancer is one of the most common cancers worldwide [1,2]. Patients with
metastatic colorectal cancer will typically have a poor prognosis and a low survival rate.
Recently, different approaches for colorectal cancer therapy have been developed such as
monoclonal antibodies, vaccines, checkpoint inhibitors, oncolytic viruses, and CAR-T cell
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therapy [3,4]. Novel therapeutic approaches are urgently needed to improve treatment for
patients with colorectal cancer.

One of the attractive targets for immunotherapy is EpCAM (CD326), a 39–40 kDa
human cell surface glycoprotein, which is highly expressed in many cancer cells such
as ovarian, breast, colorectal, prostate, lung, pancreatic, and others [5]. EpCAM was
discovered over 40 years ago as an epithelial antigen and was later classified as a cell
adhesion molecule [6]. EpCAM plays an important role in colorectal cancer biology and is
also involved in survival signaling, motility, differentiation, cell proliferation, adhesion,
and metastasis [6–8]. EpCAM can be expressed not only in epithelial cells but also in
the stem cells of different tissues and in embryonic stem cells [9]. Recently, the EpCAM
AUA1 antibody was used to detect circulating tumor cells, which can be used for the early
detection of many carcinomas [10].

EpCAM shows high potential as a target for developing anticancer therapies and
immunotherapies with monoclonal antibodies or bispecific antibodies. Recent studies
have targeted EpCAM with monoclonal antibodies [11], bispecific antibodies, immunother-
apy [12], siRNA, and CAR-T cells [5,13–16].

Recently, lipid nanoparticles (LNPs) were used for the delivery of the COVID-19
mRNA vaccine by the biopharmaceutical companies Moderna and Pfizer [17–19]. The
nanoparticle-based drug delivery demonstrated many advantages, such as high bioavail-
ability, solubility, stability, passage through the blood–brain barrier, and low toxicity and
minimal side effects [20].

In this study, mRNA-LNPs were used to deliver EpCAM-CD3 bispecific antibodies
to tumor sites, stimulating T cells to kill colorectal tumors. Three different formats of
novel bispecific antibodies based on the humanized AUA1 antibody [10] were engineered
for this study. All bispecific antibodies demonstrated high efficacy and specificity with
the EpCAM-positive Lovo cell line but not with the EpCAM-negative Colo741 cell line.
In addition, we designed EpCAM-CD3 hFc mRNA, which was embedded into an LNP
complex, and showed that the secreted antibodies had highly specific and effective killing
activity when combined with T cells and induced the secretion of IFN-gamma in a dose-
dependent manner against the EpCAM-positive target colorectal cell line. We also showed
that OVCAR-5, A1847, and C30 cancer cells transfected with EpCAM-CD3 mRNA-LNPs
secreted EpCAM-CD3 antibodies with high cytotoxic activity. In addition, EpCAM-CD3
hFc mRNA-LNP delivery to OVCAR-5 xenograft tumors with the intravenous injection of
T cells demonstrated a significant decrease in tumor growth in vivo. These data provide
a basis for the generation of EpCAM-CD3 antibodies in vivo through the mRNA-LNP
delivery platform. The produced EpCAM-CD3 hFc antibody shows high antitumor efficacy
and potential for use in clinical studies.

2. Materials and Methods

2.1. Cell Lines

The HEK-293, A1847, C30, OVCAR-5, HeLa, Hep3B, SKOV-3, and PC3 cell lines
were obtained from ATCC. The A1847, C30, HeLa, Hep3B, and OVCAR-5 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) medium with 10% FBS and
penicillin/streptomycin. The PC3 cell line was cultured in an F-12K medium with 10% FBS
and penicillin/streptomycin. The SKOV-3 cell line was cultured in a McCoy’s 5A medium
with 10% FBS and penicillin/streptomycin. Lovo and Colo741 cell lines were obtained
from Dr. Walter Bodmer (Oxford University, Oxford, UK), whose laboratory authenticated
the cell lines using SNPs, Sequenom MassARRAY iPLEX, and HumanOmniExpress-24
BeadChip arrays, and tested for the absence of Mycoplasma [21]. The Lovo cell line was
cultured in Ham’s F-12 K Medium with 10% FBS and penicillin/streptomycin. The Colo741
cell line was cultured in an RPMI-1640 medium with 10% FBS and penicillin/streptomycin.
The Lovo cell line with knockout of EpCAM (Lovo EpCAM KO) was generated using
electroporation of the EpCAM sgRNA kit from Synthego and caspase-9 protein following
the manufacturer’s protocol. The HEK-293 suspension cells were cultured in a FreeStyle™
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F17 expression medium and supplemented with Gibco™ GlutaMAX™ and Pluronic™
F-68 nonionic surfactant (100×). The cell lines were authenticated by FACS using spe-
cific cell surface marker detection antibodies. Human peripheral blood mononuclear
cells (PBMCs) were isolated from whole blood from the Stanford Hospital Blood Center
according to the IRB-approved protocol (#13942). PBMCs were isolated using density
sedimentation over Ficoll-Paque (GE Healthcare, Chicago, IL, USA) [22–25]. PBMCs
were suspended at 1 × 106 cells/mL in an AIM-V medium (ThermoFisher, Waltham, MA,
USA) containing 10% FBS and 10 ng/mL IL-2 (ThermoFisher), mixed with CD3/CD28
Dynabeads (ThermoFisher) at a 1:1 ratio, and cultured for 10–12 days in 24-well plates.
Fresh medium with 10 ng/mL IL-2 was added every 2–3 days to maintain the PBMC cell
number at 1–2 × 106 cells/mL. All cell lines and PBMCs were cultured in a humidified
5% CO2 incubator.

2.2. Antibodies

APC antihuman CD326 (EpCAM) antibody was obtained from Biolegend (Cat No.:
324207). PE-conjugated anti-His tag antibody was from Biolegend (Cat. No.: 362603). APC
antihuman CD3 antibody was obtained from Biolegend (Cat No.: 317318). Antihuman
IgG was from Jackson ImmunoResearch (109-605-190). PE streptavidin was obtained from
Biolegend (Cat. No.: 405204) and 7-AAD viability staining solution was obtained from
Biolegend (Cat. No.: 420404).

2.3. Design and Cloning of Bispecific Antibody DNA Constructs

The AUA1 antibody was produced conventionally by immunizing BALB/c mice with
the colon adenocarcinoma cell line Lovo. The mouse AUA1 EpCAM antibody was char-
acterized by Dr. Walter Bodmer’s Lab and described in [26]. Humanization of the mouse
AUA1 antibody [27] was performed as described in [28,29]. The humanized antibody was
first checked for functional activity in the chimeric antigen receptor (CAR) format as de-
scribed in [29,30]. The humanized variable fragment heavy chain (VH) and light fragment
chain (VL) of the AUA1 antibody were used for the engineering of CrossMab knob-in-hole
design bivalent antibody constructs as described in [21]. Human Fc (IgG1) contained P329G
and L234AL235A (LALA) mutations to silence the Fc region by preventing the binding of
gamma receptors and activating innate immune cells [21]. Another design contained an
EpCAM ScFv-CD3 ScFv-His tag (BITE) format. The third design was an EpCAM ScFv-CD3
ScFv-human Fc construct. All constructs were cloned into the pYD11 vector and confirmed
by sequencing. For the design of DNA templates for RNA-based expression, the EpCAM
ScFv-CD3 ScFv-human Fc sequence was cloned into a DNA vector with a T7AG promoter,
5′UTR, 3′UTR, and a 150 poly A tail as described [31]. The DNA template sequence for
in vitro transcription was verified by sequencing.

2.4. In Vitro Transcription

The mRNA was in vitro transcribed from a DNA template using the HiScribe T7
mRNA Kit with CleanCap Reagent AG (NEB #E2080). In brief, a DNA template, 0.5 × T7
CleanCap Reagent AG Reaction Buffer, 5 mM of ATP, CTP, pseudo-UTP, and GTP were
added to 4 mM of CleanCapAG and T7 polymerase mix for 2 h at 37 ◦C. Then, DNAse I
treatment was performed for 15 min at 37 ◦C. The mRNA was purified with the Monarch
RNA Cleanup Kit (T2050) according to the manufacturer’s protocol.

2.5. Embedding of mRNA into LNP and Transfection of mRNA-LNP into Cells

To generate an mRNA–LNP complex, an aqueous solution of mRNA in 100 mM
sodium acetate (pH 4.0) was combined with a lipid mix containing the ethanol phase of
SM-102 (Cayman), DSPC (Avanti), cholesterol (Sigma), and DMG-PEG2000 (Cayman) (at
a molar % ratio of 50:10:38.5:1.5, respectively) at a flow rate ratio of 3:1 (aqueous:organic)
using the PreciGenome Flex S System (San Jose, CA, USA). The mRNA-LNPs were purified
and concentrated using Amicon® Ultra-15 centrifugal filter units (30–100 kDa). The size,
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zeta-potential, and polydispersity index (PDI) of the mRNA-LNPs were detected using an
Anton Paar Litesizer 500 System, and the encapsulation efficiency was checked with the
Quant-itTM RiboGreen RNA assay Kit. The mean mRNA-LNP size was 104 nm; the zeta-
potential was −4.8 mV; the PDI was 0.14; and the encapsulation efficiency was 91.8 ± 4.5%.

In brief, 1 μg of mRNA-LNPs was used to transfect 0.5–1 × 106 HEK-293 cells or other
cancer cell lines. The supernatant with secreted EpCAM-CD3 hFc bispecific antibody was
collected 48–72 h after transfection, and the correct size was confirmed through Western
blotting. The binding with target cells was performed using FACS.

2.6. Transfection of HEK-293 Cells with DNA Encoding Bispecific Antibodies

HEK293S cells were transfected using DNA constructs of the bispecific antibodies
with the ALSTEM NanoFect Transfection Reagent. The cells were cultured in Freestyle F17
medium with 8 mM glutamine and 0.1% Pluronic F68 surfactant in suspension bottles using
a shaker at 37 ◦C and 5% CO2. Supernatants containing antibodies were collected on days
3–7 posttransfection. The supernatants containing antibodies with human Fc were purified
using protein A or protein G columns. The supernatant containing EpCAM-CD3-His tag
antibody was purified using Ni-NTA columns. The purified antibodies were checked for
size on SDS gel and then used for functional analyses.

2.7. Flow Cytometry (FACS)

To measure the binding of the bispecific antibodies, 0.25 × 106 cells were suspended
in 0.1 mL of 1 × PBS buffer containing 2 mM EDTA and 0.5% BSA and incubated on ice
with 1 μL of human serum (Jackson ImmunoResearch, West Grove, PA, USA) for 10 min.
The bispecific antibodies were added to the cells, which were then incubated on ice for
30 min. The cells were washed 3 times with FACS buffer and resuspended in 0.1 mL
of buffer. Then, 1 μL of phycoerythrin (PE)-conjugated or APC-conjugated secondary
antibody (BD Biosciences, San Jose, CA, USA) was added, and the cells were incubated
on ice for 30 min. The antibodies containing human Fc or His Tag were stained with an
antihuman-IgG antibody or anti-His tag antibody, respectively, and incubated on ice for
30 min, washed with FACS buffer three times, and stained with PE-streptavidin antibody
on ice for 30 min. The cells were washed three times and resuspended in buffer for analysis
on an FACSCalibur (BD Biosciences).

Supernatants containing EpCAM-CD3-hFc antibody (resulting from mRNA-LNP
transfection to cancer cells) were collected 48–72 h posttransfection and incubated with the
target cells on ice for 30 min. Cells were washed three times with FACS buffer, stained with
antihuman-IgG (Fc fragment specific) (Jackson ImmunoResearch), and incubated on ice for
30 min. Cells were washed three times with FACS buffer and resuspended in the buffer for
analysis on an FACSCalibur (BD Biosciences).

2.8. Real-Time Cytotoxicity Assay (RTCA)

Adherent Lovo (EpCAM+) and Colo741 (EpCAM−) target cells were seeded in tripli-
cate into 96-well E-plates (Acea Biosciences/Agilent, San Diego, CA, USA) at 1–4 × 104 cells
per well overnight using the impedance-based real-time cell analysis (RTCA) xCELLigence
system (Acea Biosciences/Agilent). The next day, the medium was removed and replaced
with AIM-V medium containing 10% FBS. Effector T cells were added to the target cells
at a 10:1 ratio either alone or with different dilutions of antibodies, in triplicate. The cells
in the E-plates were monitored for 24 h with the RTCA system, and the impedance was
plotted over time. The supernatant was collected after RTCA and used in an ELISA to
detect IFN-gamma secretion.

2.9. ELISA (Enzyme-Linked Immunoassay)

Target cells were cultured with different dilutions of bispecific antibodies in U-bottom
96-well plates in 200 μL of AIM-V medium containing 10% FBS, in triplicate, and then
analyzed with the ELISA to determine human IFN-gamma secretion levels using the R&D
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Systems Human IFN-gamma Quantikine Kit (Minneapolis, MN, USA) according to the
manufacturer’s protocol.

2.10. Mouse Xenograft Tumor Model

Six-week-old NSG mice (Jackson Laboratories, Bar Harbor, ME, USA) were housed
and handled in strict accordance with the Institutional Animal Care and Use Committee
(#LUM-001) (IACUC) guidelines. Each mouse was injected subcutaneously on day 0
with 100 μL of 2 × 106 OVCAR-5 cells. EpCAM-CD3 hFc mRNA-LNPs were injected
intratumorally (1 μg/mice) on certain days, and 1 × 107 T cells were injected either 1
or 3 times intravenously 24–48 h after the injection of mRNA-LNPs. The tumors were
measured twice a week with calipers, and the tumor volume was calculated using the
following formula: 1/2 (Length × Width2). Tumor growth curves were generated for
each group.

2.11. Statistical Analysis

Comparison between two groups was performed using the unpaired Student’s t-test.
Differences with p < 0.05 were considered significant.

3. Results

3.1. The AUA1 Mouse Antibody Was Humanized and Used to Engineer Three Designs of
Humanized AUA1-CD3 Bispecific Antibodies

We used the mouse AUA1 antibody [26] for FACS with several different cancer cell
lines and detected high binding to different types of cancer cell lines such as cervical cancer
HeLa, hepatocellular carcinoma Hep3B, colorectal Lovo, ovarian SKOV-3, and prostate
PC3 cancer cell lines (Figure 1A). We humanized the AUA1 antibody and tested binding by
FACS using the EpCAM-positive Lovo cancer cell line and the EpCAM knockout (KO) Lovo
cell line generated with CRISPR/Cas-9. The humanized EpCAM antibody showed binding
to Lovo cells and did not show binding to the Lovo EpCAM-KO cell line (Figure 1B). This
demonstrates the high specificity of the humanized AUA1 antibody.

We used this humanized antibody to generate bispecific antibodies using three differ-
ent designs: bivalent EpCAM-CD3 CrossMab knob-in-hole with silenced Fc, EpCAM-CD3
KIH Fc (Figure 1C); EpCAM ScFv-CD3 ScFv-His tag (BITE) (Figure 1D); and EpCAM
ScFv-CD3 ScFv human Fc (Figure 1E). All antibodies were purified, checked for correct
size on SDS gel, and used for functional analysis with FACS, real-time cytotoxicity assay
(RTCA), and IFN-gamma secretion.

3.2. EpCAM-CD3 Bispecific Antibodies Caused High Binding, Killing, and IFN-Gamma Secretion
with EpCAM-Positive Target Cancer Cells

We tested bivalent EpCAM-CD3 CrossMab KIH Fc for binding to EpCAM-positive
Lovo cells and CD3-positive T cells (Figure 2A) using FACS. The antibody showed binding
to Lovo cells and T cells (Figure 2A) and did not show binding to EpCAM-negative Colo741
cells (not shown). The EpCAM-CD3 CrossMab KIH Fc killed Lovo cells when combined
with T cells in a dose-dependent manner using the Agilent RTCA system (Figure 2B). The
supernatant was collected and tested for the secretion of IFN-gamma by T cells, which
showed high levels of secretion with Lovo target cells and did not show any increase in
IFN-gamma secretion with Colo741 target cells (Figure 2C). Thus, EpCAM-CD3 CrossMab
KIH Fc has high dose-dependent efficacy against EpCAM-positive Lovo cells.

Next, we tested the EpCAM-CD3 (BITE) antibody for binding to Lovo and T cells using
FACS (Figure 3A). The antibody showed high binding to Lovo and T cells (Figure 3A). The
antibody combined with T cells killed Lovo target cells (Figure 3B) and did not kill Colo741
cells (not shown). The EpCAM-CD3 antibody combined with T cells showed a high level
of secreted IFN-gamma with Lovo target cells and did not show it with EpCAM-negative
Colo741 target cells (Figure 3C).
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Figure 1. Different designs of humanized EpCAM(AUA-1)-CD3 bispecific antibodies. (A) The mouse
AUA1 antibody detects EpCAM on different cancer cell surfaces by FACS analysis. This antibody was
used for FACS staining with HeLa, Hep3B, Lovo, PC3, and SKOV-3 cells. (B) Humanized regular and
bispecific humanized EpCAM ScFv-CD3 Scfv antibodies specifically bound to the EpCAM antigen
in Lovo cells and did not bind in Lovo cells with CRISPR/Cas-9 knockout of EpCAM (EpCAM
KO). (C) EpCAM-CD3 CrossMab KIH design and SDS gel for reduced (R) and nonreduced (NR)
conditions are shown. (D) EpCAM-CD3 (BITE) format design and SDS gel for R and NR conditions
are shown. (E) EpCAM-CD3 hFc format design and SDS gel for R and NR conditions are shown.

Figure 2. EpCAM-CD3 CrossMab KIH antibody specifically binds to EpCAM-positive cells and T
cells, kills EpCAM-positive target cells, and induces IFN-gamma secretion with T cells. (A) FACS
shows binding of bispecific antibody to EpCAM-positive Lovo cells and to T cells. (B) Real-time
cytotoxicity (RTCA) assay demonstrates killing of EpCAM-positive Lovo cells by EpCAM CrossMab
KIH-CD3 antibody with T cells, in a dose-dependent manner. (C) EpCAM CrossMab KIH-CD3
antibody induces IFN-gamma secretion by T cells against EpCAM-positive cells. There was no
induction of IFN-gamma secretion against EpCAM-negative Colo741 cells. * p < 0.05, Student’s t-test
IFN-gamma secretion against Lovo cells versus Colo741 cells.
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Figure 3. EpCAM-CD3 and EpCAM-CD3 human Fc antibodies bind to EpCAM-positive cells and
T cells, kill EpCAM-positive target cells, and induce IFN-gamma secretion with T cells. (A) FACS
shows binding of EpCAM-CD3 antibody to EpCAM-positive Lovo cells, as well as T cells. (B) RTCA
assay demonstrates dose-dependent killing of Lovo target cells by antibody when incubated with T
cells. (C) EpCAM-CD3 antibody with T cells induces IFN-gamma secretion against Lovo cells but
not against Colo741 cells. (D) FACS shows binding of EpCAM-CD3 human Fc antibody to Lovo
and T cells. (E) RTCA assay demonstrates the dose-dependent killing of EpCAM-positive target
cells by antibody when incubated with T cells. (F) EpCAM-CD3 hFc antibody with T cells induces
IFN-gamma secretion against Lovo cells and not against Colo741 cells. * p < 0.05, Student’s t-test.
IFN-gamma secretion increased when the antibody was incubated with T cells against Lovo cells and
not against Colo741 cells.

Next, we tested the EpCAM-CD3 hFc antibody for binding to Lovo and T cells us-
ing FACS, killing activity, and IFN-gamma secretion. This antibody showed high bind-
ing to EpCAM-positive Lovo cells and T cells (Figure 3D), effectively killed Lovo cells
(Figure 3E), and did not kill Colo741 cells (not shown). The EpCAM-CD3 hFc incubated
with T cells caused the secretion of IFN-gamma against Lovo cells and not against Colo741
cells (Figure 3F). The antibody alone without T cells did not cause the secretion of IFN-
gamma (Figure 3F). Thus, all three bispecific antibody designs had high and specific in vitro
activity against EpCAM-positive cells.
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3.3. EpCAM-CD3 hFc mRNA-LNPs Transfected in HEK293 Cells Produce EpCAM-CD3 hFc
Antibody with Highly Specific Functional Activity against EpCAM-Positive Cells

To test the production of antibodies using mRNA, we used an EpCAM-CD3 hFc DNA
design and subcloned this antibody-encoding sequence into a DNA template for in vitro
transcription with a T7AG promoter, 5′UTR, 3′UTR, and a 150 poly A tail. This template
was used for in vitro transcription to generate mRNA for this antibody. The mRNA was
embedded into LNPs using the PreciGenome Flex S microfluidic system. EpCAM-CD3
hFc mRNA-LNPs were transfected into HEK-293 cells, and 48–72 h later, the supernatant
containing antibodies was collected and used for functional assays. The supernatant
showed binding to Lovo and T cells but did not bind to EpCAM-negative Colo741 cells
(Figure 4A). Dose-dependent killing of Lovo cells but not Colo741 cells was observed with
the collected supernatant (Figure 4B). This was also accompanied by T cell secretion of
IFN-gamma with Lovo target cells and not with Colo741 target cells (Figure 4C).

Figure 4. EpCAM-CD3 hFc mRNA-LNP transfection to HEK-293 cells generates antibodies that
bind to Lovo and T cells and demonstrates specific killing. (A) FACS of Lovo, Colo741, and T cells
is shown with supernatant collected from HEK-293 cells transfected with mRNA-LNPs. (B) RTCA
assay of Lovo and Colo741 cells using supernatant at different dilutions collected from mRNA-LNP-
transfected HEK-293 cells. RTCA demonstrates dose-dependent killing of target cells by antibody
and T cells. As a negative control, supernatant from untransfected HEK-293 cells was used and
tested in an RTCA assay at the same dilutions as the supernatant from transfected HEK-293 cells.
(C) IFN-gamma secretion by T cells with EpCAM-CD3 hFc supernatant collected after RTCA against
Lovo and Colo741 target cells. The secretion of IFN-gamma was significantly higher for Lovo target
cells than for Colo741 target cells. * p < 0.05, Student’s t-test, EpCAM-CD3 hFc with T cells against
Lovo cells versus the same conditions against Colo741 cells.

Thus, transfection of the EpCAM-CD3 hFc mRNA-LNPs to HEK293 cells produced
functional antibodies that showed binding to EpCAM-positive target cells and demon-
strated highly specific killing activity and secretion of IFN-gamma when combined with T
cells against EpCAM-positive target cells.
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3.4. EpCAM-CD3 hFc mRNA-LNPs Transfected to Cancer Cells Produced Bispecific Antibody
with Specific Functional Activity against EpCAM-Positive Cells

Next, we wanted to check whether cancer cells transfected with EpCAM-CD3 hFc
mRNA-LNPs would produce functional antibodies. We transfected ovarian and colorectal
cancer cell lines and detected that OVCAR-5 colorectal and ovarian A1847 and C30 cancer
cell lines produced antibodies that showed binding to Lovo cells and T cells and did not
show binding to Colo741 cells (Figure 5A). The antibodies generated from the OVCAR-5
cells killed Lovo cells with added T cells in a dose-dependent manner (Figure 5B) and
induced the secretion of IFN-gamma by T cells (Figure 5C).

Figure 5. OVCAR-5, A1847, and C30 cancer cell lines secrete functional EpCAM-CD3-hFc antibody
after mRNA-LNP transfection. (A) FACS with supernatant collected from EpCAM-CD3 hFc mRNA-
LNP transfected OVCAR-5, A1847, and C30 cells shows high binding of secreted antibodies to
EpCAM-positive Lovo and T cells and shows no binding to Colo741 cells. (B) RTCA assay shows
that supernatant collected 48 h after EpCAM-CD3 hFc mRNA-LNP transfection of OVCAR-5 cells
kills target Lovo cells in the presence of T cells and does not kill Colo741 cells under the same
conditions. No killing was observed for the supernatant containing the EpCAM-CD3 hFc antibody
alone against target cells without T cells. (C) Induction of IFN-gamma secretion by T cells detected in
the supernatant collected after RTCA assay (B) for Lovo target cells and not for Colo741 target cells.
* p < 0.05, Student’s t-test, IFN-gamma secretion against Lovo cells versus Colo741 cells.

Thus, cancer cell lines can be transfected with EpCAM-CD3 hFc mRNA-LNPs and
produce functional antibodies with specific EpCAM-dependent activity against cancer cells.

3.5. EpCAM-CD3 hFc mRNA-LNPs with T Cells Significantly Blocked OVCAR-5 Xenograft
Tumor Growth

OVCAR-5 cells were injected subcutaneously into NSG mice, and then, one group of
mice were injected at days 1, 8, and 15 intratumorally (i.t. group) with EpCAM-CD3 hFc
mRNA-LNPs and then with T cells injected intravenously on days 3, 10, and 17 (Figure 6A).
Another group (c, i.t. group) of mice were injected with OVCAR-5 cells pre-mixed together
with EpCAM-CD3 hFc mRNA-LNPs (cellular injection, c.), and then, for a second time
they were injected with EpCAM-CD3 hFc mRNA-LNPs on day 16 intratumorally (i.t.), and
T cells were injected intravenously on the same days as above (Figure 6A). Both treatments
of EpCAM-CD3 hFc mRNA-LNPs delivered to mice combined with T cells significantly
decreased OVCAR-5 tumor growth (Figure 6B). The inhibition of tumor growth was
significantly higher (p < 0.05) with EpCAM-CD3 mRNA-LNPs and T cell delivery than with
T cells alone. EpCAM-CD3 hFc mRNA-LNPs alone without T cells did not block tumor
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growth (Figure 6B). Thus, the high antitumor activity of EpCAM-CD3 hFc mRNA-LNPs
combined with T cells was demonstrated in vivo.

Figure 6. EpCAM-CD3 hFc mRNA-LNPs delivered to OVCAR-5 tumors with intravenous injection of
T cells significantly decreased OVCAR-5 xenograft tumor growth. (A) The schedule for mRNA-LNP
intratumoral (i.t.) injections and three T cell intravenous (i.v.) injections to OVCAR-5 tumor groups.
Note: c. marks cellular delivery of EpCAM-CD3-hFc mRNA-LNP pre-mixed with OVCAR-5 cancer
cells; i.t. marks intratumoral delivery; i.v. marks intravenous delivery of T cells. (B) EpCAM-CD3
hFc mRNA-LNPs combined with T cells significantly decreased OVCAR-5 xenograft tumor growth.
(C) The schedule for mRNA-LNP intratumoral injection and a single injection of T cells i.v. delivered
to OVCAR-5 xenograft tumor model. (D) EpCAM-CD3 hFc mRNA-LNPs significantly decreased
OVCAR-5 tumor growth combined with a single injection of T cells. (E) Tumor size and weight
significantly decreased with EpCAM-CD3-hFc mRNA-LNP and T cell treatment. Images of tumors
(left panel) are shown at the end of experiment. Bars with averages of tumor weight are shown in the
right panel. For tumor weights: * p < 0.05, EpCAM-CD3 hFc mRNA-LNP group versus PBS and GFP
mRNA-LNP groups, Student’s t-test. (F) There was no increase in ALT, AST, amylase, or LDH levels
in mouse serum collected at the end of treatment for the EpCAM-CD3-hFc mRNA-LNP group versus
the GFP mRNA-LNP group for the OVCAR-5 xenograft tumor model.

Next, we tested EpCAM-CD3 hFc mRNA-LNPs delivered intratumorally on days 6,
13, 20, and 25 with only a single injection of T cells i.v. on day 8 (Figure 6C). As a negative
control, we used GFP mRNA-LNPs. The EpCAM-CD3 mRNA-LNPs significantly blocked
OVCAR-5 xenograft tumor growth while the GFP mRNA-LNPs did not (Figure 6D). The
images of tumors at the end of treatment are shown in Figure 6E. There was significant
reduction in tumor size and weight in the EpCAM-CD3 hFc mRNA-LNP and T cell–treated
group versus the PBS and GFP mRNA-LNP–treated group. In addition, we collected
serum from the treated mice and showed that there was no increase in blood toxicology
markers (AST, ALT, amylase, and LDH) caused by EpCAM-CD3 hFc mRNA-LNP treatment
versus GFP mRNA-LNP treatment suggesting no toxicity of the EpCAM-CD3 mRNA-LNPs
(Figure 6F). AST and LDH levels were significantly decreased by EpCAM-CD3 hFc mRNA-
LNP versus GFP mRNA-LNP treatment (Figure 6F).
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Thus, EpCAM-CD3 hFc mRNA-LNPs can produce antibodies inside cancer cells with
high antitumor efficacy in vivo.

4. Discussion

We tested three different designs of humanized EpCAM-CD3 antibodies such as
bivalent CrossMAB knob-in-hole KIH Fc, EpCAM-CD3 (BITE), and EpCAM-CD3-hFc. All
the antibodies demonstrated highly specific binding and killing activity against EpCAM-
positive target cells and not against EpCAM-negative cells. In addition, we developed
mRNA-LNP technology to produce EpCAM-CD3 hFc antibodies that showed highly
specific anticancer efficacy in vitro in HEK-293 cells and in various cancer cells. The
delivery of mRNA-LNPs into mice tumors with intravenous T cell significantly blocked
OVCAR-5 xenograft tumor growth in vivo.

This study demonstrates a novel method of delivering bispecific antibodies using mRNA-
LNP technology. The mRNA-LNP technology platform was recently used for COVID-19
vaccines by Moderna and Pfizer and was proven to be safe, which provides a solid basis for
future anticancer vaccine, antibody production, and novel therapeutics development.

The production of efficacious antibodies was shown by the intratumoral delivery
of EpCAM-CD3 hFc mRNA-LNPs. This delivery was shown to be safe as there was no
increase in toxicology blood markers such as ALT, AST, amylase, and LDH in the collected
serum of treated mice. The encoding of antibodies and drugs through mRNA has been
discussed using nanotechnology and oncolytic viruses [20,32]. This study shows nonviral
delivery of mRNA-LNP to tumors.

We also tested the same EpCAM-CD3 antibody with mutant, silenced Fc as was
shown for the CrossMab KIH design to decrease potential immune activation through NK
receptors. The EpCAM-CD3 mutant Fc antibody generated with mRNA-LNP technology
demonstrated the same high efficacy as the wild-type Fc antibody (not shown).

The production of bispecific antibodies through mRNA-LNP injection in vivo has
many advantages versus RNA or antibody proteins. The mRNA–LNP complexes are more
stable than regular mRNA, and the production of antibodies through mRNA-LNPs is less
costly than antibody protein manufacturing and shows potential for further optimizations
in future studies.

This novel approach included bispecific antibody generation using safe and local
intratumoral delivery using mRNA-LNP technology. Moreover, it combined a cell therapy
approach by using T cells to kill tumors. This approach can be used similarly to attract NK
cells or gamma–delta T cells to tumors using specific immune cell receptors. In addition,
different stimulators of immune cells can be used to increase the efficacy of this therapy
such as checkpoint inhibitor players, chemokines, cytokines, growth factors, and tumor
microenvironment modulators. The lysed tumor releases neoantigens (natural vaccine),
which can be recognized in the presence of immunomodulators by antigen-presenting cells
or dendritic cells and promote the activity of memory T and B cells. Thus, this approach
can be developed and optimized for future clinical applications.

5. Conclusions

In conclusion, EpCAM-CD3 human Fc bispecific antibodies generated with mRNA-
LNP technology demonstrate high efficacy in vitro and in vivo. This study, for the first
time, shows that intratumoral delivery of EpCAM-CD3 hFc mRNA-LNPs with intravenous
delivery of T cells blocked xenograft tumor growth. This approach can be used against
solid tumors in future clinical studies.

6. Patents

The antibody sequences are included in the patent application.
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Simple Summary: Immune checkpoint inhibitors (ICIs), such as anti-PD-1/PD-L1 antibodies, have
revolutionized the therapy landscape of cancer immunotherapy. However, poor clinical response to
ICIs and drug resistance are the main challenges for ICIs immunotherapy. TGF-β produced in the
TME was found to confer resistance to PD-1/PD-L1-targeted immunotherapy. The independent and
complementary immunosuppressive role of PD-L1 and TGF-β in cancer progression provides a ratio-
nale for simultaneously targeting TGF-β and PD-L1 to improve anti-PD-L1 therapy. Consequently,
we develop and characterize a novel anti-PD-L1/TGF-β bifunctional fusion protein termed BR102.
The data suggest that BR102 could simultaneously disrupt TGF-β- and PD-L1-mediated signals and
display high antitumor efficacy and safety. The data support further clinical advancement of BR102
as a promising approach to cancer immunotherapy.

Abstract: Immune checkpoint inhibitors (ICIs) are remarkable breakthroughs in treating various types
of cancer, but many patients still do not derive long-term clinical benefits. Increasing evidence shows
that TGF-β can promote cancer progression and confer resistance to ICI therapies. Consequently,
dual blocking of TGF-β and immune checkpoint may provide an effective approach to enhance the
effectiveness of ICI therapies. Here, we reported the development and preclinical characterization
of a novel bifunctional anti-PD-L1/TGF-β fusion protein, BR102. BR102 comprises an anti-PD-L1
antibody fused to the extracellular domain (ECD) of human TGF-βRII. BR102 is capable of simulta-
neously binding to TGF-β and PD-L1. Incorporating TGF-βRII into BR102 does not alter the PD-L1
blocking activity of BR102. In vitro characterization further demonstrated that BR102 could disrupt
TGF-β-induced signaling. Moreover, BR102 significantly inhibits tumor growth in vivo and exerts a
superior antitumor effect compared to anti-PD-L1. Administration of BR102 to cynomolgus monkeys
is well-tolerated, with only minimal to moderate and reversing red cell changes noted. The data
demonstrated the efficacy and safety of the novel anti-PD-L1/TGF-β fusion protein and supported
the further clinical development of BR102 for anticancer therapy.

Keywords: cancer immunotherapy; PD-L1; TGF-β; bifunctional fusion protein; BR102

1. Introduction

Immune checkpoint molecules, including PD-1/PD-L1, CTLA-4, and LAG-3, play
significant roles in mediating T-cell dysfunction during cancer progression and suppressing
antitumor immunity. Cancer immunotherapy targeting immune checkpoint molecules
can restore antitumor immune response to kill tumor cells. ICIs, such as monoclonal
antibodies against PD-1, PD-L1 and CTLA-4, have greatly improved the clinical outcome
of cancer patients [1,2], revolutionizing the treatment landscape for multiple tumor types.
However, many cancer patients achieve only a short-lived clinical benefit from checkpoint
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blockade therapies, and some may eventually develop resistance which leads to disease
progression [3–5]. This highlights the urgent need for alternative approaches to improve
response rates.

TGF-β is a multifunctional cytokine involved in many developmental and metabolic
processes, including proliferation, differentiation, apoptosis, angiogenesis, and cellular im-
mune response [6]. It has three highly-conserved isoforms: TGF-β1, TGF-β2, and TGF-β3,
that interact with a tetrameric receptor complex to transmit intracellular signaling. TGF-β
signaling activation may lead to different effects in a context-dependent manner. In healthy
and pre-malignant cells, TGF-β functions as a tumor suppressor by promoting apoptosis
and cell-cycle arrest. However, cancer cells can bypass the suppressor effects of TGF-β
and subvert TGF-β activity to obtain a growth advantage. TGF-β produced in the TME
induces epithelial-to-mesenchymal transition (EMT), which drives migration and invasion
of tumor cells [7,8]. Moreover, TGF-β also contributes to tumor progression by increasing
extracellular matrix (ECM) production, activating cancer-associated fibroblasts (CAFs),
promoting angiogenesis, and stimulating immune evasion [9]. High TGF-β expression
correlates with poor prognosis in several tumor types [10,11]. Based on the preclinical
findings that targeting TGF-β could exert antitumor activity, many pharmacological TGF-β
inhibitors have been discovered and evaluated in clinical trials, including receptor kinases
inhibitors, neutralizing antibodies, antisense oligonucleotides, and ligand traps. However,
the tumor suppressive activity of TGF-β and its pleiotropic nature prevented rapid clinical
translation of anti-TGF-β therapies [12]. In light of insights into the immunosuppressive
function of TGF-β, the combined blockade of immune checkpoint and TGF-β is under
intensive investigation.

TGF-β and PD-L1 act as parallel immunosuppressors through distinct mechanisms.
Moreover, it has been revealed that TGF-β could upregulate PD-L1 and PD-1 expression in
tumor and T cells, respectively, which serve as additional mechanisms of TGF-β-induced
immune suppression [13,14]. In addition, the activation of the TGF-β pathway was linked
to a lack of response to PD-1/PD-L1-targeting cancer therapy [15,16], suggesting that
inhibition of TGF-β may overcome resistance to anti-PD-1/PD-L1. Furthermore, combin-
ing PD-1/PD-L1 inhibition with TGF-β blockade displays synergistic antitumor activity
in vivo [15,17,18]. M7824, a recombinant anti-PD-L1/TGF-β bifunctional molecular, demon-
strated stronger antitumor efficacy compared to either TGF-β or PD-L1 inhibition [19].
Considering that TGF-β and PD-L1 pathways contribute to suppressing immune response
via independent and complementary pathways, simultaneous targeting TGF-β and PD-L1
represents an alternative approach to enhance antitumor immune response and improve
PD-1/PD-L1-targeting therapy.

We previously reported the optimization strategies for expressing the bifunctional
fusion protein, designated BR102, which simultaneously inhibited TGF-β and PD-L1 signal-
ing [20]. BR102 consists of an anti-PD-L1 antibody fused to the ECD of human TGF-βRII.
Three amino acid mutations were introduced into the N-terminus of the TGF-βRII moi-
ety in BR102 to avoid proteolytic degradation and improve druggability [20]. Here, we
characterized the preclinical efficacy and safety of BR102 in vitro and in vivo. BR102 can
simultaneously disrupt TGF-β and PD-L1 signal and exert greater antitumor efficacy com-
pared with anti-PD-L1 alone. We further demonstrate that BR102 has a good safety profile
in an NHP toxicity study. These data suggest that BR102 may provide a promising approach
to cancer immunotherapy and improve the efficacy of anti-PD-1/PD-L1.

2. Materials and Methods

2.1. Antibody Generation and Purification

Anti-PD-L1 antibodies were selected by binding to recombinant human PD-L1 ectodomain
in a human library expressed in a phage presentation system. One positive clone, HS636, was
obtained and generated on a human IgG1 backbone with N297A mutation to inactivate the
Fc-mediated effect function. BR102 was designed by fusing the C-terminus of the HC of HS636
to the N-terminus of the TGF-βRII ectodomain sequence via the (GGGGS)4G linker. Amino
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acid mutations were introduced into the N-terminus of the ectodomain of TGF-βRII to avoid
proteolytic degradation. CHO-K1 cells were transfected with vectors encoding HS636 and
BR102, respectively. After cell cultures, HS636 and BR102 were purified from cell supernatants
by affinity chromatography. Atezolizumab was from Genentech Inc (San Francisco, CA, USA).
Human IgG1 isotype control was expressed by Biointron Biological (Taizhou, China).

2.2. Cell Lines and Cell Culture

Dendritic cells (DCs) and peripheral blood mononuclear cells (PBMCs) were pur-
chased from AllCells (Shanghai, China). TF-1 cells were from the American Type Culture
Collection (Manassas, VA, USA). TGF-β reporter gene HEK-293 cells were purchased from
Genomeditech (Shanghai, China). PD-L1 aAPC/CHO-K1 cells and PD-1 Effector cells were
purchased from Promega (Madison, WI, USA). Cells were propagated in culture conditions
as recommended by the manufacturer.

2.3. Antibody Affinity Measurement

The binding affinity of HS636 to PD-L1 was performed on a Biacore X100 instrument
(GE Healthcare, Chicago, IL, USA). The anti-human antibody (human antibody capture kit;
GE Healthcare) was immobilized on a CM5 sensor chip using the amine coupling kit (GE
Healthcare). HS636 (1.0 μg/mL) was captured on the CM5 chip at the rate of 10 μL/min. A
dilution of PD-L1-His (R&D Systems, Minneapolis, MN, USA) was injected for 180 s at a
flow rate of 30 μL/min. The dissociation phase was monitored for 300 s. The sensor chip
was regenerated with 3M MgCl2 at a flow rate of 20 μL/min for 60 s. The binding kinetics
was recorded and analyzed using Biacore X100 evaluation software.

2.4. Binding ELISA Assay

PD-L1 (ACROBiosystems, Beijing, China), TGF-β1 (ACROBiosystems), TGF-β2 (Novopro-
tein, Shanghai, China), TGF-β3 (R&D Systems), cynomolgus monkey PD-L1 (ACROBiosystems),
or TGF-β1 (Sino Biological, Beijing, China) were coated onto high-binding microtiter plates
(Corning Inc., Corning, NY, USA) in PBS at 4 ◦C overnight. The plates were blocked with 5%
BSA in PBS and incubated with serially diluted test mAbs. HRP-labeled goat-anti-human IgG
(Sigma, St.Louis, MO, USA, 1:5000) was added to the plates and incubated for 1 h at 37 ◦C. TMB
(Huzhou InnoReagents, Huzhou, China) chromogenic reaction was stopped with 1M H2SO4,
and the absorbance at 450 nm was determined using a Spectramax M5 microplate reader
(Molecular Devices, San Jose, CA, USA). A dose response curve was fitted by 4-parameter
logistic (4PL) regression (Prism 8; GraphPad, San Diego, CA, USA).

The ability of BR102 to simultaneously recognize PD-L1 and TGF-β1 was also tested
by ELISA. BR102 was added to TGF-β1-coated plates, followed by biotinylated PD-L1
(ACROBiosystems) detected with streptavidin-HRP (Abcam, Cambridge, MA, USA, 1:1000).
The remaining steps followed the ELISA procedure described above.

2.5. Competition ELISA Assay

The blocking ability of HS636 and BR102 was tested in competition ELISA assays.
Fc-tagged human PD-1 (ACROBiosystems) was absorbed into high-binding microtiter
plates (Corning) at 0.25 μg/mL in PBS at 4 ◦C overnight. The plates were blocked with
5% BSA in PBST. Biotinylated PD-L1 (ACROBiosystems) and serially diluted HS636 or
BR102 were added to the plates. The samples were then incubated with Streptavidin-HRP
(Abcam). TMB color development was stopped with 1M H2SO4, and the absorbance was
detected at 450 nm using a Spectramax M5 microplate reader (Molecular Devices). For
CD80/PD-L1 blocking assay, Fc-tagged human CD80 (ACROBiosystems) was coated at
0.5 μg/mL, and biotinylated PD-L1 was added at 4 μg/mL.

For the TGF-β1/TGF-βRII blocking assay, varying amounts of BR102 and biotinylated
TGF-βRII (ACROBiosystems) were added to 96-well plates pre-coated with TGF-β1 (ACRO-
Biosystems). Bound TGF-βRII was detected by adding streptavidin-HRP (Abcam) followed
by TMB. Absorbance at 450 nm was read on a microplate reader (Molecular Devices).
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2.6. PD-1/PD-L1 Reporter Gene Assay

PD-L1 aAPC/CHO-K1 cells were seeded in 96-well plates at a density of 4 × 104 cells
per well. After incubation overnight at 37 ◦C, PD-1 effector cells and serially diluted
HS636 or BR102 were added to the plate and incubated at 37 ◦C for 6 h. Thereafter, Bio-
Lite Luciferase Reagent (Vazyme, Nanjing, China) was added, and the luminescence was
measured after 10 min. Data were analyzed using GraphPad Prism software.

2.7. TGF-β Reporter Gene Assay

TGF-β reporter gene HEK-293 cells were designed for monitoring the activity of the
SMAD signal induced by TGF-β. Cells were seeded at a density of 1.25 × 104 cells per well
in 96-well plates and incubated overnight at 37 ◦C. 0.2 ng/mL TGF-β1 and serially diluted
BR102 were added and incubated for 7 h. Bio-Lite Luciferase Reagent (Vazyme) was added,
and the luminescence was measured.

2.8. TF-1 Cell Proliferation

TF-1 cells were incubated with serially diluted BR102 in the presence of 5 ng/mL
IL-4 (Sino Biological) and 0.25 ng/mL TGF-β1 (ACROBiosystems) for 2 days at 37 ◦C. The
proliferation of TF-1 cells was measured by a CellTiter-Glo kit (Promega).

2.9. Allogeneic Mixed Lymphocyte Reaction

Mixed lymphocyte reaction (MLR) was utilized to determine T cell activation induced
by HS636 and BR102. For HS636, monocytes were isolated from PBMCs using CD14
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and grown in Mo-DC differ-
entiation medium (Miltenyi Biotec) and Mo-DC maturation medium (Miltenyi Biotec) to
generate immature dendritic cells (DCs). Human CD4 + T cells isolated from a different
PBMC donor were co-cultured with the DCs in a 96-well plate, and indicated antibodies
were added. Alternatively, DCs were stimulated with Mitomycin C (50 μg/mL, Selleck,
Houston, TX, USA) at 37 ◦C for 30 min. Subsequently, DCs (5 × 103 cells) were co-cultured
with allogeneic PBMCs (1 × 105) in the presence of BR102 or HS636. After 3 days of culture,
IFN-γ or IL-2 secretion in cell supernatants were analyzed by ELISA.

2.10. Mouse Tumor Xenograft Models

For the human PD-L1 humanized MC38 (MC38/hPD-L1) colorectal syngeneic model,
5 × 105 MC38/hPD-L1 cells (Biocytogen, Beijing, China) were implanted subcutaneously
into the right flank of PD-1-humanized C57BL/6 mice (Biocytogen). The mice were random-
ized into five groups (vehicle control; 1, 3 and 10 mg/kg HS636; 10 mg/kg Atezolizumab;
n = 10 for each group) when mean tumor volume reached approximately 160 mm3. Mice
were intraperitoneally injected with vehicle control, Atezolizumab or HS636, every other
day for a total of 8 times.

For the HCC827 non–small cell lung cancer model, NCG mice (Gempharmatech, Nan-
jing, China) were injected subcutaneously in the right flank at day 0 with 5 × 106 HCC827
cells. At day 5, mice were intravenously injected with 1 × 107 PBMCs. HS636 (1.5 mg/kg)
or hIgG1 were intraperitoneally injected at days 5, 8, 12, 15, 19, 22 (n = 6 for each group).

MC38/hPD-L1 model was used to evaluate the antitumor efficacy of BR102 and HS636.
1 × 106 MC38/hPD-L1 cells were injected subcutaneously into C57BL/6JNifdc mice (Vital
River, Beijing, China). The mice were injected intraperitoneally with PBS, HS636 (1 mg/kg),
or BR102 (1.22 mg/kg, 3.66 mg/kg) twice a week, beginning when tumors had achieved
an average size of 50 mm3 (n = 8 for each group). For all the models, tumor volume was
measured twice per week. The tumor volume (TV) was measured and calculated using the
formula: TV (mm3) = 1/2 × length × width2.

2.11. Toxicity Study in Non-Human Primates

The toxicology study in cynomolgus monkeys was conducted at Joinn Laboratories
(Taicang, China). Animals (5 animals/gender per group) were administered intravenous

122



Cancers 2022, 14, 4964

(i.v.) infusion of BR102 (15, 50 or 100 mg/kg) or vehicle control (20 mM citrate pH 6.0)
once weekly for 4 weeks (D1, D8, D15, D22, and D29). 3 animals/gender/group were
euthanized at the end of the dosing period (D30). Following the dosing period, the last
2 animals/gender/group were maintained for a 6-week recovery period and euthanized
at the end of the recovery period (D71). In-life evaluations included clinical observations,
body weight, food consumption, cardiovascular safety pharmacology evaluations, and
clinical pathology. Cytokines, including TNF-a, IFN-γ, IL-2, IL-4, IL-5, and IL-6, were
analyzed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) using a
cytometric bead array (CBA) Kit (BD Biosciences). Following euthanasia, animals were
examined for gross pathology, relative organ weight, and histopathology.

2.12. Statistics

Data were presented as mean ± standard error of the mean (SEM) unless otherwise
indicated. Statistical significance was analyzed by the Student’s t-test. p values were consid-
ered statistically significant below 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results

3.1. Screen and Biological Activity Evaluation of An Anti-PD-L1 Antibody

Anti-PD-L1 antibodies were screened to recognize a recombinant human PD-L1
ectodomain fusion protein in a human library expressed in a phage presentation system.
One of the positive clones, designated HS636, was obtained and generated on a human IgG1
backbone with N297A mutation to inactivate Fc-mediated effect function, such as ADCC
or CDC. HS636 exhibited high affinity to human PD-L1 with a equilibrium dissociation
constant (KD) of 4.4 nM, as determined by SPR (Figure 1A). HS636 was also confirmed to
bind to PD-L1 by ELISA (Figure 1B). Moreover, HS636 could inhibit PD-L1 binding to both
of its receptors, CD80 and PD-1, in a dose-dependent manner (Figure 1C,D). We further
evaluated the in vitro potency of HS636. HS636 restored PD-1/PD-L1-dependent NFAT
pathway activation in an NFAT-driven luciferase reporter assay (Figure 1E) and induced
the release of IL-2 and IFNγ in an MLR assay (Figure 1F). PD-1 humanized C57BL/6 mice
xenografted with PD-L1 humanized MC38 colorectal cancer cell line were used to evaluate
the in vivo antitumor activity induced by HS636 treatment. Treatment with HS636 signifi-
cantly inhibited tumor growth compared to the control group (Figure 1G). Similar results
were obtained in an NCG mice model using an NSCLC cancer cell line (HCC827 cells) with
PBMC cell engraftment plus HS636, which delayed tumor growth (p < 0.05) (Figure 1H).
We compared HS636 with the FDA-approved anti-PD-L1 antibody, Atezolizumab, con-
cerning efficacy in vitro and in vivo. HS636 displayed similar activities with Atezolizumab
(Figure 1B,C,G).
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Figure 1. In vitro functional activity and in vivo antitumor efficacy of HS636. (A)The affinity of
HS636 to PD-L1 was detected by Surface plasmon resonance (SPR). (B) The binding activity of HS636
to human PD-L1 was determined by ELISA. The blocking activity of HS636 towards PD-1/PD-L1
interaction (C) and CD80/ PD-L1 interaction (D) was determined by competition ELISA. (E) The
bioactivity of HS636 on PD-1/PD-L1 signaling was performed by the PD-1/PD-L1 NFAT reporter
gene assay. (F) The T cell activation effect of HS636 was determined in MLR assay. CD4 + T cells
from 2 donors and allogeneic DCs were co-cultured in the presence of indicated concentrations of
HS636 for 3 days, then IL-2 and IFN-γ secretion were quantified by ELISA. (G) PD-1 humanized
C57BL/6 mice bearing MC38/hPD-L1 tumors were treated with HS636, Atezolizumab, or vehicle
control (n = 10 for each group). The tumor volume was measured twice per week. (H) NCG mice
bearing HCC827 tumors were injected with human PBMCs (1 × 107/mouse) and HS636 or isotype
control hIgG1 (n = 6 for each group). The tumor volume was measured twice per week.

3.2. BR102 Could Simultaneously Recognize TGF-β and PD-L1

BR102 is a bifunctional fusion protein composed of the anti-PD-L1 antibody HS636,
fused at the C-terminus of HC to the ectodomain of TGF-βRII. BR102 bound to PD-L1 with
comparable affinity compared to HS636 (Figure 2A). In addition, BR102 could recognize
TGF-β1, TGF-β2, and TGF-β3 (Figure 2B), which were the three highly structurally re-
lated mammalian TGF-β isoforms. We next evaluate whether the bifunctional molecule
BR102 could simultaneously bind to TGF-β1 and PD-L1, and BR102 was confirmed to
simultaneously target both the two proteins in an indirect ELISA (Figure 2C).
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Figure 2. BR102 specifically binds to PD-L1 and TGF-β. The binding of BR102 to PD-L1 (A) and
various human TGF-β isoforms (β1, β2, and β3) (B) was determined by ELISA. (C) The simultaneous
binding of BR102 to PD-L1 and TGF-β1.

3.3. BR102 Disrupts PD-L1-Mediated Signal and Induces Activation of T Cell

The effects of BR102 on PD-L1-mediated downstream signal and T cell activation were
further characterized. BR102 could block PD-L1 binding to CD80 and PD-1 (Figure 3A,B).
Moreover, BR102 relieved the PD-1/PD-L1-induced blockade of NFAT signaling in a
luciferase reporter assay (Figure 3C). Then, we evaluated BR102-induced activation of T
cells in an MLR assay. BR102 treatment led to the enhancement of IL-2 release (Figure 3D).
The in vitro potency of BR102 was similar to that of HS636 (Figure 3A–D), indicating that
fusion of TGFβRII ectodomain did not affect the potency of HS636 moiety in BR102. These
results suggest that BR102 could block PD-L1-induced immunosuppressive signaling and
promote T cell activation.

Figure 3. BR102 reversed PD-L1/PD-1 mediated immunosuppression and enhanced T cell activation.
BR102 blocked PD-1/PD-L1 interaction (A) and CD80/ PD-L1 interaction (B) in competition ELISA
assays. (C) The blockade ability of HS636 on PD-1/PD-L1 signaling was determined by the NFAT
reporter gene assay. (D) DCs and allogeneic PBMC from 2 donors were co-cultured in the presence of
indicated concentrations of BR102 or HS636 for 3 days. IL-2 secretion was analyzed by ELISA.
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3.4. BR102 Inhibits TGF-β Signal In Vitro

The effects of BR102 on TGF-β-induced signal transduction and cellular function
were evaluated. BR102 showed potent antagonism of TGF-β, as determined by inhibiting
the interaction between TGF-β and its receptor TGF-βRII (Figure 4A). TGF-β could elicit
canonical SMAD pathway upon TGF-β ligand binding with TGF-βRII. The blocking activity
of BR102 on TGF-β-mediated SMAD signal was then evaluated using a TGF-β/SMAD
luciferase reporter assay, and our data showed that BR102 inhibited SMAD signaling
mediated by TGF-β in a dose-dependent manner (Figure 4B). In addition, BR102 also
relieved TGF-β-induced growth inhibition in a human erythroleukemic cell line, TF-1
(Figure 4C). The above results suggest that BR102 could act as a potent TGF-β inhibitor.

Figure 4. The inhibition effect of BR102 on TGF-β signaling pathway. (A) BR102 blocked the
interaction of TGF-β1 with TGF-βRII. (B) BR102 inhibited TGF-β1-induced SMAD signaling in a
TGF-β/SMAD luciferase reporter gene assay. (C) BR102 reversed TGF-β1 induced proliferation
inhibition of TF-1 cells.

3.5. BR102 Treatment Inhibits Tumor Growth In Vivo

We next evaluated the in vivo efficacy of BR102 in a syngeneic mice model. C57BL/6JNifdc
mice implanted subcutaneously with the colon adenocarcinoma MC38/hPD-L1 cell line were
assigned to treatment with either PBS (vehicle) or BR102, and the anti-PD-L1 mAb HS636 was
included for comparison. Compared with the control group, mice receiving intraperitoneal
administration of BR102 showed significant tumor growth inhibition (Figure 5, Figure S2).
Moreover, BR102 led to a more potent inhibition of tumor growth compared to the equimolar
dose of HS636 (Figure 5). No significant weight loss was observed in mice treated with BR102
(Figure S2).

Figure 5. BR102 inhibited tumor growth in a murine tumor model. C57BL/6JNifdc mice were
subcutaneously injected with MC38/hPD-L1 cells. When tumor volumes reached 50 mm3, mice
were treated with PBS, HS636, or BR102 (n = 8 for each group). The tumor volume was measured
twice per week.

3.6. BR102 Shows A Favorable Safety Profile In Vivo

The safety concerns regarding anti-TGF-β therapies limit their therapy window and
challenge the clinical development of TGF-β inhibitors. It was reported that administration
of a neutralizing pan-TGF-β antibody in cynomolgus monkeys resulted in adverse effects,
including generalized bleeding, cardiovascular toxicity, pathologic changes in the bone,
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and even mortality [21]. We next investigated whether BR102 would display an improved
safety profile. BR102 could bind to cynomolgus TGF-β and PD-L1 (Figure S1), confirm-
ing that cynomolgus monkey is a relevant species for in vivo safety study of BR102. A
repeat-dose toxicity study of BR102 in cynomolgus monkeys was performed. BR102 was
well tolerated at all dose levels tested (15, 50, or 100 mg/kg). The administration of BR102
led to a minimal to moderate decrease in red blood cells (RBCs), hemoglobin (HGB), and
hematocrit (HCT), and a corresponding increase in reticulocytes (Figure 6). Importantly, the
levels of RBCs, HGB, HCT, and reticulocytes returned to baseline values by the end of the
recovery period (Figure 6). No other BR102-related effects were detected on hematology pa-
rameters. BR102 treatment did not elicit cardiovascular toxicity, observed with pan-TGF-β
antibody or TGF-βR small molecule inhibitors in animal studies [21,22]. There were no
BR102-related changes in clinical observations, body weight, food consumption, clinical
chemistry parameters, coagulation parameters, gross pathology, relative organ weights, or
histopathology. No changes in cytokine release were noted. These data suggest that BR102
has a favorable safety profile in vivo.

Figure 6. Treatment with BR102 is well tolerated in non-human primates. BR102 was administered to
cynomolgus monkeys at 15, 50, and 100 mg/kg (five males and five females for each group) once
weekly for a total of 4 weeks. Peripheral blood was collected for hematology during the pre-dose
phase; on Days 2 and 16 of the dosing phases; and on Days 30 and 71 of the recovery periods.
Hematology parameters, including RBC (A), HGB (B), HCT (C), and reticulocytes (D) were measured.
Values are presented as mean ± SD.

4. Discussion

Poor response and resistance are the main challenges for PD-1/PD-L1-targeted im-
munotherapy. Other immunosuppressive regulators within TME may promote immune
escape and suppress anticancer immune response [23]. TGF-β is secreted by multiple cell
types in TME, which includes tumor cells, T cells, macrophages, and MDSCs. TGF-β exerts
immune suppression and promotes tumor progression through its effects on both the innate
and adaptive immune systems. It was shown that TGF-β could promote the expansion of
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Treg cells and inhibit the function of cytotoxic T cells and DCs [24,25]. In addition, TGF-β
could also impair NK function and drive myeloid cell-mediated tumor metastasis [26–28].
Moreover, TME-derived TGF-β could augment the expression of PD-1 in tumor-infiltrating
lymphocytes, which causes CD8+ T cell suppression and immune resistance [14]. These
indicated that TGF-β functions as a critical immune-suppressive cytokine in TME and may
engage in crosstalk with PD-1/PD-L1 signal to promote immune escape. These provide a
biological rationale for simultaneously targeting PD-L1 and TGF-β immunosuppressive
signaling pathway, which could enhance antitumor immunity and overcome resistance to
anti-PD-1/PD-L1 therapies.

We developed and characterized the novel bifunctional protein BR102, composed
of an anti-PD-L1 antibody (HS636) fused to the ECD of human TGF-βRII. Amino acid
mutations were introduced into the N-terminus of the ectodomain of TGF-βRII to avoid
proteolytic degradation [20]. BR102 inhibits the binding of PD-L1 to both of its receptors,
CD80 and PD-1. Furthermore, BR102 disrupts PD-L1-mediated downstream signaling
and induces activation of T cells. The biological activity of BR102 is comparable to that
of HS636, indicating that the fusion of TGF-βRII ECD does not affect the efficacy of the
anti-PD-L1 antibody moiety. We found that the TGF-βRII moiety of BR102 could bind to
the three TGF-β isoforms, TGF-β1, TGF-β2, and TGF-β3, and inhibit TGF-β-mediated sig-
naling. Moreover, BR102 displays more potent antitumor activity compared to HS636 alone.
Disruption of both TGF-β and PD-L1 signaling may contribute to the antitumor efficacy of
BR102. These results indicate that BR102 could deliver the therapeutic benefit of simulta-
neously targeting TGF-β and PD-L1 signaling and support further exploiting BR102 as a
novel therapy for advanced malignancies. In addition, it was shown that TGF-β-induced
immunosuppression contributed to resistance to multiple antitumor treatments, such as
radiotherapy, chemotherapy, immunotherapy, and targeted therapy [29]. Consequently,
BR102 has the potential to be combined with these therapies to overcome therapy resistance
and enhance treatment efficacy in cancer patients.

Besides BR102, other anti-PD-L1/TGF-β bifunctional proteins have been developed,
including M7824 and YM101 [19,30]. Both BR102 and M7824 consist of an anti-PD-L1
antibody fused to the ECD of human TGF-βRII, while YM101 is a bispecific antibody
developed with the Check-BODY™ platform [19,30]. Compared with M7824, BR102 has
three amino acid mutations in the N-terminus of the ECD of TGF-βRII. We previously
reported that the introduced amino acid mutations in BR102 could effectively decrease
proteolytic degradation and improve druggability [20]. The anti-PD-L1 moieties of BR102
and M7824 are based on HS636 and avelumab, respectively. Although a head-to-head
comparison of HS636 and avelumab was not conducted, HS636 displays similar in vitro
and in vivo efficacy with another approved-anti-PD-L1, Atezolizumab. This supports
that HS636 is a potent PD-L1 antagonist and HS636 is suitable for use as the anti-PD-L1
moiety of BR102. The anti-TGF-β moieties of BR102 and M7824 are based on the ECD
of human TGF-βRII, designed as a trap for TGF-β, and the anti-TGF-β moiety of YM101
is based on a TGF-β antibody GC1008 [19,30]. However, the three anti-PD-L1/TGF-β
bifunctional proteins could bind all three TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3).
Moreover, BR102, M7824, and YM101 exhibit potent antitumor activity in syngeneic mouse
models. Studies revealed that M7824 and YM101 promoted the immune-supportive TME
by increased T cell infiltration into tumors, induction of an enhanced DCs density, and
polarization of macrophages [19,30]. Further studies are needed to evaluate the effect of
BR102 on TME regulation. Regarding safety, M7824 shows a manageable safety profile
in clinical trials [31,32], and our data in the preclinical toxicity study also support the
favorable safety profile of BR102. No YM101-related safety data have been disclosed
or published. The molecular structure, specificity, and affinity of the anti-PD-L1 and
anti-TGF-β moieties, may play key roles in determining the efficacy and safety of the
anti-PD-L1/TGF-β bifunctional proteins.

Due to the accumulated evidence about the implication of TGF-β in tumor progression,
various strategies, including antibodies against TGF-β or TGF-βR, ligand traps, TGF-βRI
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inhibitors, and antisense oligonucleotides have been explored to target TGF-β signaling
and are being evaluated in clinical trials. However, only a minor clinical benefit and lim-
ited success using these TGF-β-targeting therapies were observed in the clinical setting.
Moreover, adverse effects are another issue that challenges the clinical development of
TGF-β-targeting therapies. It has been shown that blocking the TGF-β signaling with anti-
bodies or TGF-βR kinase inhibitors resulted in cardiovascular toxicity in animals [21,22].
The cardiac side effects may be mitigated by employing an intermittent dosing schedule in
human clinical trials using galunisertib, a TGF-βRI kinase inhibitor [33–35]. This indicated
that optimal dosing regimens are needed to decrease toxicity for exploring TGF-β-targeted
therapies. In addition, reversible cutaneous keratoacanthomas and squamous-cell carci-
nomas were observed in patients administrated with fresolimumab (GC1008), a TGF-β
antibody [36]. In a phase I study evaluating the safety of an anti-TGF-βRII antibody
(LY3022859) to treat patients with solid tumors, the maximum tolerated dose was not
defined because of negative symptoms, such as uncontrolled cytokine release, despite
prophylaxis [37]. The challenges for clinical development of TGF-β pathway antagonists
may be largely due to the pleiotropic effect and dual function of TGF-β. TGF-β plays a
significant role in embryonic development and maintenance of adult tissue homeostasis
by transmitting its canonical and non-canonical signals. TGF-β functions as a tumor sup-
pressor in the early stages and as a tumor promoter in the late stages. Mutations of various
components of TGF-β signals may prompt the conversion of the TGF-β role in different
tumor stages [38,39]. The pleiotropic nature of TGF-β restricts the clinical development
of pharmacological TGF-β-targeted agents, which can affect normal tissue and lead to
unwanted side effects. Considering the high PD-L1 expression within TME, the bifunc-
tional anti-PD-L1/TGF-βRII fusion protein BR102 could be anticipated to lead to a more
tumor-targeted inhibition of TGF-β within the TME and reduce safety concerns associated
with some TGF-β targeted therapies. In the preclinical NHP toxicity study, BR102 displays
a favorable safety profile. BR102 treatment does not cause cardiovascular toxicity and
does not induce enhanced cytokine release. The red cell changes induced by BR102 are
reversible. BR102 is being evaluated in clinical trials to test the safety and preliminary
efficacy in advanced-stage cancer patients.

BR102 consists of the TGF-βRII moiety, which recognizes TGF-β1, TGF-β2, and TGF-
β3. BR102 would likely block signals downstream of TGF-βR mediated by all three TGF-β
isoforms. These isoforms are highly similar in sequence and structure, but show differential
expression patterns in vivo. Studies reveal that TGF-β1 is the most prevalent member
responsible for TGF-β pathway activity in many human tumor types. Selective TGF-β1
blocking could overcome resistance to ICIs in a mouse tumor model [40]. Although TGF-β2
and TGF-β3 are less frequently expressed in tumors, they may also be implicated in the
progression of certain cancers. For example, TGF-β2 is overexpressed in glioblastoma
and has been associated with poor clinical outcomes [41], and expression of TGF-β3
is shown to promote head and neck cancer growth and metastasis [42]. However, the
role of TGF-β2 and TGF-β3 in tumor development must be better determined. Some
Pan-TGF-β inhibitors that target all three TGF-β isoforms have been developed and are
evaluated in clinical trials. In addition, isoform-selective inhibitors are also identified
and selected for clinical evaluation, with the rational that that selectively targeting the
cancer-relevant TGF-β pathway may avoid the side effects of broad TGF-β inhibition and
benefit most from the TGF-β targeting. A specifically anti-TGF-β1 neutralizing antibody
did not show clinical efficacy in the clinical evaluation as a monotherapy [43]. AVID200,
an engineered TGF-β ligand trap that selectively binds and neutralizes TGF-β1 and TGF-
β3, is currently in phase 1 trial for patients with advanced solid tumors (NCT03834662).
NIS793 is an anti-TGF-β1/2 antibody combined with chemotherapy in a phase 2 trial
patients with solid metastatic tumors (NCT04390763). More clinical outcomes are needed
to evaluate whether these isoform-selective inhibitors could lead to a more favorable
clinical benefit. In addition, considering that the PD-L1 and TGF-β are nonredundant
pathways mediating immunosuppressive activity within TME, it is suggestive that BR102,
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the bifunctional molecular that simultaneously targets PD-L1 and TGF-β, may provide
an alternative strategy to improve anti-TGF-β therapies. Furthermore, it is crucial to
uncover biomarkers for defining patients who will benefit from TGF-β-targeted treatment.
Several reports indicate that high expression of TGF-β target genes and mesenchymal
subtypes correlate with poor prognosis in patients with many different cancer types,
including CRC, hepatocellular carcinoma, and lung cancer [44–46]. A better understanding
of the underlying mechanisms by which TGF-β signaling regulates normal and malignant
processes will facilitate appropriate patient selection in clinical trials and advance the
development of TGF-β antagonists.

5. Conclusions

BR102 is a novel bifunctional molecule that could simultaneously target the two im-
munosuppressors TGF-β and PD-L1. BR102 shows a higher antitumor efficacy than the
anti-PD-L1 antibody, as well as a more favorable safety profile compared with some TGF-
β-target therapies. The data support further development of BR102 for treating various
tumor types.
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Simple Summary: Multiple myeloma accounts for approximately 10% of hematological cancers in
the United States. It is a malignancy of plasma cells which accumulate in the bone marrow and
produce a monoclonal protein. Novel treatments are needed to cure multiple myeloma patients.
The goal of this report was to develop novel bispecific BCMA-CD3 antibodies targeting a B cell
maturation antigen, BCMA, which is overexpressed in multiple myeloma. The data demonstrated
high efficacy of BCMA-CD3 antibodies in multiple myeloma cell lines in vitro and in vivo. The data
provide a basis for future clinical studies.

Abstract: BCMA antigen is overexpressed in multiple myeloma cells and has been shown to be a
promising target for novel cellular and antibody therapeutics. The humanized BCMA (clone 4C8A)
antibody that effectively targeted multiple myeloma in a CAR (chimeric antigen receptor) format was
used for designing several formats of bispecific BCMA-CD3 antibodies. Several different designs of
univalent and bivalent humanized BCMA-CD3 CrossMAB and BCMA-FAB-CD3 ScFv-Fc antibodies
were tested for binding with BCMA-positive cells and T cells and for killing by real time cytotoxic
activity and IFN-gamma secretion with CHO-BCMA target cells and with multiple myeloma MM1S
and H929 cell lines. All BCMA-CD3 antibodies demonstrated specific binding by FACS to CHO-
BCMA, multiple myeloma cells, and to T cells with affinity Kd in the nM range. All antibodies with T
cells specifically killed CHO-BCMA and multiple myeloma cells in a dose-dependent manner. The
BCMA-CD3 antibodies with T cells secreted IFN-gamma with EC50 in the nM range. In addition,
three BCMA bispecific antibodies had high in vivo efficacy using an MM1S xenograft NSG mouse
model. The data demonstrate the high efficacy of novel hBCMA-CD3 antibodies with multiple
myeloma cells and provide a basis for future pre-clinical and clinical development.

Keywords: multiple myeloma; BCMA; bispecific antibody

1. Introduction

Multiple myeloma accounts for 1.3% of all cancers and more than 10% of hematologi-
cal diseases in the USA [1,2]. Multiple myeloma (MM) is characterized by clonal expansion
of plasma cells in the bone marrow resulting in the expression of myeloma M protein (also
called monoclonal protein) and causing different organ damage [1]. Although current ther-
apies for multiple myeloma cause remission, most of the patients will eventually die due to
relapse [3]. Novel immunotherapy treatments are needed for multiple myeloma with novel
monoclonal antibodies, antibody drug conjugates, ADC, CAR (chimeric antigen receptor)-T
cell therapy, or bispecific antibodies targeting specific multiple myeloma antigens [3–13].

BCMA (CD269 or tumor necrosis factor receptor superfamily member 17 (TNFRSF17))
is a B cell maturation antigen that is overexpressed in malignant plasma B cells [14]. BCMA
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is one of the multiple myeloma antigens which has emerged as a promising therapeutic
target [6,15–17]. BCMA binds several ligands including APRIL (a proliferation-inducing
ligand) and BAFF (B cell-activating factor) [18,19] and plays an important role in sur-
vival signaling mediated by NF-kappa B, STAT3, ERK1/2, and AKT/PI3K signaling path-
ways [13,14,19,20].

In this report, we generated novel BCMA-CD3 antibodies using several different
designs and tested their efficacy in vitro and in vivo. The data demonstrate the functional
activity of novel BCMA-CD3 bispecific antibodies which can be used in future pre-clinical
and clinical studies.

2. Materials and Methods

2.1. Cell Lines

Multiple myeloma H929, RPMI8226, and MM1S cell lines and lymphoblast K562 cell
lines were purchased from the ATCC (Manassas, VA, USA) and cultured in RPMI-1640
medium (Thermo Fisher, Waltham, MA, USA) with 10% FBA (AmCell, Mountain View, CA,
USA). CHO cells were cultured in DMEM (GE Healthcare, Chicago, IL, USA) containing
10% FBS (AmCell, Mountain View, CA, USA). CHO-BCMA cells were purchased from BPS
Bioscience (San Diego, CA, USA) and cultured in Ham’s F12K medium containing 10% FBS
with 1 mg/mL Geneticin (Thermo Fisher). Human peripheral blood mononuclear cells
(PBMC) were isolated from whole blood at the Stanford Hospital Blood Center according to
IRB-approved protocol (#13942). PBMC were isolated by density sedimentation over Ficoll-
Paque (GE Healthcare). B cells were isolated from PBMC using a human B cell isolation kit
according to the manufacturer’s protocol (Myltenyi Biotech, Bergisch Gladbach, Germany).
B cells were expanded for 7 days using IMDM (Iscove’s Modified Dulbecco’s Medium) with
10% human AB serum, IL-21 (50 ng/mL), CD40 ligand (100 ng/mL), and anti-HA antibody
(200 ng/mL). B cell marker was detected on B cells by FACS with an anti-CD20 antibody.

2.2. Cloning of Bispecific Antibodies

Different designs of BCMA CrossMab KIH IgG1 bivalent and univalent were con-
structed according to [21]. The Fc region contained P329G mutation and L234AL235A
(LALA) mutations to silence Fc by preventing binding to Fc gamma receptors and activat-
ing innate immune cells [21]. Humanized BCMA VH and VL from antibody 4C8A clones
were used for bispecific antibody generation [22,23]. CD3 Scfv and VH and VL humanized
sequences were from CD3e antibodies [21]. Another design was triple chain with BCMA
univalent part and CD3 ScFv with KIH and LALA mutations. For one of triple chain designs
antibody differently humanized CD3 e was used. All three or four subunits of bispecific
antibody were subcloned into pYD11 vector and DNA constructs used for co-transfection
of 293 cells at equal ratio. The four subunits of PF3135 (PF-06863135) bispecific BCMA-CD3
antibody sequences were obtained from https://drugs.ncats.io/drug/L0HR9A577V (ac-
cessed on 18 May 2022) and each subunit was subcloned into PYD11 vector and engineered
antibody (PBM0057) was used as a positive control. The sequences of all antibodies are
shown in Supplemental Table S1.

2.3. Transfection of 293 Cells, Isolation and Purification of Bispecific Antibodies

293S cells were transfected using DNA constructs of bispecific antibodies and Nano-
Fect transfection agent and incubated in Freestyle F17 medium with 8 mM Glutamine and
0.1% Pluoronic F68 surfactant in suspension bottles using shaker at 37 ◦C and 5% CO2.
The supernatant was collected at days 3–7 for antibody purification by centrifugation for
12 min at 3000× g. The filtered supernatant was used for the isolation of antibody using
column with protein A beads (Millipore, Burlington, MA, USA). After washing column
with 1× PBS, the antibody was eluted with Pierce IgG elution buffer (ThermoFisher). The
concentration of bispecific antibody was estimated with Nanodrop instrument and BCA
protein assay kit (Thermo Fisher). The purified antibodies were run on SDS gel and used
for functional analyses.
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2.4. Flow Cytometry

To measure binding of bispecific antibodies 0.25 million cells were suspended in
100 μL of buffer (PBS containing 2 mM EDTA pH 8 and 0.5% BSA) and incubated on ice
with 1 μL of human serum (Jackson Immunoresearch, West Grove, PA, USA) for 10 min.
Then different dilutions of antibody were added, and the cells were incubated on ice for
30 min. The cells were rinsed with FACS buffer and suspended in 100 μL of buffer. Then
1 μL of phycoerythrin (PE) or APC-conjugated secondary antibody (BD Biosciences, San
Jose, CA, USA) was added, and the cells were incubated on ice for 30 min. The cells were
rinsed and suspended in buffer for analysis on a FACSCalibur (BD Biosciences). Affinity
(Kd) was measured with GraphPad software. CAR-positive cells were detected by FACS
with anti-mouse F(ab)’2 antibody and biotin-conjugated recombinant BCMA protein added
with CD3-APC-conjugated mouse anti-CD3 antibody and PE-conjugated streptavidin at
1:100 dilution. After 30 min incubation at 4 ◦C, the cells were rinsed, stained with 7-AAD,
suspended in the FACS buffer, and analyzed on a FACSCalibur (BD Biosciences).

2.5. Real-Time Cytotoxicity Assay (RTCA)

Adherent target cells (CHO or CHO-BCMA) were seeded into 96-well E-plates (Acea
Biosciences, San Diego, CA, USA) at 1 × 104 cells per well and monitored in culture
overnight with the impedance-based real-time cell analysis (RTCA) × CELLigence system
(Acea Biosciences). The next day, the medium was removed and replaced with AIM
V-AlbuMAX medium containing 10% FBS ± 1 × 105 effector cells (CAR-T cells, non-
transduced T cells, or T cells with BCMA-CD3 bispecific antibodies), in triplicate. The cells
in the E-plates were monitored for another one to two days with the RTCA system, and
impedance was plotted over time.

2.6. ELISA (Enzyme-Linked Immunoassay)

Target cells (H929, RPMI8226, and MM1S) were cultured with different dilutions
of BCMA-CD3 antibodies in U-bottom 96-well plates with 200 μL of AIM V-AlbuMAX
medium containing 10% FBS, in triplicate and then analyzed by ELISA for human IFN-γ
levels using a kit from R&D Systems (Minneapolis, MN, USA) according to the manufac-
turer’s protocol. For adherent CHO and CHO-BCMA supernatant after cytotoxicity assay
was collected and analyzed as above by ELISA.

2.7. Lentiviral CAR and CAR-T Cell Generation

Lentiviral CAR construct containing humanized BCMA ScFv with same VH and VL as
used in BCMA-CD3 bispecific antibodies, 41BB costimulatory and CD3 activating domains
was ordered from Vector Builder (Chicago, IL, USA). Lentiviral CAR was used for lentivirus
generation as described in [22]. In brief, CAR-T cells were generated by transducing
lentiviral CAR into PBMC pre-activated with CD3/CD28 Dynabeads from Thermo Fisher
as described in [22]. CAR-T cells were expanded over 10–12 days using AIM-AlbuMAX
medium (Thermo Fisher, USA) with 10% FBS and 10 ng/mL IL-2 (Thermo Fisher).

2.8. Mouse RPMI8226 Xenograft Tumors

Six-week-old NSG mice (Jackson Laboratories, Bar Harbor, ME, USA) were housed and
manipulated in strict accordance with the Institutional Animal Care and Use Committee
(IACUC) (#LUM-001). Each mouse was injected intravenously on day 0 with 100 μL of
2 × 106 MM1S-luciferase positive cells and 5 × 106 PBMC. Bispecific antibodies were
injected intravenously (50 ug/mice) on days 4 and 11, and (100 ug/mice) on day 18 as
described in [21]. A total of 2 × 106 RPMI8226-luciferase+ cells were injected intravenously
to NSG mice, and next day 1 × 107 CAR-T cells were injected intravenously to perform
imaging and survival study. Imaging was performed using IVIS Imaging System (Perkin
Elmer, Watham, MA, USA), and quantification of BLI (bioluminescence) in photons/sec
was used for the analysis of xenograft tumor growth. Kaplan Myer curve was used for
analysis of mice survival.
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2.9. Statistical Analysis

Data were analyzed and plotted with Prism software (GraphPad, San Diego, CA,
USA). Comparisons between three or more groups were performed by one-way ANOVA or
two-way ANOVA with Tukey’s or Sidak’s post hoc test. Comparisons between two groups
were performed by unpaired Student’s t-test. The survival curves were compared with
Log-rank Mantel-Cox test. The difference with p < 0.05 was considered significant, and
with p < 0.001 was considered highly significant.

3. Results

3.1. Structures of Bispecific BCMA-CD3 Antibodies

We designed BCMA-CD3 antibodies with different structures such as univalent, biva-
lent BCMA-CD3 CrossMab knob-in-hole KIH and BCMA-CD3 ScFv triple chain antibodies
(Figure 1). Bivalent CrossMAB and knob-in-hole KIH (IgG1) BCMA-CD3 antibodies are
shown on the left upper panel, called PBM0012. The Fc part of BCMA-CD3 antibody
contains modification Pro329Gly, called P329G, and Leu234Ala/Leu235Ala, called LALA
mutations, as described in [21] (Figure 1). These mutations decrease the binding of BCMA-
CD3 antibody to Fc gamma receptors and to complement components preventing Fc
gamma receptor-mediated activation of innate immune effector cells including natural
killer (NK) cells, monocytes/macrophages, and neutrophils [21]. The same structure but
univalent BCMA-CD3 antibody is shown on the lower-left panel and called, PBM0056.
The BCMA-CD3 antibody with univalent BCMA arm and CD3 ScFv and with KIH Fc
with LALA mutations is shown in Figure 1, middle-upper panel, called PBM0060. The
same structure but with a differently humanized CD3 ScFv sequence with KIH Fc with
LALA mutations is shown in Figure 1, middle-lower panel, called PBM0055. The control
benchmark antibody was Pfizer’s PF3135 antibody with IgG2 Fc with D265A mutation,
called PBM0057 (Figure 1, upper right panel).

Figure 1. Different structures of BCMA-CD3 antibodies. Left panels: Bivalent PBM0012 antibody
Crossmab KIH (upper panel) and univalent PBM0056 BCMA-CD3 CrossMAB KIH (IgG1) (lower

panel) antibodies. Middle upper panel: BCMA-FAB-CD3 Scfv KIH, called PBM0060 (CD3 ScFv
contains same heavy and light chains as for PBM0012 and PBM0056); middle lower panel: PBM0055
structure is the same as for PBM0060 antibody but with differently humanized CD3 ScFv. Right upper
panel: Pfizer PF3135 control benchmark antibody, called PBM0057.

3.2. Binding of BCMA-CD3 Antibodies to BCMA-Positive Cells and T Cells

All formats of BCMA-CD3 antibodies shown in Figure 1 were tested with CHO-BCMA-
positive cells by FACS for binding (Figure 2A–E). All antibodies bound CHO-BCMA cells
at Kd in nM range from 0.22–4.9 nM. There was no binding of BCMA-CD3 antibodies to
CHO cells (Figure S1A). These antibodies also bound to CD3-positive T cells with KD that
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varied from 6.2 nM to 690 nM (Figure 2F–J). Thus, BCMA-CD3 antibodies bound both
BCMA-positive and CD3-positive cells.

Figure 2. Binding of BCMA-CD3 antibodies to BCMA-positive CHO-BCMA cells and T cells. FACS
was performed with all antibodies on BCMA-positive CHO-BCMA cells (A–E), and T cells (F–J).
Representative assay is shown.

3.3. T Cells with BCMA-CD3 Antibody Kill CHO-BCMA-Positive Cells and Secrete IFN-Gamma

T cells with different dilutions of BCMA-CD3 antibodies were used in a real-time
cytotoxicity assay (RTCA) with CHO-BCMA target cells (Figure 3A). All designs of BCMA-
CD3 antibodies with T cells killed CHO-BCMA in a dose-dependent manner (Figure 3A).
BCMA-CD3 antibody alone without T cells did not have cytotoxic activity.

Figure 3. T cells with BCMA-CD3 antibodies effectively killed CHO-BCMA cells and secreted IFN-
gamma. (A) RTCA killing assay with T cells and BCMA-CD3 antibodies against CHO-BCMA target
cells. (B–F) IFN-gamma secretion by T cells with BCMA-CD3 antibodies and CHO-BCMA target cells.
EC50 for each antibody is shown in nM. Representative RTCA and IFN-gamma assays are shown.
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BCMA-CD3 bispecific antibodies with T cells secreted IFN-gamma with EC50 ranged
from 0.017–2.04 nM (Figure 3B–F). There was no IFN-gamma secretion by BCMA-CD3
antibodies with T cells and BCMA-negative CHO cells (Figure S1B). Thus, all BCMA-CD3
antibodies had high efficacy with CHO-BCMA target cells.

3.4. BCMA-CD3 Antibodies Bind to BCMA-Positive Multiple Myeloma Cells and Cause Secretion
of IFN-Gamma

BCMA-CD3 antibodies were tested for binding with MM1S and H929 multiple myeloma
cell lines. FACS analysis with BCMA-CD3 antibodies demonstrated that all antibodies
bound BCMA-positive multiple myeloma cell lines with KD in the nM range (Figure 4A).
There was no binding of BCMA-CD3 antibodies to BCMA-negative lymphablstoid K562 cell
line, while there was positive binding to RPMI8226 multiple myeloma cell line (Figure S2A).

Figure 4. (A) BCMA-CD3 antibodies bind multiple myeloma cell lines and all bispecific antibodies
with T cells secrete IFN-gamma. (A) Representative FACS assay with MM1S and H929 cells is
shown. (B) BCMA-CD3 antibodies and T cells secrete IFN-gamma with multiple myeloma cells.
Representative assay is shown. Bars show standard deviations from three independent measurements.

We tested these antibodies for secretion of INF-gamma with multiple myeloma cell
lines (Figure 4B). All antibodies secreted high levels of IFN-gamma and EC50 was from
0.7–38 nM. There was no high secretion of IFN-gamma by T cells and BCMA-CD3 antibod-
ies in the BCMA-negative K562 cell line (Figure S2B) and in BCMA-negative primary B cells

138



Cancers 2022, 14, 2518

(Figure S3). Thus, BCMA-CD3 antibodies effectively and specifically bound BCMA-positive
multiple myeloma cell lines and all antibodies with T cells secreted IFN-gamma.

3.5. BCMA-CD3 Antibodies with T Cells Effectively Block Multiple Myeloma Tumor Growth
In Vivo

We tested the efficacy of BCMA-CD3 antibodies using the MM1S xenograft mouse
NSG model (Figure 5). MM1S-luciferase-positive cells were injected intravenously into mice
and antibodies with T cells were injected intravenously three times. All antibodies except
PBM0055 significantly decreased tumor growth with p < 0.001 ((Figure 5A). In addition,
PBM0012, PBM0056, PBM0060, and PBM0057 antibodies with T cells significantly pro-
longed mouse survival (p < 0.04) (Figure 5B). Thus, three bispecific BCMA-CD3 antibodies
significantly decreased MM1S tumor growth similarly to the control PBM0057 antibody.

Figure 5. BCMA-CD3 antibodies with T cells significantly decrease MM1S-luciferase+ tumor growth.
(A) Imaging of MM1S-luc xenografts with BCMA-CD3 antibodies and T cells. The PBS-treated
group had two mice; all BCMA-CD3-treated groups had three mice per group (n = 3). Upper panel:
Images of mice. Lower panel Quantification of BLI (photons/sec). p < 0.0008, BLI for PBM0012,
PBM0056, PBM0060 and PBM0057 versus PBS group. p = 0.012, BLI for PBM0055 versus PBS-group,
Student’s t-test. (B) Kaplan Myer survival curve. p < 0.04 all antibodies vs. PBS control by Log-rank
Mantel-Cox test.

In addition, we performed an additional mouse in vivo efficacy study using CAR-
T cells with humanized BCMA Scfv with the same VH and VL as in BCMA-CD3 an-
tibodies (Figure S4). We designed humanized BCMA ScFv-41BB-CD3 CAR shown in
Figure S4A. The generated hBCMA-CAR-T cells expressed more than 70% BCMA-CAR-
positive cells (Figure S4B). The CAR-T cells killed CHO-BCMA cells and did not kill
CHO cells (Figure S4C) and secreted a high level of IFN-gamma with CHO-BCMA tar-
get cells (Figure S4D). Moreover, hBCMA-CAR-T cells significantly (p < 0.05) decreased
RPMI8226-luciferase+ multiple myeloma xenograft tumor growth by imaging (Figure S4E)
and significantly prolonged mouse survival p < 0.02 (Figure S4E). The high in vivo efficacy
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of the humanized BCMA-CAR-T cells in the multiple myeloma xenograft model confirms
the high in vivo efficacy of BCMA-CD3 bispecific antibodies.

4. Discussion

This report demonstrated the generation of several antibody designs bivalent, univa-
lent BCMA-CD3 Crossmab KIH; and BCMA-CD3 ScFv KIH with two different CD3 ScFv
humanized sequences. We tested these antibodies for binding with BCMA-positive cell
lines and detected that all antibodies specifically bound with high KD to BCMA-positive
CHO-BCMA cells. In addition, they all bound CD3-positive T cells. All antibodies also
bound multiple myeloma cell lines with KD in the nM range. BCMA-CD3 antibodies
did not bind CHO, K562, and primary B cells. The BCMA-CD3 antibodies with T cells
killed BCMA-positive CHO-BCMA cell lines and secreted IFN-gamma with EC50 in the
nM range. BCMA-CD3 with T cells did not secrete IFN-gamma with BCMA-negative
cells. Moreover, three BCMA-CD3 antibodies significantly decreased MM1S-luc+ xenograft
tumor growth and prolonged mouse survival in vivo except for one BCMA-CD3 antibody
PBM0055 which has different CD3 ScFv. Thus, this report demonstrates the high in vitro
and in vivo efficacy of novel BCMA-CD3 bispecific antibodies with different designs.

In addition, we confirmed the high in vitro and in vivo efficacy of BCMA-CD3 an-
tibodies with humanized BCMA-CAR-T cells containing the same humanized BCMA
ScFv (Figure S4). Future pre-clinical studies will be performed to compare both types
of therapies.

The BCMA-CD3 antibodies bound CHO-BCMA cells and did not bind CHO and
K562 cells. The bivalent CrossMab and univalent CrossMab KIH bound BCMA-positive
cells with similar KD with both CHO-BCMA and with multiple myeloma cell lines. These
antibodies had lower binding to T cells than other designs suggesting that designs with
CD3 ScFv have higher binding to T cells. PBM0055 did not have in vivo activity that can be
explained by different humanized CD3 ScFv compared to other designs. The future study
will detect the differences between humanized CD3 sequences and the effect of several
amino-acid changes on antibody functions in vivo.

The future pre-clinical efficacy, toxicology, and pharmacokinetics studies will be
performed with different doses of antibodies, larger mouse groups, and humanized mouse
models to reveal differences between different designs of antibodies. This is the first study to
demonstrate in vitro and in vivo functional efficacy of these novel BCMA-CD3 antibodies.

Several BCMA-CD3 antibodies were tested in clinical studies in different formats:
AMG420, BITE BCMA-CD3, and AMG701, half-life extended HLE-BITE by Amgen; CC-
93269, EM901 CrossMab KIH bivalent BCMA-CD3 antibody by Celgene; PF-06863135
BCMA-CD3 antibody by Pfizer; JNJ-64007957, Duobody by Janssen and REGN5458, hetero
H, CL IgG4 with Fc silenced by Regeneron [24]. The AMG420 BITE BCMA-CD3 antibody
had a short half-life and needed to be administered for 4 weeks, while HLE-BITE AMG701
required to be administered only once a week and now it is tested in phase I clinical
trial [24]. EM-801 CrossMAB bivalent KIH BCMA-CD3 bispecific antibody has an advan-
tage of prolonged stability and can be administered intravenously weekly [25]. The first
clinical result of the related EM901 antibody showed that more than 90 percent of patients
responded to the treatment [24]. Pfizer’s PF-06863135 antibody showed high in vitro and
in vivo efficacy [26] and is now tested in a clinical phase I trial (NCT03269136) [24]. Each
of the mentioned antibodies has its own mechanism and its own advantages and disad-
vantages [24]. We presented novel BCMA-CD3 antibodies with high in vitro and in vivo
activities. More mechanistic, efficacy and toxicology pre-clinical studies will be performed
in a future report to compare present antibodies to other BCMA-CD3 antibodies. There
are several challenges like cytokine release syndrome, inhibitory checkpoint signaling,
inhibitory tumor microenvironment, and other factors that need to be addressed in future
preclinical and clinical studies [24]. Novel bispecific BCMA-CD3 antibodies are important
to develop for better therapeutic targeting of multiple myeloma.
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In summary, the presented novel BCMA-CD3 antibodies with different designs con-
taining CD3 sequences of PBM0012, PBM0056, and PBM0060 have high in vitro and
in vivo activity.

5. Conclusions

This study demonstrates the high efficacy of novel BCMA-CD3 antibodies in vitro and
in vivo. The data provide a basis for future pre-clinical and clinical studies.

6. Patents

Humanized BCMA VH, VL, and Scfv and bispecific antibody sequences are included
in the Promab Biotechnology patent application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14102518/s1. Table S1, Amino-acid sequence of BCMA-
CD3 antibodies used in the study; Figure S1, A. FACS with BCMA-CD3 antibodies shows no binding
with BCMA-negative CHO cells. B. IFN-gamma ELISA assay shows no secretion of IFN-gamma by
T cells with BCMA-CD3 antibodies with CHO target cells; Figure S2, A. FACS with BCMMA-CD3
antibodies shows no binding of BCMA-CD3 antibodies to K562 lymphoblast cells. B. T cells with
BCMA-CD3 antibodies don’t secrete high level IFN-gamma with K562 cells; Figure S3, T cells with
BCMA-CD3 antibodies secrete significantly less IFN-gamma with B cells than with MM1S multiple
myeloma cells; Figure S4, Humanized BCMA-CAR-T cells significantly block RPMI8226-luciferase+
multiple myeloma xenograft tumor growth.
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Simple Summary: CAR T-cell therapies represent a major advance in the treatment of relapsed B-cell
non-Hodgkin lymphomas. Nevertheless, a significant proportion of these patients will experience
disease progression following CAR T treatment. For these patients, no standard therapeutic procedure
is established so far. The novel bispecific antibody glofitamab has shown promising activity in the
treatment of refractory or relapsed B-cell non-Hodgkin lymphomas. In this study, we provide
evidence for good tolerance and promising efficacy of glofitamab administration in patients relapsing
after CAR T-cell therapy.

Abstract: Chimeric antigen receptor T-cells (CAR T) treatment has become a standard option for
patients with diffuse large B-cell lymphomas (DLBCL), which are refractory or relapse after two
prior lines of therapy. However, little evidence exists for treatment recommendations in patients
who relapse after CAR T-cell treatment and the outcome for such patients is poor. In this study,
we evaluated the safety and efficacy of a monotherapy with the bispecific CD20xCD3 antibody
glofitamab in patients who progressed after CAR T treatment. We report nine consecutive patients
with progressive DLBCL after preceding CAR T-cell therapy. The patients received a maximum of
12 cycles of glofitamab after a single obinutuzumab pre-treatment at an academic institution. CRS
was observed in two patients (grade 2 in both patients). We observed an overall response rate of 67%,
with four patients achieving a complete response and a partial remission in two patients. Interestingly,
we identified increased persistence of circulating CAR T-cells in peripheral blood in three of the five
patients with measurable CAR T-cells. Our data suggest that glofitamab treatment is well tolerated
and effective in patients with DLBCL relapsing after CAR T-cell therapy and can enhance residual
CAR T-cell activity.

Keywords: CAR T-cell therapy; glofitamab; diffuse large B-cell lymphoma (DLBCL); relapse

1. Introduction

The most common type of aggressive non-Hodgkin Lymphomas is diffuse large
B-cell lymphoma (DLBCL) [1]. Whereas most patients achieve a complete remission
following first-line therapy with chemotherapy and rituximab, approximately 40% will,
ultimately, relapse [2,3]. Such patients usually undergo salvage therapy, with a proportion
of 30–40% of them responding [4,5], and these patients are candidates for consolidation
with autologous stem cell transplantation (ASCT). Among them, up to 50% may relapse
after ASCT [6–8]. For DLBCL patients who relapse or are refractory after at least two lines
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of prior therapy, treatment with chimeric antigen receptor T-cells (CAR T) has become
the standard option [9,10]. Registration studies reported an overall response rate (ORR)
of 52–82% after CAR T treatment, with complete response (CR) rates of 40–52% [11–13].
Remarkably, real-world studies reported comparable outcomes [14–16]. Clinical response
rates were reported to correlate with expansion levels and the duration of persistence
of CAR T-cells [17,18]. In addition, varying outcomes after CAR T therapy seem to be
associated to different DLBCL subtypes [19].

However, along with the increased use of this innovative therapy, the number of
patients relapsing after CAR T-cell treatment is emerging as a novel challenge. Various
approaches are being explored for patients with relapses following established CD19
targeted CAR T-cell therapy, e.g., CD19-specific CAR T-cells that express a PD-1/CD28
chimeric switch receptor [20]. So far, the survival of patients relapsing after CAR T therapy
is poor [21,22], and treatment recommendations for these patients are largely lacking [23,24].
Treatment with bispecific antibodies is a prominent option, and recent studies reported
ORR ranging from 60% to 90%, with CR rates between 40% and 60% [25]. Importantly,
bispecific antibody treatment also appears to be effective in patients relapsing after CAR
T-cell therapy [26–28]. Among these compounds, glofitamab is a bispecific T-cell engager
(BiTEs) consisting of two variable fragments joined by a flexible glycine-serine linker. They
express two binding domains, with one of them recognizing CD3 on T-cells and the other
binding to the target tumor antigen CD20 on (malignant and normal) B-cells. Thereby,
immune response is enhanced and effector T-cells are directed to exert cytotoxicity against
cells bearing the target antigen [29]. Glofitamab differs from other bispecific antibodies by
its 2:1 configuration, which mediates enhanced anti-lymphoma efficacy and a prolonged
half-life [30].

In the first in-human phase I dose-escalation study NP30179 (NCT03075696), the
recommended phase II dose (RP2D) of increasingly applied 2.5 mg/10 mg/30 mg dose steps
was established. The study reported an ORR of 65.7% and a CR rate of 57.1%, while toxicities
were manageable. The most common adverse event was cytokine release syndrome (CRS),
occurring in 50.3% of the patients [31]. CRS is the result of a hyperactivated immune
response and is associated with enhanced production of inflammatory cytokines, including
interleukin (IL)-6 [32]. The IL-6-receptor antagonist tocilizumab and steroids are used as
standard treatment against CRS [33].

Apart from the promising results in phase I studies with glofitamab, its availability off
the shelf makes it an attractive option as a rescue treatment after CAR T failure. In addition,
due to its targeted mode of action, it has the potential to avoid toxic effects on residual
circulating CAR T-cells’ possible enabling synergistic effects. In this retrospective study, we
analyzed the safety and efficacy of administering monotherapy with glofitamab in DLBCL
patients relapsing after CAR T treatment, and we specifically investigated the effects of
glofitamab treatment on the remaining CAR T-cells in the peripheral blood.

2. Materials and Methods

In this single-center study, we retrospectively analyzed real-world experiences of
consecutive DLBCL patients receiving glofitamab monotherapy after CAR T treatment at
the Inselspital, University Hospital in Bern, Switzerland. Glofitamab was provided free as
part of the standardized pre-approval access program (PAA) of the manufacturing company
(Roche Pharma), as the compound is not yet approved in Switzerland. We included the
data of all consecutive patients with relapsed or refractory DLBCL after CAR T treatment,
who received at least one dose of glofitamab monotherapy as the next line after CAR T
treatment at our institution between September 2020 and March 2022. All patients gave
written informed consent, and the study was approved by a decision of the local ethics
committee of Bern, Switzerland.

The treatment comprised pretreatment with a single dose of obinutuzumab (Gazyvaro®)
1000 mg in cycle 1 on day 1 (C1D1), thereby depleting B-cells in the peripheral blood and
lymphoid organs resulting in reduced T-cell activation and cytokine release [30]. In order
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to mitigate eventual side effects, glofitamab was applied using a standard step-up dosing
mode. The first dose of 2.5 mg was applied on day 8 of cycle 1 (C1D8) and the second
dose (10 mg) was given on day 15 of cycle 1 (C1D15). The first cycle lasted 21 days. From
day 1 of cycle 2 (C2D1) until day 1 of cycle 12 (C12D1) 30 mg of glofitamab was applied
every 21 days. The initial doses of glofitamab on C1D8 and C1D15 were administered
to adequately pre-hydrated patients as 4 h infusions. In the absence of infusion-related
symptoms, subsequent doses of glofitamab were given as 2 h infusions.

The Ann Arbor classification was used to define initial tumor stages while risk assess-
ments were determined by the International Prognostic Index (IPI). Tissue biopsies served
to assess tumor antigens such as CD20 positivity using routine immunohistochemistry
(IHC) and to verify lymphoma histology. Bone marrow infiltration was assessed by stan-
dard aspiration and biopsy. Lymphomas that occupied at least one-third of the chest width
or that had a diameter larger than 7 cm were assessed as bulky diseases.

We measured the occurrence of CAR T-cell-specific DNA in the peripheral blood by
digital-droplet PCR (ddPCR) technology [31,33]. Peak IL-6 and C-reactive protein (CRP)
serum levels were recorded during the treatment, in order to evaluate the occurrence of CRS
and infections [32]. Toxicities were graded using CTCAE 4.0 criteria (Common Terminology
Criteria for Adverse Events). Remission status was based on CT or PET assessments and
classified by the RECIST 1.1 criteria.

All statistical analyses were performed using GraphPad Prism® Version 8. Progression-
free survival (PFS) was defined as the time between C1D1 and death, progression, or last
follow-up, whichever occurred first. Overall survival (OS) was defined as the time between
C1D1 and death from any cause or last follow-up. Survival curves were estimated using
the Kaplan–Meier method and differences were evaluated by the log-rank test. Patients
being alive and progression free were censored at the time of the last follow-up.

3. Results

3.1. Clinical Characteristics of the Patients

Between September 2020 and March 2022, nine patients with CAR T failure were
treated with a monotherapy of glofitamab at our institution. All of them had DLBCL,
relapsing after previous CAR T treatment. DLBCL was transformed in five cases (here,
the limited patient number has to be seen) from follicular lymphoma (FL) and in one
patient from marginal zone lymphoma (MZL). At first diagnosis, four patients had stage IV
disease, three patients had stage III, and two patients had stage II disease. All lymphomas
were high-intermediate risk or high risk. Detailed patient characteristics at diagnosis are
summarized in Table 1.

Table 1. Patient characteristics at diagnosis.

Patient Characteristics

Age, years, median (range) 60 (41–73)
Gender, male, n (%) 5 56%
Histology Diffuse large B cell lymphoma (DLBCL), n (%) 9 100%

De Novo, n (%) 3 33%
Transformed DLBCL, n (%) 6 64%
-from follicular lymphoma (FL), n (%) 5 56%
-from marginal zone lymphoma (MZL), n (%) 1 11%

Elevated LDH, n (%) 9 100%
Disease Stage, n (%)

II 2 22%
III 3 33%
IV 4 44%

IPI, n (%)
3 (high-intermediate risk) 5 56%
4–5 (high risk) 4 44%
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Table 1. Cont.

Patient Characteristics

Bone marrow infiltration, no of pts (%) 5 56%
Infiltration, % of cells, median (range) 50 (10–90)

Bulky disease, n (%) 2 22%
CNS infiltration, n (%) 0 0%
B symptoms, n (%) 1 11%
Immunohistochemistry CD20+, n (%) 100%

Elevated LDH: Lactate dehydrogenase > 480 U/L; IPI: International prognostic index; CNS: Central nervous system.

Table 2 reports patient characteristics at the start of glofitamab treatment. The median
age at glofitamab therapy was 66 years, and the median time from diagnosis to the begin-
ning of the treatment was 3.8 years. Patients had a median of three previous lines of therapy,
which included a median of three prior anti-CD20 therapies. All patients underwent previ-
ous CAR T-cell therapy as the last preceding line of treatment. The median time between
CAR T-cell infusion and glofitamab treatment was six months. The median peak expansion
of CAR T-cells was 3260 copies/μg DNA after CAR T treatment. In contrast, the median
level of circulating CAR T-cells before the first glofitamab administration was reduced to
34 copies/μg DNA. In three (33%) patients, no circulating CAR T-cells were detectable
at all. After CAR T-cell therapy, complete response (CR) was achieved in two patients,
six patients were in partial response (PR) and one patient had stable disease (SD). Before
glofitamab therapy, all patients had PET-CT-documented relapsed DLBCL, and relapsing
disease was verified in six (67%) of them.

Table 2. Patient characteristics at start of Glofitamab therapy.

Patient Characteristics

Age at glofitamab therapy, median (range) 66 (41–75)
Time from diagnosis to glofitamab, months, median (range) 45 (9–284)
Previous therapy lines before glofitamab, median (range) 3 (2–7)
Anti CD-20 therapies before glofitamab, median (range) 3 (1–6)
Previous autologous stem cell transplantation, n (%) 5 (56%)
Previous CAR T cell therapy, n (%) 9 100%

tisagenlecleucel, n (%) 6 67%
axicabtagene ciloleucel, n (%) 3 33%

CAR T toxicities, n (%)
CRS 6 67%
Neurotoxicity 2 22%

Best response to CAR T cell therapy, n (%)
SD 1 11%
PR 6 67%
CR 2 22%

Interval CAR T-cell infusion to glofitamab, days, median (range) 187 (86–655)
Peak expansion of CAR T cells, copies/μg DNA, median (range) 3260 (54–12,578)
CAR T cell expansion before glofitamab, copies/μg DNA, median (range) 34 (0–1470)
Patients without detectable CAR T cells before glofitamab, n (%) 3 33%
Bulky disease, n (%) 2 22%
CNS infiltration, n (%) 1 11%
B symptoms, n (%) 3 33%

CAR T: Chimeric antigen receptor T-cells; CRS: Cytokine release syndrome; SD: Stable disease; PR: Partial response;
CR: Complete response; CNS: Central nervous system.

3.2. Therapeutic Course and Safety

All nine patients completed at least one cycle of glofitamab treatment. Two patients
had ongoing progression and ultimately died after the first cycle due to lymphoma progres-
sion. Lymphoma progression led to cessation of glofitamab treatment in one patient each
after cycles 3, 9, and 10. Four (44%) patients completed the planned 12 cycles. Treatment
characteristics are listed in Table 3.
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Table 3. Glofitamab treatment characteristics and adverse events.

Treatment Characteristics

Glofitamab given, n (%) 9 100%
Number of cycles completed, n (%)

1 cycle 2 22%
3 cycles 1 11%
9 cycles 1 11%
10 cycles 1 11%
12 cycles 4 44%

Premature termination of treatment, n (%) 5 56%
-due to lymphoma progression, n (%) 5
Peak IL-6 after glofitamab, pg/mL, median (range) 43 (7–1975)
Peak expansion of CAR T cells after glofitamab, copies/μg DNA, median (range) 66 (0–340)
Adverse events, n (%)
CRS 2 22%
-Grade II 2
Neurotoxicity 0 0%
Tumor lysis syndrome 1 11%
Anemia 1 11%
Neutropenia 3 33%
Thrombocytopenia 1 11%
Fatigue 7 78%
Nausea 4 44%
Emesis 1 11%
Diarrhea 3 33%
Obstipation 4 44%
Dyspnea 2 22%
Cough 2 22%
At least one febrile episode of ≥38 ◦C 6 67%
Days with fever, n, median (range) 1 (1–3)
Infections, n (%)
Patients with at least one identified pathogen 4 44%
Bacteria, gram-positive 1
Viral infection 3

CRP: C-reactive protein; IL-6: Interleukin 6; CRS: Cytokine release syndrome. Bacteria: staphylococcus; Viral:
Enterovirus (two patients), Varicella Zoster Virus (one patient).

Glofitamab was generally well tolerated, and there were no discontinuations or dose
reductions due to treatment-related adverse events (AEs). All AEs that occurred during
the treatment period are summarized in Table 3. The majority of the patients (7 of 9)
experienced fatigue, three of them regularly during the first few days after the infusion of
the medication.

CRS was observed in two patients during cycle 1, both being grade II. One patient
was treated with tocilizumab and dexamethasone. Biomarkers for CRS, such as IL-6 and
CRP, were elevated in cycle 1, with median peak levels of 43 pg/mL and 131 mg/L. Peak
IL-6 values during all cycles are shown in Figure 1.

One patient experienced symptoms of tumor lysis syndrome after the first administra-
tion of obinutuzumab, with emesis, diarrhea, and abdominal pain for 2 days. Transient
neutropenia occurred in three patients (grade 1 in one patient and grade 3 in two patients).
One patient each experienced anemia (grade 1) and thrombocytopenia (grade 1), conditions
that were not previously known. Other AEs included obstipation (grade 1) in four patients,
diarrhea in three patients (grade 1 in two patients and grade 2 in one patient), nausea
(grade 2) in four patients, emesis (grade 1) in one patient, dyspnea in two patients (grade 1
in one patient and grade 2 in one patient), and cough (grade 1) in two patients.

Infections with at least one febrile episode of ≥38 ◦C were detected in six patients,
while the median number of days with fever was only one day. Infections, with at least
one identified germ, were seen in four patients, three of which were viral (Enterovirus
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(two patients), Varicella Zoster Virus (one patient)). One infection was bacterial (Staphylo-
coccus), detected by blood culture.

Figure 1. Peak IL-6 measurements of all treated patients during each cycle.

3.3. Efficacy of Glofitamab Therapy

All patients were evaluable for response, and response rates are summarized in Table 4.
The overall response rate after glofitamab treatment was 67%. CR assessed by PET-CT
was achieved in four patients and partial response (PR) was seen in two patients. We had
stable disease (SD) in one patient and progressive disease (PD) in two patients. The median
time between the first treatment infusion and CR was 8.3 months. One patient achieved
CR after only cycle 1 of the treatment. In three patients with ultimate CR, PR occurred
first. Achievement of PR was documented after cycles 2 or 3, after a median of 56 days.
Two patients with PR relapsed after a median of 142 days after the first Glofitamab infusion
and, therefore, terminated the treatment prematurely.

Table 4. Outcomes of Glofitamab treatment.

Outcome Parameter

Follow-up, median days (range) 246 (15–482)
Patients without relapse at last follow-up, no (%) 4/9 (44%)

-PFS, days, median 161
Relapse, n (%) 2 22%

-Time since glofitamab, days, median (range) 142 (123–161)
Patients alive at last follow-up, no (%) 5/9 (56%)
Median OS n.r.
Deaths, n (% of all pts) 4 44%

-Time since glofitamab, days, median (range) 70 (15–246)
-Due to progression, n (%) 4 44%

Best overall response rate (ORR), % 67%
Best CR rate, % 44%
Remission status First response Best response Last follow-up
CR 1 4 4
PR 5 2 0
SD 1 1 0
PD 2 2 5

OS: Overall survival; PFS: Progression-free survival; CR: Complete response; PR: Partial response; SD: Stable
disease; PD: Progressive disease; First response: After cycle 1, 2 or 3. n.r.: not reached.

During the study period, four deaths occurred. All patients died due to lymphoma
progression, and two of them received only one cycle of treatment. The median time
from treatment beginning until death was 70 days. A summary of treatment outcomes is
depicted in Figure 2.
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Figure 2. Swimmer plot illustrating outcomes after glofitamab therapy.

The median time until the last follow-up was 246 days. Response at the last follow-up
was CR in four patients and PD in five patients. Progression-free survival (PFS) was 44%,
and 5/9 (56%) of the patients were alive at the last follow-up. The median PFS was 161 days,
and median OS was not reached. PFS and OS are presented in Figure 3.

 

(a) (b) 

Figure 3. (a) Progression-free and (b) overall survival of all patients.

3.4. Effects of Glofitamab on CAR T-Cells

All nine patients had previously received CAR T-cell therapy. The kinetics of CAR
T-cell-specific DNA in peripheral blood was assessed before, during, and after glofitamab
treatment. One patient died before the measurement of CAR T-cells in the peripheral blood
during cycle 1. In the three patients without detectable CAR T-cells before the therapy,
CAR T-cells in the peripheral blood remained undetectable during glofitamab therapy.
The decrease in CAR T-cells after CAR T-cell therapy continued following glofitamab in
two patients. However, three patients experienced a re-expansion of CAR T-cells in the
peripheral blood after glofitamab infusions. Peak CAR T-cell expansion by digital-droplet
PCR (ddPCR) occurred after a median of 35 days from the start of glofitamab treatment.
Later, during glofitamab treatment, the initially enhanced cell expansion decreased again;
however, it did not fall below the levels seen before the start of glofitamab therapy.

The median peak CAR T-cell expansion of all evaluable patients during glofitamab
treatment was 66 copies/μg DNA. No association between CAR T-cell expansion and
response to glofitamab could be observed, as three patients with CR did not have any
detectable CAR T-cells before and after treatment. Only one patient with CR experienced a
CAR T-cell expansion during glofitamab therapy. CAR T-cell expansion after glofitamab is
illustrated in Figure 4. Given the small numbers, any correlation between CAR T-cell levels
and response during glofitamab treatment remains speculative at this moment.
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Figure 4. CAR T-cell expansion during glofitamab therapy. (a) CAR T-cell copies/mcg DNA in one
patient who had CR and experienced a re-expansion of CAR T-cells after glofitamab; (b) median CAR
T-cell copies/mcg DNA before and after glofitamab in all patients who had measurable CAR T-cells;
(c) CAR T-cell copies/mcg DNA for each patient after the administration of glofitamab.

4. Discussion

In this study, we investigated patients with refractory or relapsed DLBCL, who re-
ceived glofitamab as the next line of treatment, after relapse following CAR T treatment, at
a single academic institution. All patients were heavily pre-treated and had exhausted the
available options. Our study intended to provide information on the safety of glofitamab
after CAR T-cell infusion, preliminary evidence of efficacy, and the ability of glofitamab to
eventually enhance the declining activity of residual CAR T-cells.

In our study cohort, glofitamab application turned out to be safe and was generally
well tolerated. We did not record unexpected new adverse events during glofitamab
therapy. In particular, the incidence of infections and the observed germs, as well as the
rate of glofitamab-related neutropenia and thrombocytopenia, were comparable to the
phase I dose-escalation study. In contrast, the occurrence of CRS was significantly lower in
our cohort with 22%, as compared to 71% in the phase 1 study [31]. CRS after glofitamab
treatment does not seem to be associated with persisting CAR T-cells, as one patient out of
two patients with CRS in our cohort did not have persisting CAR T-cells in the peripheral
blood at all. Furthermore, no CRS was observed in patients with enhanced circulating CAR
T-cell levels.

Our data suggest that glofitamab therapy resulted in significant clinical response in
a subset of patients with DLBCL relapsing after CAR T treatment. This supports earlier
reports of the efficacy of BsAbs [25]. Furthermore, our results propose that BsAbs can
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be effective in patients who experienced CAR T failure, supporting previous reports on
mosunetuzumab and odronextamab, which are other CD3/CD20 BiTE antibodies [27,28,34].
Schuster et al. reported a CR rate of 22.2% in 18 patients treated with mosunetuzumab
who relapsed after CAR T-cell therapy and had at least 3 months of follow-up [27], while
Bannerji et al. reported a CR rate of 27% in 30 patients treated with odronextamab after
CAR-T failure [28].

To our knowledge, no information on the efficacy of glofitamab administration in
DLBCL patients relapsing after CAR T-cell therapy is yet available. The ORR and CR rates
in our cohort after glofitamab treatment were similar to those observed in the phase I
dose-escalation trial of glofitamab, in which patients achieved an ORR of 65.7% with a CR
rate of 57.1% when treated with the RP2D [31]; however, most of these patients had no
CAR-T therapy.

The median OS in DLBCL patients progressing after CAR-T treatment is poor. Two studies
reported overall survival of 161 and 180 days only [20,21]. Our data suggest that glofitamab
therapy can prolong survival in patients failing CAR T therapy, since we observed a median
OS not reached after a median follow-up of 246 days. However, our data need longer follow-
up and confirmation in larger series of patients, preferably in a prospective comparative
study. Even though the results of our retrospective analysis seem promising, it will be
necessary to investigate the administration of Glofitamab after failed CAR T-cell therapy in
a larger number of patients in prospective studies. A French phase II study (NCT04703686)
is investigating glofitamab in patients with relapsed or refractory non-Hodgkin lymphoma
after CAR T therapy [35]. This study and other investigations are needed to establish
recommendations for patients with progressive DLBCL after CAR T-cell therapy.

Finally, we found evidence that Glofitamab administration may enhance circulating
CAR T-cells in the peripheral blood assessed by ddPCR. This effect was similarly observed
following mosunetuzumab treatment [27], but has not been described so far for glofitamab.
Among the patients with re-expansion of CAR T-cells in our study, only one achieved CR,
making it impossible to draw conclusions between CAR T-cell re-expansion and response.
However, given the relevance of the level of CAR T-cell expansion and persistence for the
effectiveness of CAR T-cell therapy [17,18], it is tempting to speculate that the effectiveness
of glofitamab treatment after CAR T failure may, in part, be due to its potential to induce
CAR T-cell re-expansion. One may hypothesize that this could be due to lymphoma burden
reduction and thereby, antigen reduction, leading to the proliferation of “less exhausted”
CAR T-cells. However, we favor the concept that the main therapeutic effect of glofitamab in
this patient series is due to CD3 cytotoxicity, rather than residual CAR T cells, as the efficacy
of glofitamab was not limited to patients with CAR-T cell expansion in the peripheral blood
following glofitamab application.

5. Conclusions

In conclusion, treatment with glofitamab in patients with refractory or relapsed DLBCL
after CAR T-cell therapy seems to be safe and effective. Additionally, our data suggest that
the administration of glofitamab can lead to an expansion of residual CAR T-cells. However,
larger studies are needed to assess whether this effect contributes to the responses observed
and in order to propose an improved management of patients after CAR T-cell failure.
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Simple Summary: Therapeutic antibodies have become a crucial cornerstone of the standard therapy
for lymphoma and autoimmune diseases. However, the respective target antigens are also expressed
on healthy B cells resulting in unspecific effects. In this article, we present a novel approach to
selectively induce apoptosis in lymphoma cells and autoreactive B cells that express the CD95
death receptor. Therefore, we developed an improved IgG-based bispecific antibody format with
favorable production properties and pharmacokinetics for CD20- and CD19-directed induction of
apoptosis via CD95. We could show that our bispecific anti-CD95 antibodies are very efficient in
the depletion of malignant and autoreactive B cells in vitro and in vivo. Therefore, our antibodies
could help to provide a more selective therapy for patients with B cell-derived malignancies and
autoimmune diseases.

Abstract: Antibodies against the B cell-specific antigens CD20 and CD19 have markedly improved
the treatment of B cell-derived lymphoma and autoimmune diseases by depleting malignant and
autoreactive B cells. However, since CD20 and CD19 are also expressed on healthy B cells, such
antibodies lack disease specificity. Here, we optimize a previously developed concept that uses
bispecific antibodies to induce apoptosis selectively in malignant and autoreactive B cells that express
the death receptor CD95. We describe the development and characterization of bispecific antibodies
with CD95xCD20 and CD95xCD19 specificity in a new IgG-based format. We could show that
especially the CD95xCD20 antibody mediated a strong induction of apoptosis in malignant B cells
in vitro. In vivo, the antibody was clearly superior to the previously used Fabsc format with identical
specificities. In addition, both IgGsc antibodies depleted activated B cells in vitro, leading to a
significant reduction in antibody production and cytokine secretion. The killing of resting B cells and
hepatocytes that lack CD95 and CD20/CD19, respectively, was marginal. Thus, our results imply
that bispecific anti-CD95 antibodies in the IgGsc format are an attractive tool for a more selective and
efficient depletion of malignant as well as autoreactive B cells.

Keywords: bispecific antibodies; lymphoma; autoimmune diseases; apoptosis; CD20; CD19; CD95

1. Introduction

B cells play a central role in the adaptive immune system. Differentiated into plasma
cells, they produce antibodies. In addition, they act as antigen-presenting cells (APC) that
produce a variety of cytokines and support T cell activation. Disrupting the finely balanced
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B cell homeostasis can lead to cancer or autoimmune diseases. Recombinant antibodies
targeting B cell-associated antigens, such as CD20 and CD19, are successfully used for the
treatment of B cell-derived malignancies and autoimmune diseases.

The anti-CD20 antibody Rituximab was the first recombinant antibody to be approved
by the FDA in 1997 for the treatment of non-Hodgkin lymphoma (NHL) [1,2] and later
for the treatment of chronic lymphocytic leukemia (CLL). Due to its profound potential
to deplete CD20-positive B cells, it is now also successfully used to treat autoimmune
diseases such as rheumatoid arthritis (RA) [3], Wegener’s granulomatosis [4], Sjögren
syndrome [5], or multiple sclerosis (MS) [6]. Rituximab induces profound B cell depletion by
mediating antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC). Although the antibody is relatively well tolerated, an increased risk
of infections resulting from profound B cell depletion is a major concern [7]. Although
CD19 appears to be more attractive than CD20 with respect to its broader expression on
immature and differentiated B cells (plasma cells), clinical development of monospecific
anti-CD19 antibodies is far less advanced [8]. Possibly due to its less pronounced expression,
CD19 targeting was mainly used by T cell recruiting strategies, where limited numbers of
target molecules per cell are less critical. Blinatumomab, a CD19xCD3 bispecific antibody
(bsAb), which is used for the treatment of acute lymphoblastic leukemia (ALL), is the most
prominent example [9,10]. Likewise, CD19 is successfully used as a target antigen for CAR
T cells that are functionally closely related to bsAbs [11].

CD95 (Apo-1, Fas) is a member of the tumor necrosis factor superfamily (TNF) with
an intracellular death domain for the induction of apoptosis [12]. In combination with
its ligand FasL, it plays an important role in B and T cell homeostasis as these cell types
increase CD95 expression in response to activation and become susceptible to the CD95-
mediated apoptosis [13,14]. In addition, many cancer cells express CD95, although during
disease progression it is frequently downregulated [15–17]. In fact, it had been the effective
killing of lymphoma cells by an antibody (Apo-1) with—at that time—unknown specificity
that allowed the identification of CD95 as a prototypical death receptor [18]. Thus, it
appeared tempting to use CD95 agonists (either antibodies or FasL fusion proteins) to
induce CD95-mediated apoptosis in cancer cells. However, it was soon recognized that the
systemic administration of agonistic antibodies induces severe liver damage in mice [19–21].
This dramatically highlighted the need for more selective induction of apoptosis. In 2001,
Jung et al. demonstrated that chemically hybridized bispecific F(ab)2 fragments with
CD95xtarget specificity induce apoptosis selectively in tumor cells expressing the selected
target antigen [22]. More recently, Nalivaiko et al. showed that recombinant bsAbs with
CD95xCD20 specificity in the Fabsc-format were selectively inducing apoptosis not only in
CD20 expressing tumor cells but also in normal, activated B cells expressing CD95 [23].

BsAbs that lack functional Fc parts such as Fabsc molecules or BiTEs (bispecific T cell
engagers) suffer from a low serum half-life that may seriously limit therapeutic efficiency.
Here, we introduce an IgG-based format (IgGsc) for target cell-restricted activation of
CD95 [24]. We evaluated the ability of the IgGsc molecules to induce apoptosis in different
lymphoma cell lines and in activated B cells in vitro. In addition, the CD95xCD20 IgGsc
molecule was found to be superior to a Fabsc-molecule with identical specificity in an
established lymphoma xenograft model.

2. Materials and Methods

2.1. Cells and Reagents

Daudi, Jurkat, SKW6.4, JY, C1R, Raji, and LX-1 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Density-gradient centrifugation
(Biocoll separating solution, Biochrom, Berlin, Germany) was used to isolate PBMCs from
heparinized blood of healthy donors. All cells were cultured in RPMI 1640 compl. medium
(Thermo Fisher Scientific, Darmstadt, Germany) containing 1x MEM-NEAA (Thermo
Fisher Scientific), 10% FCS (Sigma-Aldrich, Hamburg, Germany), 100 U/mL penicillin, and
100 μg/mL streptomycin (Sigma-Aldrich), 1x sodium-pyruvate (Sigma-Aldrich) and 50 μM
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β-mercaptoethanol (Merck, Darmstadt, Germany). All cell lines were regularly tested for
mycoplasma contamination and were cultured at 37 ◦C and 5% CO2.

The expression of CD20, CD19, and CD95 on different cell lines was determined by
flow cytometry using QIFIKIT calibration beads (Agilent, Santa Clara, CA, USA) according
to the manufacturer’s instructions. The hybridoma-derived antibodies 2H7, 4G7, and Apo-1
were used for quantification. Binding of bsAbs to Daudi and Jurkat cells was determined
using flow cytometry. PE-conjugated goat anti-human F(ab)2 fragments were used to detect
primary antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Flow analysis was
performed using the BD FACSCantoTM II and BD FACSCaliburTM systems (BD Biosciences,
Heidelberg, Germany). Data were analyzed using FlowJo (FlowJo LLC, Ashland, OR,
USA). EC50 values were calculated using GraphPad Prism9 (GraphPad Software, Inc.,
San Diego, CA, USA).

2.2. Generation and Purification of Recombinant Antibodies

The variable domains of the humanized Apo-1 antibody (EP2920210B1), the human-
ized 2H7 antibody (EP2920210B1), the 4G7 antibody (GenBank no.: AJ555479 and AJ555622),
and the MOPC-21 antibody (GenBank no.: AAD15290.1 and AAA39002.1) were codon-
optimized using the GeneArt GeneOptimizer tool for the transfection of CHO cells (Thermo
Fisher Scientific). VH, VL, and scFv sequences were synthesized de novo at GeneArt
(Thermo Fisher Scientific). As previously described, the variable domains were inserted
into a human IgGγ1sc backbone, which is designed to abolish FcR-binding and comple-
ment fixation [24]. IgGsc molecules were produced in the ExpiCHOTM Expression System
(Thermo Fisher Scientific) according to the manufacturer’s instructions and then purified by
HiTrapTM MabSelectTM SuRe columns (Cytiva, Freiburg, Germany), before being subjected
to preparative and analytical size exclusion chromatography (SEC) using HiLoadTM 16/600
Superdex 200 pg and SuperdexTM 200 Increase 10/300 GL columns (Cytiva), respectively.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
as previously described [25]. The generation and purification of Fabsc molecules were
described by Nalivaiko and colleagues [23].

2.3. Induction of Apoptosis and Caspase-3 Activation in Lymphoma Cells

The induction of apoptosis was evaluated by incubating 50,000 lymphoma cells/well
(SKW6.4, JY, C1R, and Raji) in 96-well plates for 24 h with varying concentrations of
different bsAbs before they were pulsed with 0.5 μCi/well 3H-thymidine (Hartmann
Analytics, Braunschweig, Germany). After 20 h, cells were harvested on filter mats (Perkin
Elmer, Waltham, MA, USA), and precipitated radioactivity was determined in a liquid
scintillation counter (MicroBeta, Perkin Elmer).

SKW6.4 cells were also incubated with LX-1 hepatic stellate cells (50,000 cell/well
each) for 20 h, before assessing viability with 7-AAD (BioLegend, San Diego, CA, USA)
by flow cytometry. Absolute cell counts were calculated using equal numbers of latex
beads (3 μm particle size, Sigma-Aldrich). LX-1 were distinguished from SKW6.4 using
PE-EpCAM (clone 9C4, BioLegend).

For the determination of caspase-3 activity, 100,000 target cells were incubated for 20 h
with 0.3 nM of bispecific antibody. Subsequent intracellular staining was performed using
the Cytofix/Cytoperm buffer and Perm/wash solution (BD Biosciences) with an anti-active
caspase-3 antibody (BD Biosciences) according to the manufacturer’s instructions. Samples
were then analyzed by flow cytometry.

2.4. Depletion of Activated B Cells and Inhibition of IgG and Cytokine Production

For the bsAb-induced depletion of activated B cells, PBMCs from healthy donors
(400,000 cells/well in 96-well plates) were stimulated with 0.1 μM ODN2006 (Miltenyi
Biotec, Bergisch Gladbach, Germany) for 7 days [26]. Cells were then washed twice with
DPBS before they were treated with 0.1 nM bsAb for 2 days. Lymphocytes were detected
using CD4-FITC (clone OKT4), CD8-APC/Cy7 (clone SK1), CD19-PE/Cy7 (clone HIB19) or
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CD20-PE/Cy7 (clone 2H7), CD56-Brilliant Violet 421 (clone HCD56), CD69-PE (clone FN50)
and CD95-APC (clone EH12.2H7). Cell viability was assessed using 7-AAD. All directly
labeled antibodies were purchased from BioLegend. Equal numbers of latex beads (3 μm
particle size, Sigma-Aldrich) were used to calculate absolute cell numbers.

Cytokines were measured using the Th1 LEGENDplexTM multiplex kit (BioLegend)
according to the manufacturer’s instructions. Only positive donors were used for analysis.
The inhibition of IgG production of activated B cells after treatment with bsAbs was
assessed by ELISA as previously described [23].

2.5. Animal Experiments

All experiments and protocols were approved by the animal welfare body at Charles
River Discovery Research Services, Freiburg, Germany, and the local authorities, and
were conducted in accordance with all applicable international, national, and local laws
and guidelines (study number P500A4A). Only animals with unobjectionable health were
selected to enter testing procedures.

To assess the activity of bsAbs against established tumors, 107 SKW6.4 cells were in-
jected subcutaneously into the left flank of female CB17 SCID mice. Mice were randomized
if they bore a tumor of 50–250 mm3. The Fabsc molecule was administered intraperitoneal
at 100 μg/mouse (twice daily for 10 days), while the IgGsc molecule was administered at
50 μg/mouse (on days 0 and 3). The animals were monitored at least once daily and were
weighed three times a week. Blood was collected by retro-orbital sinus puncture and mice
were sacrificed when their tumor had grown to a size limit of 2000 mm3. Tumor volumes
were calculated according to the formula: tumor volume = (a × b2) × 0.5.

The serum concentrations of bsAb were measured by ELISA. An amount of 1 μg/mL
CD95-Fc fusion protein was coated in 96-Well Half Area Microplates (Greiner Bio-One),
before adding various dilutions of sera. Primary antibodies were detected using HRP-
conjugated goat anti-human F(ab)2 specific antibodies (Jackson ImmunoResearch) and the
TMB Peroxidase Substrate Kit (Seracare). The optical density at 450 nm was determined
using a Spectra Max 340 (Molecular devices). Serum concentrations were interpolated by
nonlinear regression using GraphPad Prism9.

2.6. Statistics

Data are presented as means ± SD or SEM as stated in the figure legends. Statistical
significance was calculated with GraphPad Prism version 9.4 (GraphPad Software, San
Diego, CA, USA) as indicated in the figure legends, with p < 0.05 considered statistically
significant. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results

3.1. Construction of Improved Anti-CD95 bsAbs Targeting CD20 or CD19

Two different anti-CD95 antibodies in the IgGsc format were constructed (Figure 1a).
The IgGsc format was originally published by Coloma and Morrison [27]. It contains two
single-chain fragments variable (scFv) attached to the C-termini of an IgG1 antibody and
was then further optimized in our group with a combination of multiple point mutations
or deletions to eliminate the Fc receptor (FcR)-mediated multimerization of CD95 [24].
The F(ab)2 and the single-chain moiety of both molecules contained the CD95 agonist
Apo-1 [18] and the anti-CD20 clone 2H7 [28] or the anti-CD19 clone 4G7 [29], respectively.
This particular orientation was chosen because the Apo-1 antibody cannot be expressed as a
single chain [23]. Analysis of both proteins by SDS-PAGE (Figure 1b) revealed the expected
molecular weights of the heavy chain (75 kDa), the light chain (25 kDa), and the intact
IgGsc molecule (200 kDa). Since the IgGsc format was previously designed for minimal
aggregation, it lacked significant amounts of aggregates (less than 4%) as can be seen in gel
filtration (Figure 1c). In addition, a CD95xMOPC control was generated to assess CD20-
and CD19-independent effects (Figure S1a).

158



Cancers 2022, 14, 3941

Figure 1. Characterization of improved anti-CD95 bsAbs targeting CD20 or CD19. (a) Schematic
representation of how the bsAbs induce a target-mediated clustering of the Fas receptor and ultimately
lead to apoptosis of the target cell. Created with BioRender.com (accessed on 18 May 2022). (b) SDS-
PAGE of the bispecific CD95xCD20 (top) and CD95xCD19 (bottom) molecules. R: reduced; NR:
non-reduced. (c) Both antibodies were subjected to analytical size exclusion chromatography (SEC).
The corresponding analysis is presented in the tables on the right. (d–f) Binding to CD95-expressing
Jurkats (d) and Daudi cells expressing CD20 (e) and CD19 (f) was assessed by flow cytometry.
Mean ± SD, n = 3.

The binding of the molecules to CD95+ Jurkat cells (CD20− and CD19−, Figure S1b)
was evaluated by flow cytometry (Figure 1d) and revealed a binding affinity in a low
nanomolar range (EC50 = 0.2 nM). Binding to CD20 and CD19 was assessed using double
positive Daudi cells (Figure S1b). Although the expression of the CD20 antigen was
higher than that of CD19, the binding affinity of the CD20 binding moiety was rather low.
Saturation could not be reached for concentrations up to 900 nM (Figure 1e). Obviously,
conversion of the anti-CD20 clone into an scFv resulted in a significant loss of affinity
compared to the parental antibody as previously described by Nalivaiko and colleagues [23].
In contrast, the binding affinity to CD19 revealed an EC50 value of approximately 7.5 nM
(Figure 1f).

3.2. In Vitro Activity against Malignant B Cells

The ability of the CD95xCD20 and CD95xCD19 constructs to induce apoptosis was
assessed using the B cell lymphoma cell lines SKW6.4, JY, C1R, and Raji. All cells tested
positive for CD95, expressing at least 90,000 molecules per cell (Figure 2a and Table 1).
The expression of the target molecules CD20 and CD19 revealed significant differences.
CD20 expression was 3–10-fold higher on all cell lines tested. Only Raji cells expressed
more than 20,000 CD19 molecules per cell, while expression of CD20 was higher than
190,000 molecules per cell on all lymphoma cell lines tested in this work.
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Figure 2. Bispecific CD95 antibodies induce depletion of lymphoma cells via apoptosis. The tar-
get antigen-mediated induction of apoptosis was evaluated on SKW6.4, JY, C1R, and Raji cells.
(a) The antigen density of CD95, CD20, and CD19 on the cell surface of different cell lines was calcu-
lated using the flow cytometry-based Qifikit system. Statistics were calculated using an unpaired
t-test, CD20 vs. CD19 expression. (b) Different lymphoma cell lines were incubated for 48 h with
different concentrations of bispecific antibodies. Inhibition of cell proliferation was evaluated using a
3H-thymidine uptake. (c) Induction of apoptosis with the indicated bsAbs (0.3 nM) was verified
by intracellular active caspase-3 staining after 20 h using flow cytometry. Statistics were calculated
with one-way ANOVA. Treatment versus isotype control. Mean ± SD, n = 3. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. Further analysis of (a,b) is also presented in Table 1.

We further assessed the ability of our bsAbs to inhibit cell proliferation in a
3H-thymidine-based proliferation inhibition assay. SKW6.4, JY, and C1R were sensitive
to antibody treatment, resulting in a concentration-dependent inhibition of proliferation,
while Raji cells were CD95-resistant despite expressing sufficient levels of CD95, CD20,
and CD19 (Figure 2b). The CD95xCD20 bsAb showed the most pronounced cell reduction
resulting in IC50 values between 24 and 35 pM (Table 1). In contrast, treatment with the
CD95xCD19 bsAb exhibited only moderate inhibition of proliferation. This result was
surprising given the higher binding affinity of the anti-CD19 clone 4G7 compared to the
anti-CD20 clone 2H7 (Figure 1e,f). Our results suggest that the significantly higher expres-
sion of CD20 on lymphoma cell lines seems to be an important prerequisite for triggering
efficient CD95 signaling (Figure 2a). The CD95xMOPC molecule also showed moderate
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inhibition of cell proliferation, but only at high concentrations, indicating that the observed
effect is highly dependent on the presence of the respective target antigen.

Table 1. Antigen expression on lymphoma cell lines and IC50 values of bispecific antibodies. The
number of CD20, CD19, and CD95 molecules expressed on different lymphoma cell lines (see also
Figure 2a) as well as the absolute IC50 values (pM) of different bispecific antibodies (see also Figure 2b).
Mean ± SD, n = 3.

Molecules/Cell (×1000) CD95xCD20 CD95xCD19 CD95xMOPC
Cell Line CD20 CD19 CD95 abs. IC50 abs. IC50 abs. IC50

SKW6.4 218 ± 58 18 ± 1 105 ± 26 24 ± 11 69 ± 29 481 ± 571
JY 190 ± 10 17 ± 3 122 ± 5 35 ± 1 107 ± 35 -

C1R 233 ± 124 9 ± 4 93 ± 17 32 ± 7 306 ± 154 -
Raji 332 ± 125 99 ± 36 130 ± 24 - - -

To further confirm that the observed inhibition of proliferation is due to apoptosis,
an intracellular staining of active caspase-3 was performed using flow cytometry. The
results depicted in Figure 2c demonstrated that upon treatment with CD95xCD20 bsAb
a significantly higher active caspase-3 staining was observed. In contrast, no significant
increase was observed with CD95xCD19 and the control bsAb.

3.3. In Vivo Activity against Malignant B Cells

Next, we decided to compare the newly generated CD95xCD20 molecule in the IgGsc
format to the previously generated Fabsc molecule by Nalivaiko and colleagues in vitro and
in vivo (Figure 3a) [23]. CD19 bsAbs were not included in in vivo assays as they showed no
significant therapeutic effects on lymphoma cell lines. In vitro, both CD95xCD20 antibody
formats induced similar killing of SKW6.4 cells (Figure 3b).

In vivo antitumor activity of CD95xCD20 was examined using established SKW6.4
tumor models in CB17 SCID mice. Antibodies in the Fabsc format were shown to have
a very short serum half-life, which is greatly increased in IgGsc molecules, as the latter
contains a functional CH3 that allows binding to FcRn and recycling of the molecule
(Figure 3d) [23,24]. Accordingly, the IgGsc molecule was dosed twice on days 0 and 3
(50 μg per mouse, 100 μg total), while the Fabsc molecule was injected twice daily for
10 days (100 μg per mouse, 2 mg total) to compensate for the lower serum half-life. Both
molecules had no side effects as the mice were monitored three times a week and no loss in
weight was observed (Figure 3c). The Fabsc showed tumor regression until day ~15, but
once the antibody injection was stopped the tumors started to regrow rapidly. In marked
contrast, the IgGsc construct showed tumor regression until day ~40, despite a 20-fold
reduced total dose compared to the Fabsc (Figure 3e). Consequentially, the IgGsc molecule
resulted in improved overall survival of the mice (Figure 3f).

3.4. Depletion of Activated B Cells and Reduction of IgG and Cytokine Levels

Next, we assessed the activity of the IgGsc constructs to induce apoptosis in activated B
cells. The intention was to mimic the situation in patients with autoimmune diseases, where
activated B cells produce autoantibodies and cytokines or act as APCs that stimulate T cells
against self-antigens. Unlike CD19, CD20 is not expressed on antibody-producing plasma
cells. Therefore, the CD95xCD19 construct was again included in these experiments, even
if it showed only minor activity against lymphoma cells. Peripheral blood mononuclear
cells (PBMCs) from healthy individuals were stimulated for 7 days with toll-like-receptor
9 (TLR9) agonistic CpG oligodeoxynucleotides (ODN2006), before being treated with the
bsAbs for 2 days [26]. ODN2006 represents a B-class ODN for the activation of B cells,
leading to the upregulation of CD20, CD19, and especially CD95 (Figure S2a–c). The
expression of CD20 (~124,000 molecules per cell) and CD19 (~22,000 molecules per cell) on
activated B cells was comparable to lymphoma cell lines (see also Figure 2a and Table 1).
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Figure 3. Antitumor activity of the bispecific Fabsc and IgGsc molecules (CD95xCD20) in immunod-
eficient mice. (a) Schematic representation of the Fabsc (left) and the IgGsc format (right). (b) The
lymphoma cell line SKW6.4 was incubated for 48 h with different concentrations of bispecific anti-
bodies. Inhibition of proliferation was measured using a 3H-thymidine uptake. Mean ± SD, n = 3.
(c–f) 107 SKW6.4 cells were injected s.c. in CB17 SCID mice, and antibody treatment was started when
tumors reached a volume of 50–250 mm3. The Fabsc molecule was given twice daily at 100 μg/mouse
for 10 days (total dose 2 mg/mouse), while the IgGsc molecule was only dosed twice (on day 0 and
day 3) at 50 μg/mouse (total dose 100 μg/mouse). Mean ± SEM, 3–5 mice per group. (c) The body
weight of the mice was controlled 3 times per week. (d) Serum concentrations of the Fabsc and the
IgGsc molecule 1 h after injection of the dose on day 10 or on day 3, respectively. Unpaired t-test was
used for statistical analysis. (e) The relative tumor volume over time and (f) Kaplan–Meier plot of
the experiment shown in (e). Log-rank (Mantel–Cox) test for pairwise comparisons was used for
statistical analysis. * p < 0.05, ** p < 0.01.

The bispecific anti-CD95 antibodies induced a pronounced target cell-mediated de-
pletion of activated B cells with comparable efficacy for the CD95xCD20 and CD95xCD19
construct (Figure 4a). The depletion of activated B cells also resulted in reduced IgG and
cytokine (IL-6 and IL-10) levels in the supernatant (Figure 4c,d). Both cytokines are as-
sociated with different autoimmune diseases [30]. IL-2 and TNFα could not be detected.
IFNγ secretion appeared to be reduced after antibody treatment but was highly donor-
dependent and the effect was overall not significant (data not shown). The secretion
of different cytokines most probably also led to minor activation of T and NK cells, re-
sulting in “bystander killing” by cross-linking with CD20- and CD19-expressing B cells
(Figures 4a and S2a). The killing of B cells within resting PBMC preparations was much
weaker, highlighting the specificity for CD95-expressing activated lymphocytes (Figure 4b).
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Figure 4. Bispecific CD95 antibodies induce depletion of activated B cells and reduce the production
of IgG antibodies and cytokines. CD95xCD20 in red, CD95xCD19 in blue and CD95xMOPC in white.
(a) Human PBMCs were activated with 0.1 μM ODN2006 for 7 days before they were incubated for
2 days with 0.1 nM of bispecific antibody. The viability of B cells, T cells, and NK cells was then
analyzed by flow cytometry and normalized to the untreated controls. (b) Unstimulated human
PBMCs were treated for 2 days with 0.1 nM of bispecific antibody and then analyzed as in (a).
(c) The supernatant from (a) was analyzed for inhibition of IgG production and (d) for the secretion
of IL-6 and IL-10 from activated B cells. Boxplot and whiskers from six different donors. Statistics
were calculated with one-way ANOVA. Treatment versus isotype control. * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.5. Anti-CD95 bsAbs in the IgGsc Format Do Not Induce Apoptosis in Hepatocytes

Systemic administration of anti-CD95 antibodies can lead to fulminant hepatitis. This
depends, among other reasons, on the antibody clone used and whether it stimulates type I
apoptosis (mitochondria-independent) or type II apoptosis (mitochondria-dependent) [19,31].
SKW6.4 and activated lymphocytes are described as type I cells, while hepatocytes are
considered type II cells.

To ensure that our anti-CD95 clone Apo-1 does not induce apoptosis in hepato-
cytes, we co-incubated SKW6.4 and the hepatic stellate cell line LX-1 with our bsAbs
(Figure 5). This resulted in a target cell-mediated depletion of SKW6.4 lymphoma cells
(CD20+/CD19+/CD95+), while LX-1 cells (CD20−/CD19−/CD95+) were unaffected
(Figure S2d).
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Figure 5. Bispecific anti-CD95 antibodies induce apoptosis in activated lymphocytes (type I cells)
but not in hepatocytes (type II cells). SKW6.4 lymphoma cells and LX-1 hepatic stellate cells were
co-cultured for 20 h before the depletion of both cell populations was determined by flow cytometry.
Statistics were calculated with two-way ANOVA. Treatment versus isotype control. Mean ± SD,
n = 3. *** p < 0.001, **** p < 0.0001.

4. Discussion

The selective activation of the CD95 death receptor by bsAbs is a very attractive
strategy for depletion of undesired B cells that express CD95. To this end, we developed
two antibodies in the IgGsc format targeting the B cell-restricted antigens CD20 and CD19
for target cell-mediated induction of apoptosis. The IgGsc format was chosen for its
favorable pharmacokinetic and producibility [24].

CD20 is a rather small antigen (33–35 kDa) and the antibody clone 2H7 binds in close
proximity to the cellular membrane to a similar epitope as does rituximab [32]. Herrmann
and colleagues reported that anti-CD95 bsAbs induce apoptosis rather in trans than in cis
configuration [33]. Therefore, the architecture of CD20 might facilitate bicellular binding
of bsAbs and thus creates optimal conditions for CD95 clustering. The combination with
its high expression levels on malignant and activated B cells make CD20 a very promising
candidate for targeted induction of apoptosis. Our CD95xCD20 bsAb revealed IC50 values
as low as 25 pM, which was remarkable considering the rather low affinity of the anti-CD20
clone 2H7 as a single chain. The construction of the molecule in a “reversed orientation”,
with an N-terminal CD20 binder, was not possible as the anti-CD95 clone Apo-1 cannot be
expressed as a single chain as some antibodies tend to show high levels of aggregation in
this confirmation [23,34]. CD19 expression was much weaker on malignant cells, reducing
apoptotic effects.

In a recent publication, we could show that the IgGsc format has a much better
pharmacokinetic as compared to our previous Fabsc format [24]. Therefore, we decided to
compare both formats with CD95xCD20 specificity in CB17 SCID mice bearing established
SKW6.4 tumors. To compensate for Fabsc’s lower serum half-life, its total dose was 20-fold
higher compared to the IgGsc. Nevertheless, the anti-tumor efficacy of the IgGsc was
clearly superior due to its improved serum half-life and, as demonstrated by Zekri et al.,
due to sustained tumor localization.

A limiting factor for the treatment of lymphomas with our bispecific antibodies of the
described kind is loss of CD95 expression or sensitivity [16,17]. The Burkitt lymphoma cell
line Raji for example showed high expression levels of CD95 but was still resistant to CD95-
mediated apoptosis. The combination with the Bcl-2 inhibitor Venetoclax or Doxorubicin
could help restore CD95 sensitivity.

In contrast to malignant cells, normal B cells acquire CD95 expression and sensitivity
during the activation [13,14]. This plays a crucial role in regulating the homeostasis of B cell
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activation, demonstrated by the fact that disorders of CD95-mediated apoptosis can lead
to the autoimmune lymphoproliferative syndrome (ALPS) [35,36]. Therefore, bsAbs with
CD95xtarget-specificity could be successfully used for the treatment of B cell-mediated
autoimmune diseases as these cells should not escape CD95-mediated apoptosis as easily
as malignant cells.

Our study confirmed that B cells activated for 7 days are highly sensitive to CD95 sig-
naling. The anti-CD95 bsAbs induced profound B cell depletion and subsequent reduction
in IgG and cytokine levels. In contrast to lymphoma cells, the CD95xCD19 construct was
also very effective at depleting activated B cells. Since the expression of CD19 on malignant
and normal B cells is comparable, this can possibly be explained by a higher sensitivity
of normal lymphocytes to CD95-induced cell death and/or the expression of this antigen
on antibody-producing plasma cells [37,38]. However, autoantibody production is not the
only problem in B cell-mediated autoimmune diseases, as B cell-derived cytokines such
as IL-6 can support autoimmunity. Indeed, it has been demonstrated that B cell-derived
IL-6 plays an important role in experimental autoimmune encephalomyelitis (EAE) and
MS [39]. The secretion of cytokines most likely led to the activation of other lymphocytes
in our experiments and explains the “bystander killing” of T and NK cells. In any case, our
antibodies showed only minor depletion of resting PBMCs, highlighting to specificity for
activated lymphocytes.

Activation of the CD95 death receptor depends on the clustering and immobiliza-
tion [21]. Immobilization enhances the activity of soluble FasL by several orders of mag-
nitude, but soluble FasL can still induce apoptosis. In principle, our anti-CD95 bsAbs, by
inducing “bivalent CD95 stimulation”, might also be able to trigger the CD95 death receptor
without immobilization in higher concentrations. In patients, this could potentially lead to
hepatic damage since hepatocytes are very sensitive to CD95 activation. However, several
publications indicate that depending on the antibody clone apoptosis is rather induced
in activated lymphocytes (type 1 cells) than in hepatocytes (type II cells) [19,31]. Indeed,
we did not observe apoptosis of hepatic stellate cells in the presence of our anti-CD95
(clone Apo-1) bsAbs. Thus, in conclusion, we believe that our novel CD95xCD20 and
CD95xCD19 constructs are attractive reagents for treatment of B cell-derived malignancies
and autoimmune diseases by targeted induction of apoptosis.

5. Conclusions

In summary, bispecific anti-CD95 antibodies are promising candidates for a more
specific depletion of malignant and autoreactive B cells and hold promise to improve the
safety and efficacy compared to previously established antibody therapies.

6. Patents

AH is listed as an inventor of the patent application “recombinant bispecific antibody
binding to CD20 and CD95”, EP2920210B1, applicant Baliopharm AG, Basel, Switzerland.
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//www.mdpi.com/article/10.3390/cancers14163941/s1, Figure S1. Biochemical characterization of
CD95xMOPC and quantitative analysis of antigen expression on Jurkat and Daudi cells. Figure S2.
Antigen expression on resting and activated lymphocytes.
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Simple Summary: Cell-to-cell communication between the immune system and tumors is of the
utmost importance; it influences the development of tumors, their growth, and how they respond to
treatments. In this article, we provide an overview of why understanding the interactions between
immune and tumor cells is so significant for developing anti-cancer therapeutics, particularly cancer
immunotherapy. We delve into the methods and tools used to decipher these interactions and
discuss the potential impact on the future of cancer treatment. Moreover, we emphasize the power of
unraveling these interactions in advancing cancer immunotherapy. We also explore the challenges
that can be tackled by gaining insights into these interactions.

Abstract: The tumor and tumor microenvironment (TME) consist of a complex network of cells,
including malignant, immune, fibroblast, and vascular cells, which communicate with each other.
Disruptions in cell–cell communication within the TME, caused by a multitude of extrinsic and
intrinsic factors, can contribute to tumorigenesis, hinder the host immune system, and enable
tumor evasion. Understanding and addressing intercellular miscommunications in the TME are
vital for combating these processes. The effectiveness of immunotherapy and the heterogeneous
response observed among patients can be attributed to the intricate cellular communication between
immune cells and cancer cells. To unravel these interactions, various experimental, statistical, and
computational techniques have been developed. These include ligand–receptor analysis, intercellular
proximity labeling approaches, and imaging-based methods, which provide insights into the distorted
cell–cell interactions within the TME. By characterizing these interactions, we can enhance the design
of cancer immunotherapy strategies. In this review, we present recent advancements in the field of
mapping intercellular communication, with a particular focus on immune–tumor cellular interactions.
By modeling these interactions, we can identify critical factors and develop strategies to improve
immunotherapy response and overcome treatment resistance.

Keywords: immunotherapy; cell–cell interaction; intercellular labeling; intercellular imaging;
bioinformatics; cancer

1. Introduction

Intercellular interactions play crucial roles in organism function and development.
Cells can interact with each other either directly (in physical proximity) or indirectly
(paracrine signaling). These interactions are the basic building blocks of physiological
communication and are essential for tissue formation, immune response, homeostasis, and
regeneration. In direct cellular communications, contact between cell surfaces can occur via
gap junctions, cell adhesion, tunnel nanotubes, and ligand receptor signaling. When cells
interact indirectly, cellular information is shared through signaling from extracellular vesi-
cles, cytokines, chemokines, growth factors, metabolites, and exosomes. These intercellular
interacting mechanisms contribute to tissue development and physiological functions [1].
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A healthy immune system can precisely identify and eliminate precancerous cells,
and it eliminates them before they cause any harm, by a process referred to as tumor im-
mune surveillance. Numerous extrinsic and intrinsic factors impair immune–precancerous
cell interactions, contributing to tumorigenesis. Once developed, tumor cells evade and
disrupt the host immune system, leading to an immune-suppressive tumor microenvi-
ronment (TME). The TME is a complex ecosystem comprising tumor cells, immune cells,
fibroblasts, extracellular matrices, and signaling molecules. The interaction between the
immune cells and cancer cells within the TME evolves and can result in either pro- or anti-
tumorigeneses [2]. Restoring the immune function and the network of healthy cell–cell com-
munication within the TME has become a significant component of cancer immunotherapy.

Cancer immunotherapy began in the 1980s with an interferon-α2 inhibitor as the first
immunotherapeutic agent approved by the FDA in 1986 [3]. Since then, numerous other
immunotherapies have been discovered, including immune checkpoint inhibitors, oncolytic
viruses, bispecific T cell engagers, cytokine therapies, and adoptive cell therapies. The
central concept of immunotherapy is to restore or reactivate the host anti-tumor immune
system [3]. As promising as these immunotherapies are, clinical response varies signifi-
cantly from patient to patient, primarily because of distinct patterns of immunosuppressive
TMEs and different patterns of disruption in cell–cell interactions. About 30–40% of patients
respond to immunotherapy, with fewer achieving a durable response [4]. Variability in
the TME primarily relates to the different degrees of tumor-infiltrated lymphocytes (TILs)
and their functions. Some patients have “hot” tumors, where the tumors have higher TILs,
and these patients usually respond well to immunotherapy [5]. On the other hand, some
patients have “cold” tumors with poor or almost no TILs, and these tumors often develop
resistance to immunotherapy [5]. Elucidating the mechanism of resistance and characteriz-
ing the distorted patterns of intercellular interactions between tumor and immune cells
within TMEs has become critical for more potent immunotherapies.

Studies over the years have showcased the cell types present in the TMEs associated
with positive and negative outcomes of immunotherapy. High CD8+ T cell abundance
is often associated with favorable overall survival, whereas increased regulatory T cells
are associated with poor overall survival [6,7]. However, a recent pan-cancer analysis
showed that high CD8+ abundance is not always associated with a better prognosis, as the
spatial cellular assemblies are also crucial [8], which means that different immune cells will
have various prognostic factors depending on the location and type of cancer. In addition
to PD-L1 expression and tumor mutation burdens, there are still no robust prognostic
biomarkers across cancers.

Methods that can characterize the deformed intercellular interactions and identify
the cell (sub-) populations that are involved in the interactions are extremely critical
for prognosis. Identifying which cell population at which cellular state is associated
with positive or negative outcomes in immunotherapy is extremely valuable to patient
stratification, prognostic biomarkers, and resistance mechanisms. This review aims to
explore the diverse manifestations of cell–cell interactions in the context of cancer, providing
an overview of quantitative approaches to assess these interactions. Moreover, it seeks to
investigate the potential of leveraging the influence of cell–cell interactions to enhance the
efficacy of cancer immunotherapies.

2. Cell–Cell Interactions during Tumorigenesis

The immune system consists of two compartments: innate cells (such as macrophages,
neutrophils, dendritic cells, and natural killer cells) and adaptive cells (B cells and T cells).
Innate cells rapidly respond to foreign pathogens, presenting antigens to adaptive cells to
initiate specific immunological responses. In the context of cancer, antigen-presenting cells
detect tumor antigens and present them to naïve lymphocytes. This communication primes
and activates lymphocytes, which then migrate to the tumor site. The activated T cells
recognize and eliminate tumor cells. The innate and adaptive immune cells collaborate in
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a process called cancer immunoediting to eliminate tumors. However, if this process is
unsuccessful or suppressed, the tumor microenvironment forms.

The progression of the TME towards malignancy can be understood within the frame-
work of cancer immunoediting. Cancer immunoediting refers to the dynamic interplay
between the host immune system and the tumor cells, whereby immune mechanisms either
restrain or promote tumor development. This process can be divided into three distinct
phases: elimination, equilibrium, and escape [9].

During the elimination phase, innate and adaptive immune responses collaborate to
recognize and eliminate malignant cells. The innate immune system, including dendritic
cells and antigen-presenting cells, primes and activates T cells by presenting tumor antigens.
These activated T cells are then mobilized to directly interact with cancer cells, leading
to their destruction [9]. However, tumors can evade elimination by exploiting immune
checkpoints, such as PD-1/PD-L1 and CTLA-4, which act as brakes on T cell activity. When
T cells engage with cancer cells bearing PD-L1 or CTLA-4, inhibitory signals are transmitted,
causing T cell exhaustion and inactivation [9].

Tumors that successfully evade elimination enter the equilibrium phase, during which
they remain dormant but develop resistance mechanisms against immune surveillance [9].
This resistance is mediated by immunosuppressive cell types, including tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), cancer-associated fi-
broblasts (CAFs), and regulatory T cells (Tregs) [10]. These cells actively communicate
with other components of the TME, dampening T cell activation, modulating effector cell
function, and promoting tumor progression. Of special significance, CAFs and TAMs
play pivotal roles in carcinogenesis and the maturation of TMEs [10]. CAFs can promote
tumor growth, angiogenesis, the invasion of tumor cells into surrounding tissues, and the
modulation of the tumor response to immunotherapy [11–13]. They also secrete various
signaling molecules and cytokines that can modulate immune responses and create an
environment favorable for tumor growth. The equilibrium phase sets the stage for the
subsequent escape phase, characterized by clinically detectable tumor growth and the need
for therapeutic intervention [9,10].

Effective immunotherapy can revert tumors to the elimination phase, where the sup-
pressive mechanisms are counteracted, leading to the elimination of the tumor [9]. However,
a partial response to immunotherapy may shift the tumor back into the equilibrium phase,
enabling the emergence of resistant clones and eventually leading to the escape phase,
signifying acquired resistance to immunotherapy [9]. In cases where immunotherapy fails
to induce a response, the tumor demonstrates innate resistance to treatment [9].

Understanding the intricate dynamics of cancer immunoediting and intercellular
interactions between tumor and immune cells is crucial for the development of effective
therapeutic approaches aimed at restoring immune control over tumors and achieving
durable clinical responses.

3. Cell–Cell Interactions Are the Pharmacological Basis of Immunotherapy

Almost all types of immunotherapies involve direct cell–cell interactions for anti-
tumor effect. One of the key cell–cell interactions during immunotherapy is the interaction
between T cells and tumor cells. T cells can recognize and target tumor cells through
the recognition of specific antigens presented by the tumor cells. However, tumors can
evade T cell recognition by downregulating antigen presentation or by producing immune-
suppressive molecules. Cell–cell interactions are the pharmacological basis of immunother-
apy (Figure 1). The most successful immunotherapy—immune checkpoint inhibitors—have
been approved for over 19 types of cancer treatment [14]. Blocking the immune checkpoint,
CTLA-4 or PD-1/PD-L1, can restore the function of TILs for cytotoxic effects, which entail
direct physical and functional contact between TILs and tumor cells. TILs, once engaged
with target cells, can secrete perforin and granzyme B for cytotoxic effects [15].
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Figure 1. Cell–Cell interactions are the pharmacological basis of immunotherapy. The primary
pharmacological mechanism of immunotherapy entails the activation or engagement of diverse
immune cell populations to identify and eradicate cancer cells. This crucial process heavily relies
on the dynamic interplay between immune cells and cancer cells within the TME. Within the TME,
immune cells, including T cells, natural killer (NK) cells, dendritic cells (DCs), and macrophages,
establish various types of interactions with cancer cells. These interactions encompass intricate
molecular signaling pathways, direct cell-to-cell contact, and the exchange of soluble factors. The
ultimate objective of immunotherapeutic approaches is to either alleviate immune suppressive
interactions within the TME or activate immune effector functions, thereby unleashing the anti-cancer
pharmacological effects of immunotherapy.

Another mechanism in which immune cells can have a cytotoxic effect on cancer
cells is the process of antibody-dependent cellular cytotoxicity (ADCC) [15,16]. In ADCC,
tumor-specific monoclonal antibodies (mAbs) recognize tumor-selective antigens on the
surface of cancer cells. The Fc receptor expressed by the effector immune cell binds the Fc
portion of the antibody attached to the cancer cells. Upon binding, the immune cell secretes
proteins and enzymes, inducing cancer cell lysis. Many IgG-based targeted therapies,
such as rituximab and trastuzumab, can trigger antibody-dependent cellular cytotoxicity
(ADCC) through interactions between Fc and Fcγ receptors expressed on effector cells,
initiating direct cell–cell interactions and cytotoxicity [16].

Another therapeutic approach that utilizes antibodies is bispecific T cell engagers
(BiTEs) [17]. BiTEs are characterized by having two different antigen-binding sites in a
single molecule, with one site binding to T cell receptors to activate cytotoxic T lymphocytes,
and the other site binding to tumor-specific antigens (TSAs). The engagement between
cytotoxic T lymphocytes and tumor cells triggered by BiTEs leads to the elimination of
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the tumor cells. Examples of BiTEs include CD3 and 4-1BB, which activate cytotoxic T
lymphocytes, and target tumor-associated antigens (TAA), such as CD19 and CD20. BiTEs
redirect cytotoxic T lymphocytes to specifically recognize and engage tumor cells, initiating
cell–cell contact, known as the immunological synapse, and inducing cytotoxicity [17,18].

Chimeric antigen receptor (CAR) cell therapies represent a novel immunotherapeutic
approach that signifies a significant advancement in personalized cancer treatment [19].
This approach involves genetically modifying T cells or natural killer (NK) cells to express
synthetic receptors (CARs) that can bind to tumor antigens [19]. This genetic modification
enables the redirected T or NK cells to specifically recognize cancer cells and initiate
immune responses against them.

Oncolytic virus therapy holds promise as an immunotherapy approach that involves T
cell activation and cell–cell interactions. This therapy utilizes either genetically engineered
or naturally occurring viruses that can selectively replicate within cancer cells and kill
them while sparing non-cancerous cells [20,21]. Upon administration, the oncolytic virus
activates the immune system, leading to the recruitment of natural killer (NK) cells and
CD8+ T cells to the tumor site. This process results in the reduction in regulatory T cells
(Tregs) and facilitates an effective immune response against the cancer cells [20,21].

In summary, intercellular interactions between effector cells (such as cytotoxic T
lymphocytes and NK cells) and tumor cells have emerged as crucial steps for the efficacy of
immunotherapies. Therapeutic approaches such as BiTEs, CAR cell therapies, and oncolytic
virus therapies exploit these interactions to enhance the immune response against cancer
cells, and they hold promise for the improvement of cancer treatment outcomes.

4. Experimental and Modeling Systems for Studying Cell–Cell Interactions

The intricate interplay between immune cells and structural components within the
TME significantly influences patient outcomes, therapeutic response, and disease progres-
sion [22]. While existing data shed light on the communicative relationships between
immune cells and tumor cells within the TME, there remains a substantial knowledge gap
with regard to the intra-patient and intra-cancer types of communication. Consequently,
the TME and its diverse cellular components have emerged as an enticing landscape for
the research aiming to discover novel therapeutic strategies and optimize patient manage-
ment [22].

To investigate and elucidate the intricate cellular interactions within the TME, nu-
merous methodologies and systems have been developed (Figure 2). These approaches
encompass in vitro and in vivo models, employing molecular analysis techniques, proxim-
ity labeling methods, and bioinformatic approaches [22,23]. Understanding the composition
of distinct cell types within different TMEs and patient contexts is pivotal for advancing
therapeutic interventions and identifying prognostic biomarkers. In this section, we delve
into various experimental techniques and modeling systems for the comprehensive study of
cell–cell interactions, encompassing experimental modeling systems, microscopy/imaging,
proximity labeling, and bioinformatic approaches.

The study of cell–cell interactions employs various in vitro experimental systems,
including two-dimensional (2D) cell culture and three-dimensional (3D) methods such as
spheroids and organoids, as well as tissue samples (Table 1). Traditional 2D culture using
primary cells and cell lines has long been considered a gold standard in cell culture due
to its cost-effectiveness, long-term culture viability, low maintenance requirements, and
user-friendly nature [24]. However, 2D culture falls short in mimicking the natural tissue
structure, and it lacks biologically relevant cell–environment interactions when investigat-
ing complex environments like TME or normal tissue structures. To address this limitation,
3D cell culture techniques have revolutionized in vitro methodologies by providing more
physiologically relevant options [24]. Organoids and spheroids have gained popularity
as they enable the comparison of in vivo organs in vitro. Organoids, derived from stem
cells or patient tumor cells, are three-dimensional tissue cultures that replicate the mor-
phological and genetic features of the original tumor, allowing for patient-specific models
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and in vitro representations of the TME [25]. However, organoids have limitations, such
as high patient variability, absence of specific essential cellular components, challenging
culture maintenance, and higher costs [25]. On the other hand, spheroids are simpler
three-dimensional clusters of cells derived from various cell types, including tumor tissues
and hepatocytes [26]. They do not require scaffolding to form 3D cultures but rely on cell
adhesion. However, spheroids lack the ability to self-assemble or regenerate, making them
less desirable compared to organoids [26]. Both models enable three-dimensional assess-
ment of tumors in vitro, providing improved translational models for clinical applications.
Tissue biopsy slices are also valuable for identifying the spatial distribution and location of
cells within the TME or normal tissues. However, the slicing process introduces variability
in cell distribution due to the method employed [27].

Figure 2. Human and murine methods to study cell–cell interactions. Schematic overview of the
current human and murine methods for studying intercellular interactions. Human samples, obtained
primarily from tissue biopsies and blood samples, serve as valuable resources for investigating these
interactions. Two key techniques employed in human models are single-cell RNA sequencing
(scRNA-seq) and immunohistochemical staining (IHC). scRNA-seq enables the analysis of ligand–
receptor interactions, facilitating the mapping of diverse cell–cell interactions. On the other hand,
IHC provides spatial information, allowing for the identification of cell locations and their physical
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proximity to one another. In addition to the techniques utilized in human models, other innovative
methods have been developed to study intercellular interactions. These include proximity-based
intercellular labeling approaches such as LIPSTIC and EXCELL, which enable the identification of
neighboring cells and the assessment of their interactions. Proximity-based intercellular imaging
approaches such as confocal microscopy and CODEX offer further insights into intercellular commu-
nication by visualizing the spatial relationships between cells. Furthermore, intravital microscopy has
emerged as a powerful tool for the real-time monitoring of lymphocyte localization and movement
within tumor microenvironments.

Table 1. Experimental modeling systems for intercellular interactions.

Model System Sample Method Description Reference

2D cell culture Cells

Cells grow in a monolayer if adherent or suspended in a
culture flask. These cultures are a straightforward,
cost-effective, and low-maintenance approach. Within
the controlled environment, it is possible to investigate
the interactions between different cell lines and observe
their behavior and responses to treatments.

[24]

3D cell culture Cells

Cell growth and interactions occur in 3D space, where
cells interact with their surrounding environment and
neighboring cells. Two approaches: scaffold-based
methods using hydrogels or structural scaffolds and
scaffold-free techniques (spheroids).

[24]

Spheroids Cells

Organoids, also known as multicellular spheroids, are
self-assembled structures that mimic the physiological
environment and interactions found in vivo. They
provide a more physiologically relevant context,
allowing the investigation of intercellular interactions
and responses within a 3D microenvironment
resembling in vivo conditions.

[25]

Organoids Patient-derived cells
and tissues

Primary patient-derived microtissues grown in a 3D
extracellular matrix that represents in vivo physiology
and genetic diversity, allowing the investigation of
intercellular interactions and responses in a
patient-specific manner.

[26]

Tissue Slices Tumor Tissue
Tumor biopsy taken from patients or xenograft models,
stained to assess tumor morphology and spatial location
of cells.

[27]

Animal models Tumor Tissue

Compatible with intravital and intercellular
imaging/labeling techniques, as well as other genetic
systems designed to detect cell–cell interactions upon
contact or external stimulation, including UV or
fluorescent light.

[28]

Nevertheless, in vitro systems lack the host tissue contexture and immune system,
which are critical components for studying cell–cell interactions. Cell–cell interactions
rely heavily on the tissue contexture, and techniques that support in vivo investigations
have the potential to unveil novel modes of cell–cell interactions and their impact on
tumor response to therapies. In vivo systems with an intact host immune system, such as
syngeneic mouse models, are useful for studying the TME since the host immune system
can interact with the TME [28,29]. However, a drawback of in vivo models lies in the fact
that the interacting immune system being studied is often the host mouse immune system,
which differs significantly from the human immune system, especially concerning cellular
interactions [28].

Furthermore, tumor xenograft models using cell lines often undergo substantial ge-
netic changes, fail to recapitulate the natural tumor structure, and may lead to mouse-
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specific tumor evolution [29]. While mice are the preferred experimental model for immu-
nologists, there are significant differences between mice and humans, particularly in innate
and adaptive immunity, leading to challenges in translating findings to humans [30].The
low success rate of clinical trials, which is less than 15%, can be attributed, in part, to the
inadequate modeling of human diseases in animals and the limited predictability of animal
models [31]. Future advancements in ex vivo models and platforms, such as microfluidics,
hold promise with regard to the use of patient-derived human samples to study cell–cell
interactions, leading to better clinical translation.

5. Proximity-Based Labeling Approaches for Studying Cell–Cell Interactions

Intercellular proximity labeling approaches have revolutionized the study of cell–
cell interactions by providing spatially resolved information. These methods involve the
tagging or labeling of proteins or other molecules that are in proximity to a specific cell
type or surface marker [32] (Table 2). By identifying and analyzing the labeled molecules,
researchers can gain valuable insights into the neighboring cell types and their interactions.
In the context of studying the TME, proximity labeling approaches play a crucial role.
Understanding the interactions between cancer cells and immune cells within the TME is
essential for developing effective immunotherapies. By labeling and tracking immune cells
that have come into proximity or contact with tumor cells, we can investigate the molecular
features of immune cells and assess how these cells influence the composition and function
of the TME.

Unlike the IHC or fluorescent staining approaches, proximity labeling techniques can
go beyond a time-frozen snapshot, helping to identify and track cells and providing a more
dynamic approach to cell–cell interactions. This becomes important when studying where
immune cells go after interacting with cancer cells and how that cellular movement affects
the composition of the TME. To ensure the applicability of proximity labeling approaches in
both in vivo and in vitro environments, it is essential that these methods are non-disruptive
and non-toxic to cells. This consideration ensures that the labeled cells maintain their
physiological properties and behave naturally during the experimental process. By utilizing
labeling techniques that are minimally invasive and compatible with live cell imaging,
researchers can gain a comprehensive understanding of cell–cell interactions in the TME.

Table 2. Proximity-based labeling approaches for studying cell–cell interactions.

System Scale Application Method Reference

EXCELL In vitro Labeling
Imaging

EXCELL (enzyme-mediated intercellular proximity labeling) is a
method that utilizes a variant of SrtA, mgSrtA, to enable the
non-specific labeling of cell surface proteins containing a
monoglycine residue at the N-terminus. Unlike other methods,
EXCELL does not require pre-engineering of acceptor cells and was
applied in in vitro studies.

[33]

G-BaToN
In vitro
In vivo
Ex vivo

Labeling
Imaging

G-BaToN is a versatile system for physical contact labeling between
cells. Sender cells express surface-bound GFP, while receiver cells
carry a synthetic element that selectively binds to GFP. Upon cell
contact, GFP is transferred from sender to receiver cells, leading to
fluorescence labeling of the receiver cells. This method requires
pre-engineering of both sender and receiver cells and can be used
for in vitro and ex vivo studies.

[34]

LIPSTIC In vitro Labeling

LIPSTIC (Labelling Immune Partnerships by SorTagging
Intercellular Contacts) is a proximity-dependent labeling method
that employs bacterial sortase (SrtA) to detect receptor–ligand
interactions between cells. It involves the attachment of biotin to
cell surface proteins, which can be detected using flow cytometry.
LIPSTIC can be used in both in vitro and in vivo settings by
pre-engineering the cells on both sides of the interaction.

[35]

FucoID In vitro
Ex vivo Labeling

FucoID is a method for identifying antigen-specific T cells using
interaction-dependent fucosyl biotinylation. This technique enables
the isolation of endogenous tumor antigen T cells from tumor
digests without prior knowledge of the tumor-specific antigens and
has been used for ex vivo studies.

[36,37]
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Table 2. Cont.

System Scale Application Method Reference

PUP-IT In vitro Labeling

PUP-IT (pupylation-based interaction tagging) is a method used to
identify membrane protein interactions. In this approach, a small
protein tag, Pup, is applied to proteins that interact with a
PafA-fused bait, enabling transient and weak interactions to be
enriched and detected by mass spectrometry. PUP-IT enables the
identification and analysis of protein–protein interactions occurring
at the membrane level.

[38]

2CT-CRISPR In vitro
Ex vivo Genetic influence

Two-cell type CRISPR assay. This assay can genetically manipulate
T cells to interact with cancer cells ex vivo to determine the genes
that influence T cell effector function on cancer cells.

[39]

TRACC In vitro Labeling Imaging

TRACC (Transcriptional Readout Activated by Cell–Cell Contacts)
is a system that utilizes light gating to detect cell–cell contacts
based on transcriptional activity (TF). Cells are engineered to
express a light-responsive TF that regulates the expression of a
reporter gene. When two cells come into contact, a light signal is
applied to activate the TF, resulting in the activation of the reporter
gene and subsequent detection of the cell–cell contact, monitoring
cell–cell interactions in a controlled and dynamic manner.

[40]

Cherry-niche In vivo Labeling Imaging

Cherry-niche is an innovative method that allows cells expressing a
fluorescent protein to selectively label their surrounding cells in the
tumor niche. This technique involves generating cancer cells
capable of transferring a liposoluble fluorescent protein to their
neighboring cells within the tumor microenvironment.

[41]

Caged luciferins In vitro
In vivo Imaging

Caged luciferins are utilized for bioluminescent activity-based
sensing. Activator cells expressing β-galactosidase catalyze the
cleavage of caged luciferin, known as Lugal, resulting in the release
of D-luciferin. The liberated D-luciferin can then enter nearby
reporter cells, where it serves as a substrate for the luciferase
enzyme, leading to the production of light and allowing for the
identification and visualization of cells that are in close proximity
to the sender cells.

[42]

SynNotch-activated
MRI In vivo Imaging

The SynNotch system is utilized to induce the expression of an MRI
contrast agent in recipient cells when they interact with sender cells
expressing the corresponding synthetic notch receptor, enabling the
detection and visualization of cell–cell communication events in
real time.

[43]

CLIP In vivo Labeling
Imaging

CLIP (cre-induced intercellular labeling protein) secretes a
membrane-permeable fluorescent protein (mCherry) from a donor
cell that can mark neighboring receptor cells. This method can label
both direct cell contact receptor cells and receptor cells at a
close-range distance.

[44]

Two prominent intercellular proximity labeling methods, EXCELL and LIPSTIC, em-
ploy the Staphylococcus aureus enzyme Sortase A (SrtA) to measure cell–cell interactions.
LIPSTIC (Labeling Immune Partnerships by SorTagging Intercellular Contacts) enables
the identification of ligand–receptor interactions between immune cells and their target
cells [33,35]. Cells expressing SrtA on their surface covalently attach biotin molecules to
neighboring surface proteins upon cell–cell contact [45]. The interacting cells are then
exposed to a streptavidin-conjugated fluorescent dye, allowing for quantification of the in-
teraction. LIPSTIC offers an unbiased approach for identifying ligand–receptor interactions
and allows for the study of interaction dynamics over time. However, it relies on the genetic
modification and the expression of both donor and receiver cells, limiting its application
to specific cell types or tissues [35]. EXCELL (enzyme-mediated intercellular proximity
labeling) represents a recent development; it uses an SrtA variant, mgSrtA, enabling promis-
cuous labeling of various cell surface proteins containing a monoglycine residue at the
N-terminus [33]. Unlike LIPSTIC, EXCELL does not require genetic modification of the
receiver cells, and it supports the identification of novel cellular interactions, including the
subtype identification of TILs interacting with tumor cells. For both approaches, the biotin-
labeled proteins can then be isolated and identified using streptavidin-based purification
methods such as flow cytometry, and these labeled cells could then be subjected to further
molecular characterization.

GFP-based Touching Nexus or G-baToN harnesses the trogocytosis communication
of cells to transfer GFP from a donor cell to an acceptor cell [34]. However, the G-baToN
approach requires the donor and receiver cells to both be transfected, which does not

177



Cancers 2023, 15, 4188

support the identification of unknown or novel CCIs [34]. FucoID has several advantages
over other proximity labeling approaches. It enables the labeling of glycoproteins, which are
an important class of proteins involved in many biological processes [36,37]. Additionally,
the fucose tag is relatively small, and it interferes minimally with the function of the labeled
proteins, which can reduce the likelihood of introducing artifacts into downstream analyses.
FucoID can also be combined with other techniques, such as single-cell RNA sequencing,
to gain a deeper understanding of the molecular mechanisms underlying intercellular
communication. However, FucoID also has some limitations. It is dependent on the
expression level and accessibility of the cell surface marker of interest, which may limit its
application to certain cell types or tissues. Additionally, the labeling efficiency of FucoID
may be affected by the density of glycoproteins on the cell surface and the availability of
fucose residues. Careful experimental design and validation are necessary to ensure the
accuracy and specificity of the results obtained using FucoID [36,37].

A subsequent method that is able to detect membrane proteins through proximity
labeling is population-based interaction tagging (PUP-IT) [38]. In this system, the small
protein tag Pup is weakly attached to proteins or prey interacting with the gene PafA or
bait [38]. PUP-IT was utilized to label the interaction between CD28-expressing Jurkat T
cells and CD80/86-expressing Raji B lymphocytes. PUP-IT CD28 extracellular Jurkat T cells
were able to label the Raji B cell in vitro [38]. However, for this interaction to be observed
both cells needed to be modified with the prey or bait genes. PUP-IT is also classified as a
“weak” interaction and may not be suitable for long-term tracking [38]. This highlights that
PUP-ID needs some knowledge of ligand–receptor interactions before using.

2CT-CRISPR assay is a novel and interesting approach for identifying genes that are
essential for effector T cell function in tumors. In the 2CT-CRISPR assay, human T cells were
represented as effectors, and melanoma cells were represented as targets [39]. The purpose
of this assay was to determine whether genetically manipulating the immune cell would
influence the tumor cell during ligand–receptor interactions [39]. A recombinant TCR-
engineered CD8+ T cell was used to target a specific antigen (NY-ESO-1) that can mediate
tumor size in melanoma patients. The 2CT method was used to control the selection
pressure and killing effects shown by the T cell as well as to modulate the effector to target
ratio. Furthermore, the 2CT method was used in combination with a CRISPR-Cas9 library
that held over 100,000 single-guide RNAs which impaired effector function in T cells. The
2CT method allowed for the analysis of genes necessary for immunotherapy, specifically
those that target effector T cell function. The 2CT method has exciting translation and
clinical opportunities to uncover genes in immunotherapy-resistant patients [39].

Other proximity-based methods for studying cell–cell interactions include TRACC
(Transcriptional Readout Activated by Cell–Cell Contacts) and SynNotch-activated MRI
(magnetic resonance imaging), both of which exploit specific receptor–ligand interactions
between two interacting cells to facilitate labeling and detection [40,43]. TRACC utilizes a g-
protein-coupled receptor with a light-sensitive domain to detect cell–cell interactions using
a transcriptional readout [40]. This approach allows for the visualization and identification
of cell populations involved in the interaction of interest. SynNotch-activated MRI combines
synthetic biology and imaging techniques to detect cell–cell interactions [43]. It involves
the engineering of cells expressing a synthetic Notch receptor that can be activated upon
interaction with a specific ligand presented by neighboring cells. Upon activation, the
engineered cells produce a contrast agent detectable by MRI, enabling the visualization
and tracking of the interacting cell populations [43].

Most proximity-based methods are dependent on cell–cell contact and interaction.
Cherry-niche, caged luciferins, and CLIP (cre-induced intercellular labeling protein) are
three approaches that do not solely rely on direct cell–cell contact for labeling [41,42,44]. In
the Cherry-niche method, cells are engineered to express the enzyme Cherry-tagged ligase,
which can attach a fluorophore to nearby cells expressing a complementary Cherry-tagged
receptor [41]. This proximity labeling occurs within a specific microenvironment or niche
defined by the presence of the ligase and receptor [41]. Caged luciferins, on the other hand,
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involve the use of caged luciferin molecules that can be activated by specific enzymes or
stimuli produced by engineered cells [42]. Upon activation, the caged luciferins produce
luminescent signals that can be detected and used to identify neighboring cells in the
vicinity [42]. CLIP has an interesting methodology in that it can label cells that are in direct
contact as well as those that are not in direct contact but are in proximity to each other [44].
This method involves the engineering of both the donor and receiver cells, where the donor
cell secretes a lipid-soluble tag containing mCherry that labels the recipient cells [44]. These
approaches provide additional tools for studying cell–cell interactions, offering different
mechanisms for labeling and detection beyond direct cell–cell contact.

In summary, intercellular proximity labeling or imaging approaches offer significant
potential for elucidating the intricate cellular interactions and communication networks
within the TME. These methods have been successfully employed in various research areas,
including the investigation of tumor metastasis [37,41], T cell priming [35], cell migra-
tion [35], tumor–immune cell interactions [37], cellular therapy [37], and the examination
of interactions between neurons and glioma cells [40]. As these techniques continue to
advance, it is anticipated that their application will expand further, enabling a broader
understanding of the factors and mechanisms that impede the pharmacological effects
of immunotherapies. Overall, intercellular proximity labeling approaches can provide
valuable insights into the complex cellular interactions and communication networks in
the TME, which can inform the development of more effective cancer immunotherapies.

6. Bioinformatic Techniques for Inferring Cell–Cell Interactions

Enzyme-based intercellular proximity labeling approaches are predominantly em-
ployed in experimental systems. However, with the growing availability of large clinical
datasets, bioinformatic methods have gained significance in the study of cell–cell inter-
actions and the identification of novel interactions. In clinical settings, bioinformatics
methods play a crucial role in inferring intercellular interactions or communication by
examining the coordinated expression patterns of ligand–receptor pairs’ cognate genes.
Ligand–receptor analysis has emerged as a valuable approach for investigating intercellu-
lar communication, particularly in the context of cancer immunotherapy. This approach
enables the identification of the specific ligand–receptor pairs involved in immune cell
interactions with cancer cells or the TME (Table 3).

This approach proves to be especially valuable in deducing intercellular interactions
that are not solely reliant on cell-to-cell contact. This is evident when immune cells and
cancer cells release diverse cytokines, chemokines, and growth factors that govern immune
reactions and inflammation. These signaling molecules and their corresponding receptors
may be modulated based on environmental cues. Through these bioinformatics methods,
we can deduce the likelihood of intercellular interactions based on their ligand–receptor
profiles; this is potentially pivotal in forecasting patient prognosis and treatment outcomes.

The analysis of ligand–receptor interactions primarily relies on single-cell RNA se-
quencing (scRNA-seq) or bulk RNA-seq data. The procedure typically involves the follow-
ing steps:

Data preprocessing: This step involves normalizing, quality controlling, and filtering
of gene expression data to ensure data integrity and reliability.

Gene set selection: A specific set of ligand and receptor genes is chosen based on prior
knowledge or by utilizing databases such as CellPhoneDB or Interactome INSIDER.

Calculation of ligand–receptor expression: The expression levels of ligand and receptor
genes are calculated for each cell or cell type within the dataset, regardless of whether the
data are scRNA-seq or bulk RNA-seq.

Ligand–receptor interaction analysis: Interactions between ligands and receptors are
predicted by assessing the co-expression patterns of ligand and receptor genes across differ-
ent cells or cell types. Several methods, including CellPhoneDB, scRNA-seq-based ligand–
receptor pair analysis (sLRPA), and LigandNet, are available for performing this analysis.
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Table 3. Bioinformatic techniques for inferring cell–cell interactions.

Platform Data Source Method Reference

CellTalkDB scRNA-seq Manually curated database of ligand–receptor pairs from both human and mouse samples. [46]

iTalk scRNA-seq Identifying and illustrating alterations in intercellular signaling network. R package made to
analyze and visualize ligand–receptor pair. [47]

PyMINeR scRNA-seq
Python maximal information network exploration resource. Fully automates cell
type-specific identification, and pathways as well as in silico detection of autocrine and
paracrine signaling networks

[48]

CellChat scRNA-seq

Open source R package that is able to visualize, analyze, and deduce intercellular
communications from a data input. Uses mass action models and differential expression
analysis to deduce cell state-specific signaling communications. Also provides visualization
outputs to compare intercellular communication methods.

[49]

CellPhoneDB scRNA-seq
Identifies biologically relevant interacting ligand–receptor pairs. Cells with the same cluster
are pooled together as one cell state. Ligand–receptor interactions are derived based on the
expression of a receptor of one state and a ligand of the other state.

[50]

Giotto scRNA-seq

Open source spatial analysis platform that contains two modules, Giotto analyzer and
Giotto viewer, which are both independent and fully integrated. Analyzer provides
instructions about steps in analyzing single-cell expression data, and the viewer provides an
interactive view of the data.

[51]

ICellNET RNA-seq, scRNA-seq,
and microarray

Transcriptomic-based framework that integrates a database of ligand–receptor interactions,
communication scores, and connections of cell populations of interest with 31 human
reference cell types and three visualization methods.

[52]

SingleCellSignalR scRNA-seq Open source R platform. Relies on a database of known ligand–receptor interactions
called LRdb. [53]

CCC Explorer Transcriptome profiles Java-based software. Uses a computational model to look at cell–cell communications
ranging from ligand–receptor interactions to transcription factors and target genes. [54]

NicheNet Gene expression data Open source R platform. Uses a database of ligand–receptor interactions to identify
ligand–receptor interactions that could drive gene expression changes [55]

SoptSC RNA-seq

Similarity matrix-based optimization for single-cell data analysis. Uses a cell-to-cell
similarity matrix via gene marker identification, lineage reference, clustering, and
pseudo-temporal ordering. From this information, it predicts cell–cell
communication networks.

[56]

SpaoTSC scRNA-seq

Spatially optimal transporting of the single cells. The method has two major components: (1)
constructing spatial metric for cells from scRNA-seq data and (2) reconstructing the cell–cell
communication networks from the data and identifying relationships between genes from
intercellular relationships. Uses python.

[57]

scTensor scRNA-seq
Open source R package. Instead of looking at one-to-one cell–cell interactions, this software
focuses on many-to-many cell–cell interactions. scTensor looks at a three-way relationship
(hypergraph) between ligand expression, receptor expression, and ligand–receptor pairs.

[58]

Visualization and interpretation: The results of the analysis are visualized using
heatmaps, networks, or other visualization techniques. These results can be interpreted to
identify the specific ligand–receptor pairs that may be involved in intercellular communica-
tion and to gain insights into the underlying biological processes.

Bioinformatic methods offer valuable tools for inferring intercellular interactions and
communication based on transcriptome data. These approaches provide valuable insights
into the intricate network of cell–cell interactions in the context of cancer immunother-
apy. Notably, ligand–receptor analysis holds promise for the identification of predictive
biomarkers for immunotherapy response and the monitoring of treatment efficacy.

Nevertheless, it is important to acknowledge the limitations of these bioinformatic
methods in inferring intercellular interactions. Firstly, their predictions solely rely on gene
expression data and overlook additional factors like post-translational modifications or
protein localization that can influence interactions. Secondly, these methods hinge upon ex-
isting knowledge of ligand–receptor pairs, which may be incomplete or imprecise. Thirdly,
the biological relevance of the predictions is not guaranteed, necessitating experimental
validation. Lastly, technical artifacts such as batch effects, sequencing depth, and normal-
ization methods can influence the accuracy and reproducibility of the results. Considering
these limitations, it is crucial to exercise caution and combine bioinformatic predictions
with experimental validation to ensure the reliability and significance of the findings.
Continued advancements in bioinformatic techniques and complementary experimental
approaches will enhance our understanding of intercellular interactions and their role in
cancer immunotherapy.
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7. Potential Questions to Be Addressed by These Approaches

A wide array of scientific questions concerning cancer immunotherapy could be
answered by utilizing these cell-cell interactions techniques. These questions include:

What are the subpopulations of immune cells interacting with the tumor cell during
immunotherapy?

What are the molecular features of these interacting immune cells, and how are the
molecular features related in response to immunotherapy?

Do the effector cells that have interacted with the tumor cells migrate across tumor
metastatic lesions?

Ultimately, the answers to these questions can uncover the pharmacological actions of
cancer immunotherapy and reveal the underlying molecular mechanism of resistance.

8. Concluding Remarks

The TME represents an intricate network comprising diverse cell types engaged in
communication; it plays a pivotal role in shaping the tumor landscape. Effective communi-
cation between immune cells and cancer cells holds great significance in the determination
of the patients’ responses to immunotherapy, and it contributes to treatment resistance
and interpatient variability in the responses. The investigation of cell–cell communication
in immune cells under normal and pathological conditions provides crucial insights into
the mechanisms of cancer immunotherapy, patient responses, disease progression, and
TME status. Various experimental and computational approaches exist for elucidating
pathological intercellular interactions, both directly and indirectly, with the aim of iden-
tifying the communicating cell populations. Comprehensive understanding, modeling,
and the discovery of cell–cell interactions within the TME hold immense potential for the
identification of the critical factors and strategies influencing immunotherapy response,
treatment resistance, and TME status.

In recent times, advances in imaging, microscopy, cellular engineering, and bioinfor-
matics have emerged as powerful tools for the unraveling of novel mechanisms and cellular
relationships, thereby paving the way for improved immunotherapy options for patients.
By leveraging these methodologies synergistically, it becomes possible to bridge existing
knowledge gaps and gain a comprehensive understanding of treatment resistance and to
design more potent cancer immunotherapies.
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