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Table 1: Abbreviations

ACT Adoptive cell therapy

B7-H3 B7 homolog 3 protein

BiAb Bispecific antibody

CAF Cancer-associated fibroblast

CAR Chimeric antigen receptor

CCL Chemokine ligand

CCR Chemokine receptor

CD Cluster of differentiation

CRISPR Clustered regularly interspaced short palindromic repeats
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
CXCL C-X-C motif chemokine ligand

CXCR C-X-C motif chemokine receptor

DNR Dominant-negative receptor

EGFRuvII Epidermal growth factor receptor variant 3
ELISA Enzyme-linked immunosorbent assay
EpCAM Epithelial cell adhesion molecule

Fc Fragment crystallizable

GFP Green-fluorescent protein

HER2 Human epidermal growth factor receptor 2
HPSCT Hematopoietic stem cell transplant

i. p. Intraperitoneally

i v. Intravenously

ICI Immune checkpoint inhibitor

IFN(GR1) Interferon (gamma receptor 1)

IHC Immunohistochemistry

IL Interleukin

LUC Luciferase

(nMCSP (recombinant) Melanoma-associated chondroitin sulfate proteoglycan
MDSC Myeloid-derived suppressor cell

MHC Major histocompatibility complex




List of abbreviations

mRNA Messenger ribonucleic acid

NK cell Natural killer cell

NSG NOD scid gamma

PD-1 Programmed cell death protein 1

gPCR Quantitative polymerase chain rection
RAG2 Recombination activating gene 2

S. C. Subcutaneously

SAR Synthetic agonistic receptor

scFv Single chain variable fragment

STAT1 Signal transducer and activator of transcription 1
TAA Tumor-associated antigen

TAM Tumor-associated macrophage

TCR T cell receptor

TGF-B(-R2) Transforming growth factor 3 (receptor 2)
TIL Tumor-infiltrating lymphocyte

TME Tumor microenvironment

TNF-a Tumor necrosis factor o

Treg Regulatory T cell

TYRP1 Tyrosinase-related protein 1

VEGF Vascular endothelial growth factor
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1. Contribution to the publications

1.1 Contribution to paper I: Bispecific antibodies redirect
synthetic agonistic receptor modified T cells against
melanoma

In the paper “Bispecific antibodies redirect synthetic agonistic receptor modified
T cells against melanoma” we identified melanoma-associated chondroitin sulfate
proteoglycan 4 (MCSP) and tyrosinase-related protein 1 (TYRP1) as suitable an-
tigens for a targeted approach against melanoma. Furthermore, we applied the
synthetic agonistic receptor (SAR) platform consisting of SAR T cells in combina-
tion with bispecific antibodies (BiAb) targeting these tumor-associated antigens
(TAA). We could show conditional antigen-dependent SAR T cell activation, tar-
geted melanoma cell lysis, potent anti-tumoral activity in vitro and in vivo and

long-term survival of treated mice.

This paper was published with shared first authorship since the other first author
and the author of this dissertation worked together on generating most of the data
and writing the manuscript. The project was started in 2012, ten years before the
publication of the paper and was since then elaborated with most of the data

generated by the two first authors.

The author of this dissertation could show differential expression of TYRP1 and
MCSP on messenger ribonucleic acid (mMRNA) and protein level on melanoma
cell lines A375 and MV3 and on tumor samples from patients with melanoma
using quantitative polymerase chain reaction (QPCR)- and flow-cytometry-based
readouts (Figure 1A and Supplementary Figure 1A). Additionally, the expression
of TYRP1 on murine melanoma cell lines B16 and YUMM?1.1, which were retro-

virally transduced to express TYRP1, was demonstrated, whereas no expression
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was detected on T cells nor on the antigen-negative control cell line Panc02-Ova

(Supplementary Figure 1G and H).

In a next step, the author retrovirally transduced human and murine primary T
cells with the E3 SAR or E3del construct which was confirmed by flow cytometric
readouts (Figure 2A). The T cells featured a similar cluster of differentiation (CD)
4 to CD8 ratio and predominantly an effector-memory phenotype (negative for
chemokine receptor 7 (CCR7) and positive for CD45RO) irrespective of the trans-
duction with the E3 SAR or E3del construct (Figure 2B and C). In coculture ex-
periments with the human melanoma cell line A375 the author could demonstrate
specific activation of SAR T cells in conditions with the anti-TYRP1 x anti-epider-
mal growth factor receptor variant three (EGFRuvlIl) BiAb indicated by elevated
levels of interferon (IFN)-y, interleukin 2 (IL-2), tumor necrose factor a (TNF-a),
and granzyme B quantified in the supernatant with enzyme-linked immuno-
sorbent assay (ELISA) (Figure 2D). Furthermore, the author demonstrated in-
creased activation of the SAR T cells via CD69, 4-1BB and PD-1 expression,
increased T cell counts and lysis of A375 and MV3 tumor cells following 48 hours
of coculture only in conditions with MCSP- or TYRP1-targeting BiAb (Figure 2E
— G). These results were obtained via a flow-cytometric readout. Three out of six
assay repetitions were performed and measured by the author and the other
three repetitions were performed under the supervision of the author. Similarly,
the author measured increased concentrations of IFN-y, TNF-a, IL-2 and
granzyme B in the supernatant of murine SAR T cells cocultured with antigen-
positive B16 or YUMM1.1 TYRP1 melanoma cells in conditions with anti-TYRP1-

tageting BiAb (Supplementary Figure 2A).
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To probe the functionality of the platform with clinically more relevant cells, cocul-
ture experiments of human SAR T cells with primary melanoma samples with and
without either one of the BiAb were conducted. The author could show specific
activation of SAR T cells indicated by an increased expression of CD69, 4-1BB
and PD-1, IFN-y secretion and CD3* T cell count (Figure 3A — C). Furthermore,
the author demonstrated specific lysis of primary melanoma cells only in condi-
tions with either the MCSP- or TYRP1-targeting BiAb via a flow cytometric

readout (Figure 3D).

In a next step the influence of soluble forms of tumor antigen on the activation
and killing capacity of the SAR-BiAb platform was analyzed. Therefore, wells
were coated with increasing levels of recombinant MCSP (rMCSP) or rMCSP was
directly pipetted in increasing concentrations to the medium. Then, human SAR
T cells were added. The author demonstrated specific IFN-y release only with
plate-bound antigen, whereas only low IFN-y concentrations were measured with
soluble rMCSP via ELISA (Figure 4B). Similar results were obtained when the
experiments were repeated with soluble recombinant TYRP1 and anti-TYRP1 x
anti-EGFRVvIII BiAb (Supplementary Figure 3B). Thus, these results suggest that
the SAR-BiAb platform does not get activated by soluble antigen at the tested
concentrations and that soluble antigen does not impact tumor cell lysis of the
SAR-BiAb platform. In another coculture experiment with human SAR T cells,
A375 melanoma cells and either one of the two BiAb molecules, the modularity,
reversibility and controllability of the platform were tested. The author measured
increased IFN-y concentrations in the supernatant after 24 hours in the conditions

with either the MCSP- or TYRP1-targeting BiAb (Figure 4D). Then, the SAR T
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cells were washed with PBS and pipetted to a new plate with tumor cells. Follow-
ing transfer, the BiAb targeting the same antigen, the BiAb targeting the second
antigen or vehicle solution was added the medium. In the conditions with redosing
of either the MCSP- or TYRP1-targeting BiAb, the IFN-y expression was main-
tained. However, in the condition where no BiAb was redosed the IFN-y concen-
tration significantly dropped, indicating that the activation of SAR T cells can be
reversed when no BiAb is added (Figure 4E). When redosing with anti-MCSP x
anti-EGFRuvIII BiAb (first dosing with anti-TYRP1 x anti-EGFRuvlIII), the SAR engi-
neered T cells continued to secrete IFN-y indicating the lasting activation of the
SAR T cells when redosing with either of the BiAb (Figure 4E). The author could
demonstrate with this experiment that SAR modified T cells can sequentially tar-
get different antigens using BiAb with different antigen specificities indicating the

modularity of the approach (Figure 4D and E).

Then several syngeneic and xenograft experiments were performed to analyze
the functionality of the therapeutic platform in vivo. First, the author injected
CD20-depleted C57/BL6 mice intravenously (i. v.) with murine YUMM1.1 TYRP1
cells expressing luciferase (LUC) and the green-fluorescent protein (GFP). After
treating the mice with SAR T cells and TYRP1-targeting BiAb, SAR T cell persis-
tence in the blood could be measured seven, 14 and 19 days after T cell transfer
via flow cytometry by the author (Supplementary Figure 4A). The in vivo tumor
growth was monitored by the author via bioluminescence readouts once per
week. The mice treated with the SAR-BiAb combination had a reduced tumor
growth compared to control mice and ultimately four out of ten mice cleared the
tumor (Figure 5A and B, Supplementary Figure 4B). Along these lines, the author

showed in a bioluminescence- and flow-cytometry-based readout that 80% of the
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mice treated with SAR T cells and TYRP1-targeting BiAb featured no tumor cell
signal in the lung (Figure 5C and Supplementary Figure 4C). The author was then
able to show that treatment with a single dose of the TYRP1-targeting BiAb and
SAR modified T cells led to an initial treatment effect but could not extend the
survival compared to a control treatment (Supplementary Figure 4D and E).
These results substantiate the in vivo reversibility and controllability of the thera-

peutic SAR-BIiADb platform.

Additionally, the TYRP1-specificity was analyzed. The author injected C57/BL6
mice with TYRP1-negative YUMM1.1 LUC-GFP cells. Then, the author treated
the mice four days later with SAR modified T cells and TYRP1-targeting BiAb or
control treatment. The treatment did not alter antigen-negative tumor cell growth
nor survival of treated mice (Supplementary Figure 4F and G), indicating the an-
tigen specificity of the SAR-BiAb platform in vivo. In another experiment, the au-
thor injected mice i. v. with YUMM1.1 TYRP1-LUC-GFP tumor cells and 20 days
later intraperitoneally (i. p.) with TYRP1- or Mesothelin-targeting control BiAb.
Following incubation for 48 hours, tumor bearing lungs, the skin and heart, as
those organs express TYRP1, were harvested and prepared for immunohisto-
chemistry (IHC) by the author. In IHC-based stainings of the lung performed by
co-authors it was shown that TYRP1 expressing GFP* tumor cells were specifi-
cally targeted by the anti-TYRP1 x anti-EGFRVvIII BiAb (Figure 5D). Furthermore,
no TYRP1 binding could be detected in the heart or skin (Supplementary Figure

4H).

In order to evaluate the treatment efficacy in human xenograft models NOD scid
gamma (NSG) mice were subcutaneously (s. c.) injected with human MV3 mela-

noma cells and treated with SAR engineered T cells and MCSP-targeting BiAb
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by one co-author. However, the generation and expansion of the SAR engineered
T cells and the tumor growth measurements were done by the author. It was
demonstrated that the treatment led to a decreased tumor growth and prolonged
persistence of SAR modified T cells in the blood compared to control treatments
(Figure 5E and F). In an endpoint experiment tumors were analyzed for SAR T
cell infiltration via flow cytometry. Here, the generation and expansion of the SAR
T cells and the tumor growth measurements were done by the author. The injec-
tions of the mice with tumor cells, T cells and BiAb were done by a co-author.
More SAR T cells infiltrated into the tumor in mice injected with SAR T cells and
MCSP-targeting BiAb compared to mice treated with SAR modified T cells alone
(Figure 5G). Additionally, these SAR modified T cells featured a higher expres-
sion of programmed cell death protein 1 (PD-1) and had an effector memory phe-
notype, similar as before injection (Figure 5H and Supplementary Figure 41). The
preparation of single cell suspensions, staining with antibodies and flow-cytomet-
ric measurement were performed by the author and co-authors together. In an-
other xenograft model with s. c. injected A375 human melanoma cells the authors
could show a similar treatment efficacy and prolonged survival of the treated mice
(Figure 51 and J). One experiment was conducted by one co-author and the rep-
etition by the author. Furthermore, the author prepared primary patient samples
and generated human SAR T cells for a patient-derived xenograft model. NSG
mice were injected s. c. with these primary patient samples and then treated with
the anti-TYRP1 x anti-EGFRVIII BiAb and SAR T cell combination by co-authors.
The combination treatment resulted in decreased tumor growth compared to con-

trol treatments (Figure 5K).
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1.2 Contribution to paper ll: Combined tumor-directed
recruitment and protection from immune suppression
enable CAR T cell efficacy in solid tumors

In the paper “Combined tumor-directed recruitment and protection from immune
suppression enable CAR T cell efficacy in solid tumors” published in Science Ad-
vances [Cadilha et al., 2021] we could show that equipping chimeric antigen re-
ceptor (CAR) T cells with the chemokine receptor 8 (CCR8) and the transforming
growth factor beta (TGF-) dominant negative receptor (DNR) induced increased
migration to the tumor site and enhanced shielding from TGF-3 mediated immu-
nosuppression. Furthermore, we identified chemokine ligand 1 (CCL1) secreted
by activated T cells as a key player in a CCL1-CCR8 mediated positive feedback
loop inducing improved infiltration and therapeutic efficacy in pancreatic cancer

models.

The author contributed to this article by conducting several experiments investi-
gating the migration pattern of CCR8 engineered T cells in a murine pancreatic
cancer model. Panc02 tumor bearing mice were treated with a 1:1 ratio of CCR8-
GFP and mCherry engineered murine T cells. In a flow cytometric readout 48
hours after adoptive cell transfer the amount of transduced T cells in blood, bone
marrow, brain, intestine, kidney, liver, lymph nodes, lung, spleen, and subcuta-
neous tumor was analyzed. The highest numbers of T cells were found in the
spleen, followed by liver, lymph nodes, lung, and tumor (Supplementary Figure
S1B). CCR8-GFP transduced T cells were enriched compared to mCherry* T
cells in the tumor, liver and lung likely driven by an increased CCL1 or CCL22
chemokine expression profile of these entities (Supplementary Figure S1C). Fur-
thermore, the author could demonstrate in another experiment that four times

more epithelial cell adhesion molecule (EpCAM)-specific CAR T cells additionally
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equipped with CCR8 were found in Panc02-EpCAM subcutaneous tumors than
CAR T cells without CCR8 underpinning the advantage of using CCR8 when tar-

geting CCL1 expressing tumors (Supplementary Figure S1D).
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2. Introductory summary

2.1 Tumor immunology
2.1.1 History

Tumor immunology is defined as the field describing the complex interaction be-
tween the immune system with all its components and a neoplasm at various
stages of development. The earliest hypothesis that the immune system is some-
how linked to cancer development was put forward by Rudolf Virchow in 1863.
He postulated that severe irritation in the tissues can lead to cancer development
[Galon & Bruni, 2020]. The first case of cancer immunotherapy was conducted
by William Bradley Coley who treated patients suffering from sarcomas with a
mixture of live and inactivated Streptococcus pyogenes and Serratia marcescens
causing tumor regression [Coley, 1893]. Two decades later Paul Ehrlich hypoth-
esized that there was an intrinsic defense mechanism that inhibits tumor for-
mation [Ehrlich, 1909]. In 1957 this initial thought of Paul Ehrlich was developed
to the theory of cancer immunosurveillance by Frank MacFarlane Burnet [Burnet,
1957]. It was underpinned by the finding that the immune system can recognize
newly arising tumor cells via the expression of tumor specific antigens and by the
proof of the roles of IFN-y and granzyme B in the cancer immunosurveillance
[Dighe et al., 1994; van den Broek et al., 1996]. Other than that oncology and
immunology were mostly seen as separate disciplines and developed inde-
pendently [Galon & Bruni, 2020]. In 2000, Hanahan and Weinberg [2000] postu-
lated the hallmarks of cancer describing key characteristics for a cell to become
cancerous completely leaving out the influence of the immune system. Tumor
immunology had then a revival as a discipline about two decades ago. However,

it can still be seen as an emerging field.
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2.1.2 The immunoediting concept

The final experimental proof of the immunosurveillance hypothesis was per-
formed with immunodeficient mice lacking a functional form of the recombination-
activating gene 2 (RAG2) [Shankaran et al., 2001]. It was shown that these mice
developed tumors earlier and more often than wild-type mice after chemically in-
duced tumor induction [Shankaran et al., 2001]. Similar results were obtained
with IFN-y-insensitive mice lacking either a functional IFN-y receptor 1 (IFNGR1)
or signal transducer and activator of transcription 1 (STAT1) [Shankaran et al.,
2001], a transcription factor downstream of the IFNGR1 [Durbin et al., 1996;
Meraz et al., 1996]. Furthermore, it was demonstrated that IFNGR1 x STAT1
double knockout mice also featured increased susceptibility to chemically in-
duced tumors, but the incidences were not higher compared to mice with single
knockouts [Shankaran et al., 2001]. Thus, it was postulated that lymphocytes and
IFN-y collaborate to prevent primary tumor formation and that the immune system
acts as a potent tumor suppressor [Shankaran et al., 2001]. Later, the immuno-
surveillance hypothesis was extend to the cancer immunoediting concept [Dunn
et al., 2004a; Schreiber et al., 2011]. It describes a dynamic process on the inter-

action of tumor cells and the immune system (Figure 1).
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Figure 1: The three phases of immunoediting: Elimination, equilibrium and escape. In the elimi-
nation phase tumor cells get recognized and lysed by effector immune cells, like CD8" T cells or
natural killer (NK) cells. During the equilibrium phase, more resistant tumor cell variants evolve
under the pressure of the immune system. Lastly, in the escape phase the tumor cell variants that

are resistant to immune destruction grow out. Adapted from [Pradeu, 2020].

Three general phases can be described: elimination which is based on the clas-
sical immunosurveillance hypothesis, the equilibrium, and escape phase [Dunn
et al., 2004a]. During the equilibrium phase the immune system exerts selection
pressure on the tumor cells that survived the elimination phase. Different muta-
tions can occur during that time which provide increasing resistance to potent
immune response [Dunn et al., 2004a]. Thus, it is characterized by a continuous
editing process which balances tumor cell destruction by the immune system and
persistence of some resistant tumor cells [Dunn et al., 2002]. This is the longest
phase and can last over many years in humans [Dunn et al., 2004b]. At some
point the immune system fails to control tumor outgrowth leading to the immune
escape phase. The escape process can be caused by changes directly at the

tumor cell level which lead to the inability of the immune system to detect and
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destruct the tumor or by tumor-derived factors or cells that suppress an effective

immune response [Dunn et al., 2004a].

2.1.3 Cancer immunotherapy

Along with an increased understanding of the impact of the immune system on
cancer, more strategies to utilize the patient’s own immune system to fight cancer
were developed. First, systemic approaches, like the application of IFN-a in 1986
and IL-2 for renal cancer in 1992 were approved to boost the immune system in
general and to enable an effective antitumoral immune response [Galon & Bruni,
2020]. Later, the first targeted therapy, the tyrosine kinase inhibitor Imatinib, was
approved against chronic myeloid leukemia, the first cancer vaccine against pros-
tate cancer in 2010 and the first immune checkpoint inhibitor (ICl), targeting cy-
totoxic T-lymphocyte-associated protein 4 (CTLA-4), for melanoma in 2011

[Cohen et al., 2002].

In general, two different modes of cancer immunotherapy have been described:
the stimulation of the patient's own antitumoral immune response and passive
immunotherapy with immune cells and antibodies. Regarding the first strategy,
patients can be vaccinated with tumor cells and tumor antigens or they can be
treated with immunomodulators, like interleukins, interferons, chemokines, or im-
munomodulatory imide drugs, or with ICI [Naran et al., 2018]. The second strat-
egy relies on the administration of antibodies targeting tumor antigens or on the
adoptive cell transfer [Naran et al., 2018]. In 1957, the first patient suffering from
leukemia was treated with bone marrow infusion from his genetically identical
twin [Thomas et al., 1957]. This was the first hematopoietic stem cell transplan-
tation (HPSCT) and cellular therapy. For many decades HPSCT was the only

clinically relevant cellular therapy. Recently, cellular therapies which utilize the
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function of tumor-specific T cells have been developed and finally approved for

treatment of hematological malignancies [Huang et al., 2022].

2.2 Adoptive T cell therapy

Among the cellular therapies the adoptive T cell therapy (ACT) is so far the most
successful one [Rohaan et al., 2019]. There are three major applications to utilize
T cells for therapy. Antigen specific T cells can be isolated from the tumor, ex-
panded ex vivo and then reinfused into patients [Zhao et al., 2022]. In 1988 the
first patient was successfully treated with tumor-infiltrating lymphocytes (TIL)
against melanoma [Rosenberg et al., 1988]. However, this process also comes
with several challenges. It requires accessible target lesions for TIL isolation and
the product and response of the therapy can be heterogeneous partly due to the
unknown specificity of the isolated and expanded T cells [Khong et al., 2004;

Zhao et al., 2022].

Besides T cells with heterogeneous specificities against multiple tumor neoanti-
gens, T cells can be genetically modified to become tumor-specific [Ellis et al.,
2021]. T cell receptors (TCRs) binding specific tumor antigens can be introduced
into T cells ex vivo, generating a product known as TCR-engineered T cells
[Shafer et al., 2022]. The advantages of TCR-based approaches lie in the possi-
bility of targeting any neoantigen via binding to major histocompatibility complex
(MHC) and utilizing the endogenous TCR signaling moieties [Shafer et al., 2022].
This contributes to a very sensitive recognition of suitable peptide-MHC com-
plexes despite having binding affinities in the micromolar range [Hogquist &
Jameson, 2014; Huang et al., 2013; Sykulev et al., 1996]. At the same time, MHC
downregulation in tumor cells can cause treatment failure due to MHC-dependent

activation of TCR engineered T cells [Taylor & Balko, 2022].
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In contrast, synthetic receptors were developed to target surface antigens in an
MHC-independent manner. These CAR molecules consist of a single chain vari-
able fragment (scFv) for antigen specific binding, a transmembrane domain and
at least one intracellular signaling domain [Guedan et al., 2019]. For the first gen-
eration of CAR constructs only a CD3( signaling domain was used [Subklewe et
al., 2019]. Later, by adding a costimulatory domain, either CD28 or 4-1BB, the
efficacy of the approach improved drastically leading to the first approval of CD19
targeting CAR T cells in 2017 against relapsed and/or refractory B cell precursor
acute lymphoblastic leukemia [Kershaw et al., 2006; Maude et al., 2018]. Direct
comparison of CAR T cells with CD28 or 4-1BB-based costimulatory domains

lead to similar response rates in clinical trials [Ying et al., 2019].

Due to the mandatory genetic engineering step for the generation of CAR T cells,
it is feasible to manipulate also other activating or inhibiting pathways simultane-

ously [Hong et al., 2020].

2.3 Challenges of adoptive cell therapy against solid tumors

So far, six different CAR T cell products have been approved for hematological
malignancies [Asmamaw Dejenie et al., 2022]. However, the response rate in
patients with solid tumors remains limited due to the immunosuppressive tumor
microenvironment (TME), poor migration to the tumor and tumor infiltration and

lastly, due to antigen heterogeneity [Marofi et al., 2021] (Figure 2).
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Figure 2: Challenges of CAR T cell therapy in solid tumors. Adapted from [Simon & Uslu, 2018].

2.3.1 Immunosuppression in the tumor microenvironment

Solid tumors can be highly infiltrated by immune and stromal cells that foster local
immune suppression [Hanahan & Coussens, 2012]. Among these cells regulatory
T cells (Treg), myeloid-derived suppressor cells (MDSC), cancer-associated fi-
broblasts (CAF) and tumor-associated macrophages (TAM) are the most promi-
nent ones. The immunosuppression of T cells can be induced by cell-to-cell in-
teractions with tumor cells directly or one of the afore mentioned cells in the TME.
These immunosuppressive cell-to-cell interactions are often mediated via ICI

molecules, like CTLA-4 or PD-1 on T cells [Nishimura et al., 1999; Waterhouse
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et al., 1995]. One strategy to overcome ICI-mediated immunosuppression is to
use antibodies blocking the interaction between the cells [Iwai et al., 2002; Leach
et al., 1996]. Several ICI are now approved for mostly solid tumor entities
[Johnson et al., 2022]. This effect was also observed in a glioblastoma mouse
model where PD-1-blockade enhanced EGFRVIII-CAR T cell efficiency and per-
sistence [Song et al., 2020]. Similarly, clustered regularly interspaced short pal-
indromic repeats (CRISPR)-based knockout of PD-1 on EGFRVIII-CAR T cells
had an in vitro growth inhibitory effect on EGFRvlll-expressing glioblastoma cells

[Nakazawa et al., 2020].

Another way of immunosuppression can be mediated via soluble factors derived
from various cells in the TME. Cytokines, and chemokines that are locally se-
creted in solid tumors, including TGF-B, vascular endothelial growth factor
(VEGF), IL-4 and IL-10 facilitate tumor cell growth and proliferation [Marofi et al.,
2021]. TGF-B generated by Treg directly impairs the functionality of cytotoxic
CD8" T cells [Budhu et al., 2017]. This effect correlated with a decrease in the
abundance of the cytolytic effector molecule granzyme B and an increase of PD-
1 on the T cells [Budhu et al., 2017]. To overcome TGF-B-mediated inhibition,
T cells can be engineered to express a dominant negative version of the TGF-3
receptor 2 (TGF-B-R2) which lacks a functional intracellular signaling domain

[Bollard et al., 2002; Wieser et al., 1993] (Figure 3).
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Figure 3: Schematic representation of DNR-mediated resistance to TGF-p-induced immunosup-

pression.

Thus, TGF-B is bound on the cell surface by the DNR leading to a scavenging
effect but does not trigger intracellular signaling via SMADZ2 [Bollard et al., 2002].
In human prostate cancer mouse models, the expression of the TGF- DNR in
CARTT cells enhanced proliferation, cytokine secretion and resistance to exhaus-
tion of the T cells in vivo and lead to reduced tumor growth and prolonged survival

[Kloss et al., 2018].

2.3.2 Limited tumor infiltration by chimeric antigen receptor modified
T cells

In many cancer types, among ovarian cancer, infiltration of cytotoxic CD8" T cells
correlates with a prolonged survival of the patients [Barnes & Amir, 2018]. In con-
trast, the presence of immunosuppressive cells, like TAM or Treg, is often corre-
lated with a worse prognosis [Qian et al., 2011; Shou et al., 2016]. Immune cells
can be excluded from the tumor by an excessive extracellular matrix which is a

protein network in the TME generated by cancer cells and CAF [Henze et al.,
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2020]. The main driver of immune cell migration from the blood vessels to the
tumor are chemokines. They are small, secreted proteins which induce chemo-
taxis towards increasing concentrations of the chemokine [Nagarsheth et al.,
2017]. In humans 50 chemokines and 19 chemokine receptors have been found
indicating a high promiscuity in binding of chemokine ligand to chemokine recep-
tor [Markl et al., 2022]. Depending on the cell type and differentiation status dif-
ferent chemokine receptors are expressed. In cancer chemokines are expressed
by tumor cells, immune cells and tumor-associated cells [Markl et al., 2022]. In
many cancer types chemokines are expressed that rather attract immunosup-
pressive cells than effector cells. In particular, CCL2 recruits CCR2" TAM to the
tumor [Zhou et al., 2020], while high levels of CCL2 correlate with reduced sur-
vival of patients suffering from breast cancer [Heiskala et al., 2019]. Similarly,
high levels of CCL1 were found in human breast cancers correlating with in-
creased infiltration of CCR8" Treg and a worse prognosis [Kuehnemuth et al.,

2018; Shou et al., 2016].

Activated T cells are mainly recruited to the tumor via C-X-C motif chemokine
receptor (CXCR) 3 in melanoma, colorectal, and breast cancers [Harlin et al.,
2009; Mulligan et al., 2013; Musha et al., 2005]. The mismatch in chemokine lig-
and secretion of cells in the TME and chemokine receptor expression on cytotoxic
T cells can lead to a limited migration to the tumor and thus, treatment failure

[Slaney et al., 2014].

Several strategies have been applied to improve T cell trafficking and finally,
treatment response. The expression profile of chemokine ligands in the TME can

be altered towards a more pro-inflammatory and effector immune cell attracting
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pattern [Moon et al., 2018]. Another strategy harnesses the capability of genet-
ically engineering CAR T cells to express chemokine receptors matching the

chemokine ligand profile of the tumor (Figure 4).
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Figure 4. Chemotaxis of chemokine receptor transduced CAR T cells towards respective chemo-

kine ligand secreting tumor cells.

CXCR6-modified mesothelin specific CAR T cells enhanced migration to pancre-
atic tumors expressing C-X-C motif chemokine ligand (CXCL) 16 in orthotopically
transplanted tumor or patient-derived xenograft mouse models leading to a de-
crease in tumor growth and increased survival [Lesch et al., 2021]. Thus, equip-
ping CAR T cells with chemokine receptors has the potential to overcome one of

the main challenges when targeting solid tumors with CAR T cell therapy.

2.3.3 Variability in antigen expression due to tumor heterogeneity

Apart from limited migration to the tumor and immunosuppression in the TME,
antigen recognition is one of the main factors impeding the effectiveness of CAR
T cell therapy [Guo & Cui, 2020]. Ideally, CAR T cells are targeting tumor-specific

antigens that are exclusively expressed on all tumor cells. However, these are
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rarely found in tumors. So far, TAA, like mesothelin, EpCAM or human epidermal
growth factor receptor 2 (HERZ2) have been targeted with CAR T cells [Martinez
& Moon, 2019]. The expression of TAA needs to be higher on tumor than on
healthy cells to reduce the risk of on-target off-tumor toxicity. Unlike CD19 in
B cell malignancies, lineage specific antigens that can be targeted without severe
side effects have not been described for solid tumors yet [Guo & Cui, 2020]. In
addition, heterogeneity in solid tumors is a challenge for targeted therapies. Es-
pecially, antigen expression differs in density and distribution between different
subsets of malignant cells [Pak et al., 2012]. Thus, targeting a single tumor anti-
gen can lead to antigen escape by downregulation under therapeutic pressure
[Anurathapan et al., 2014]. This is considered one of the major causes of relapse

when targeting CD19 in B cell malignancies [Gu et al., 2022; Maude et al., 2014].

Engineering T cells to target various antigens on tumor cells has the potential to
overcome those challenges. Dual targeting CAR T cells contain two scFvs bind-
ing to different tumor antigens and can be activated by either one of the antigens.
CAR T cells targeting simultaneously GD2 and B7 homolog 3 protein (B7-H3)
were effective in solid tumor mouse models and prevented tumor escape due to
low expression of tumor antigen [Hirabayashi et al., 2021]. In addition, CAR T
cells binding to tags on antibodies can provide a modular platform which is capa-
ble of switching the targeted tumor antigen by administration of a different anti-
body. This platform approach has been utilized by combining biotin-specific CAR
T cells and biotinylated antibodies [Lohmueller et al., 2017]. It was shown that the
T cells can effectively lyse antigen positive tumor cells in presence of antibodies
against CD19 or CD20 [Lohmueller et al., 2017]. Similarly, CAR T cells recogniz-
ing the P329G-mutated fragment crystallizable (Fc) part of an antibody mediated

modular targeting of HER2 and mesothelin in a human hepatocellular carcinoma
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xenograft mouse model [Stock et al., 2022]. Along these lines, BiAb can be uti-
lized to render engineered T cells tumor specific. T cells that were modified to
express a targetable SAR construct can be directed against a tumor antigen via
a BiAb binding to the SAR and the target antigen (Figure 5) and thereby, mediate
tumor cell killing in a reversible and modular fashion [Benmebarek et al., 2021;
Karches et al., 2019]. The SAR construct contains the extracellular part of EG-
FRuvIII, linked to a CD28 transmembrane domain and the signal transduction do-
mains CD28 and CD3( [Karches et al., 2019]. EGFRUVvIII is known to be only ex-

pressed in glioblastoma but absent on healthy cells [Gupta et al., 2010; Montano

etal., 2011].
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Figure 5: Modular therapeutic platform consisting of SAR engineered T cells in combination with

BiAb targeting melanoma-associated antigens TYRP1 and MCSP utilized in this thesis. SAR T
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cells are targeting TYRP1 via the anti-TYRP1 x anti-EGFRVIII BiAb (aTYRP1 BiAb). Following
removal of anti-TYRP1 x anti-EGFRVvIII BiAb and addition of the anti-MCSP x anti-EGFRuvIII BiAb

(«MCSP BiAb) SAR T cells are redirected against MCSP.

By administration of different BiAb molecules, SAR T cells can be redirected to-

wards different melanoma antigens, like TYRP1 or MCSP (Figure 5).

2.4 Research hypothesis and aims of the work

Since its first approval in 2017, CAR T cell therapy had remarkable success in
treating patients with hematological malignancies. However, clinical trials testing
CAR T cells against solid tumor entities often had limited efficacy [Chen et al.,
2022]. This is mainly due to three challenges arising from intrinsic solid tumor
characteristics: limited CAR T cell infiltration, immunosuppression of CAR T cells
by the TME and tumor heterogeneity [Guo & Cui, 2020]. To overcome these chal-
lenges, T cell engineering needs to be optimized and possibly combined with

other treatment approaches.

This present work focuses on (1) developing a modular platform consisting of
engineered T cells in combination with BiAb to target multiple tumor antigens in
melanoma and on (2) improving CAR T cell migration to the tumor and shielding
from immunosuppression in pancreatic cancer by equipping CAR T cells with

CCR8 and TGF- DNR.
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ABSTRACT

Background Melanoma is an immune sensitive disease,
as demonstrated by the activity of immune check point
blockade (ICB), but many patients will either not respond
or relapse. More recently, tumor infiltrating lymphocyte
(TIL) therapy has shown promising efficacy in melanoma
treatment after ICB failure, indicating the potential of
cellular therapies. However, TIL treatment comes with
manufacturing limitations, product heterogeneity, as

well as toxicity problems, due to the transfer of a large
number of phenotypically diverse T cells. To overcome said
limitations, we propose a controlled adoptive cell therapy
approach, where T cells are armed with synthetic agonistic
receptors (SAR) that are selectively activated by bispecific
antibodies (BiAb) targeting SAR and melanoma-associated
antigens.

Methods Human as well as murine SAR constructs

were generated and transduced into primary T cells.

The approach was validated in murine, human and
patient-derived cancer models expressing the melanoma-
associated target antigens tyrosinase-related protein

1 (TYRP1) and melanoma-associated chondroitin

sulfate proteoglycan (MCSP) (CSPG4). SART cells were
functionally characterized by assessing their specific
stimulation and proliferation, as well as their tumor-
directed cytotoxicity, in vitro and in vivo.

Results MCSP and TYRP1 expression was conserved

in samples of patients with treated as well as untreated
melanoma, supporting their use as melanoma-target
antigens. The presence of target cells and anti-TYRP1

x anti-SAR or anti-MCSP x anti-SAR BiAb induced
conditional antigen-dependent activation, proliferation

of SART cells and targeted tumor cell lysis in all tested
models. In vivo, antitumoral activity and long-term survival
was mediated by the co-administration of SAR T cells and
BiAb in a syngeneic tumor model and was further validated
in several xenograft models, including a patient-derived
xenograft model.

Conclusion The SART cell-BiAb approach delivers
specific and conditional T cell activation as well

1,412

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Melanoma has been shown to be sensitive to immu-
notherapy, though significant subsets of patients do
not respond or relapse after initial response.

WHAT THIS STUDY ADDS

= A modular and controllable adoptive T cell therapy
approach to the treatment of melanoma.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study puts forward the simultaneous and se-
quential targeting of melanoma-associated chon-
droitin sulfate proteoglycan and tyrosinase-related
protein 1 as a strategy for the targeted therapy of
melanoma.

as targeted tumor cell lysis in melanoma models.
Modularity is a key feature for targeting melanoma and

is fundamental towards personalized immunotherapies
encompassing cancer heterogeneity. Because antigen
expression may vary in primary melanoma tissues,

we propose that a dual approach targeting two tumor-
associated antigens, either simultaneously or sequentially,
could avoid issues of antigen heterogeneity and deliver
therapeutic benefit to patients.

BACKGROUND

Due to its high tumor mutational burden,
likely driven by ultraviolet radiation, mela-
noma possesses a high number of neoanti-
gens, making it one of the mostimmunogenic
tumor types.' * Melanoma treatment has
been revolutionized by immune check-
point blockade (ICB), reactivating T cells or
preventing T cell dysfunction.” Despite these
successes, many patients still either do not

BM)
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respond or relapse after an initial response.* For patients
not carrying targetable mutations such as BRAFV600E or
having already exhausted targeted treatments, limited
options remain, resulting in an urgent need for innova-
tive effective treatments.

While ICB-mediated prevention of T cell dysfunction
has entered clinical practice in a wide array of indications
beyond melanoma, the direct therapeutic use of T cells
in non-hematological cancer entities has been largely
ineffective.’ Melanoma, however, has been an exception
in this regard. Tumor infiltrating lymphocytes (TIL)
are a prognostic factor in melanoma and correlate with
response to ICB.° In fact, investigation using isolated,
non-modified, and ex vivo expanded TIL as a treat-
ment modality for patients with melanoma has already
been explored in the pre-ICB era.” There, about 50% of
treated patients were sensitive to TIL therapy, a fraction
of which exhibiting complete and durable responses.8 o
The success of ICB therapy then suspended further devel-
opment of TIL-based therapies for some time. Recently,
clinical studies have explored the potential of TIL therapy
after ICB failure in patients with melanoma. Consistent
with pre-ICB reports, TIL therapy yielded substantial
response rates of up to 32%, indicating that even in such
clinically challenging situations, TIL therapy might still
be of benefit to patients (NCT00937625, NCT02379195
and NCT02854690)."" Along these lines, ICB and TIL
therapy impressively demonstrate the utility of T cells in
melanoma treatment regardless of treatment line. TIL
therapy, however, comes with significant challenges which
limit its application: (1) requirement for accessible target
lesions for resection and TIL selection and expansion,
(2) failure to select and expand TIL, (8) heterogeneity
of TIL products with often undefined specificities and
consequently and (4) heterogeneous response patterns
both in extent and in duration.'

T cells can be rendered tumor-specific through genetic
engineering of a synthetic receptor, so called chimeric
antigen receptor (CAR), that can recognize antigens on
the cell surface independent of major histocompatibility
complex molecules. Anti-CD19 CAR T cells have entered
clinical routine after transformative results in the treat-
ment of hematological malignancies.'*'? CD19 as a target
antigen allows for targeting of lymphoma and leukemic
cells along with healthy B cells. The deleterious effects
of depleting the entire B-cell compartment are clinically
manageable." In contrast to CD19" hematological malig-
nancies, dispensable lineage-specific tumor-associated
antigens are rarely found in solid cancer types.5 Addi-
tionally, an immunosuppressive milieu and target antigen
heterogeneity, among other factors, have resulted in
melanoma CAR T cell therapy trials faring poorly thus
far.”® Detailed analysis of TIL therapy failure highlights
that loss of dominant antigens under therapeutic pressure
happens quite frequently, suggesting that a successful T
cell product will need to target more than one antigen.IG
These results support the need for advances in melanoma
cell therapy considering such a limitation.

As most of the targetable antigens are not entirely
specific to melanoma but shared with other cells as well,
we reasoned that any T cell therapeutic strategy would
need to be controllable to allow application with a safety
net. We have previously described a synthetic agonistic
receptor (SAR) platform composed of the extracellular
domain of epidermal growth factor receptor variant
III (EGFRvIII), fused to intracellular T cell-activating
domains (later referred to as E3 construct). The
construct can be specifically activated by bispecific anti-
bodies (BiAb) simultaneously targeting the SAR and the
tumor antigen. The major advantages of modular adop-
tive cell therapy (ACT) platforms are the possibility to
stop administration of the adaptor molecule in case of
undesired therapy-associated toxicities and the ability
to target multiple antigens by administering different T
cell adaptor molecules.'” ' In particular, we previously
demonstrated that SAR-transduced T cell activity is condi-
tional to the presence and binding of the BiAb, enabling
a tunable activity that is advantageous in case of toxici-
ties."? 2 We hypothesized that this SAR platform could
serve as a safe and effective way of targeting melanoma-
associated antigens for melanoma treatment.”’

For the present study, using the CrossMab tech-
nology,21 2 e developed trivalent BiAb binding mela-
noma antigen and the E3 SAR. We demonstrate that
SAR-transduced T cells were selectively and reversibly
activated through the BiAb, solely in the presence of
antigen-positive melanoma cells. We showcase substan-
tial activity of the platform in primary melanoma cultures
and in several xenograft and syngeneic mouse models,
supporting further clinical development.

MATERIAL AND METHODS

Patient and healthy donor material

Frozen, primary and metastatic tumor samples from 13
patients with a histologically confirmed diagnosis of mela-
noma were used for this study. The samples were cultured
in MCDB 153 medium (Merck) complemented with 20%
Leibovitz’s 1-15 medium (Thermo Fisher), 2% fetal calf
serum (Gibco), 10 pg/mL human insulin (Merck) and 2M
CaCl, solution and expanded until further use. Biological
and clinical information were obtained from electronic
medical records. Patient characteristics are summarized
in online supplemental table 1. Human peripheral blood
mononuclear cells (PBMCs) for the generation of human
CAR and SAR T cells were isolated from healthy donors
by Ficoll density gradient separation.

Mice

Female C57BL/6N and NSG (NOD.Cg-Prkdcscid I12rgt-
m1WjI/Sz]) mice were purchased from Charles River or
Janvier Labs. Animals were housed in specific pathogen-
free facilities in groups of 2-5 animals per cage. All
experimental studies were approved and performed with
mice aged 2—4 months and in accordance with guide-
lines and regulations implemented by the Regierung von

2
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Oberbayern (ROB-55.2-2532.Vet_02-20-208 and ROB-
55.2-2532.Vet_02-17-135). In accordance with the animal
experiment application, tumor size, behavior, breathing,
body weight and posture of mice were monitored three
times per week. For survival analyses, the above-described
criteria (in particular: curved back, apathy, weight loss
>20%, piloerection, pronounced abdominal breathing
and cyanosis, spasms, paralysis, tumor size >225 mm? or
one of the two measure dimensions >15mm or open
wound in the tumor area) were taken as humane surro-
gates for survival and recorded in Kaplan-Meier plots.

Animal experiments

MV3, A375 and patient-derived (patient sample 2) xeno-
graft models were established in NSG mice (in total
n=96) following the subcutaneous (s.c.) injection of 0.2,
1 or 0.4x10° tumor cells, respectively, in 100 pL phosphate
buffered saline (PBS) into the right flank of NSG mice.
Syngeneic tumor model was established in C57BL/6 mice
(in total n=84) by intravenous injection of YUMMI.1
overexpressing luciferase (and tyrosinase-related protein
1 (TYRP1) where mentioned) (2x10°) into the tail vein
following a partial lymphodepletion of the B-cell compart-
ment, using 250 pg murine IgG2a anti-CD20 monoclonal
antibody (18B12, Roche). Animals were randomized into
treatment groups according to tumor burden. Experi-
ments were performed by a scientist blinded to treatment
allocation and with adequate controls. No time points or
mice were excluded from the experiments presented in
the study. For s.c. models, tumor burden was measured
three times per week and calculated as mm® given by
Volume=(lengthxwidth2)/2. Tumor burden of intrave-
nous models were measured using a luciferase-based IVIS
Lumina X5 imaging system. For ACT studies, 10T cells
with transduction efficiencies of 50-90% were injected
intravenously in 100 pL. PBS.

Cell line generation, culture and validation

A375, MV3, PANC-1 and B16 tumor cell lines were
purchased from American Type Culture Collection. The
ovalbumin overexpressing murine pancreatic cancer cell
line Panc02-OVA has been previously described.”” The
murine YUMMI.1 cell line was kindly provided by Dr
Bosenberg (Yale University, USA). YUMMI1.1 tumor cells
were stably transduced using retroviral pMP71 vector
expressing TYRP1 protein (UNIPROT entry P17643) to
generate YUMMI.1 TYRP1 tumor cells. Luciferase-eGFP
(LUC-GFP) overexpressing cell line YUMMI1.1 TYRP1-
LUGGFP and YUMMI.1 LUC-GFP were generated
according to a previously described protocol.”’ All tumor
lines were grown as previously described,?” and used for
experiments when in the exponential growth phase.

Virus production

293Vec-Galy, 293Vec-Eco and 293Vec-RD114 were a kind
gift of Manuel Caruso, Québec, Canada, and have been
previously described.” For virus production, retroviral
pMP71 (kindly provided by C. Baum, Hannover) vectors

carrying the sequence of the relevant receptor were stably
introduced in packaging cell lines. Single cell clones were
generated and indirectly screened for virus production
by determining transduction efficiency of primary T cells.
This method was used to generate the producer cell lines
293Vec-RD114 for EGFRVIII-CD28-CD3( (E3), EGFRVIII
with CD28 transmembrane domain lacking intracellular
signaling domains (E3del) and anti-HER2-CD28-CD3({
(HER2 CAR). 293Vec-Galv, 293Vec-Eco and 293Vec-
RD114 were grown as previously described.? All cell lines
used in experiments were regularly checked for myco-
plasma species with the commercial testing kit MycoAlert
(Lonza). Authentication of human cell lines by STR DNA
profiling analysis was conducted in house.

T cell generation, retroviral transduction and culture

Human and murine SAR construct generation was previ-
ously described.? SAR-transduced T cells will be referred
to as SAR T cells. The HER2 CAR was generated with
a humanized single-chain variable fragment against
HER2 (4D5).25 Murine T cells were differentiated from
splenocytes from donor mice. T cell isolation and trans-
duction protocols have been previously described.”® T
cells were expanded or directly expanded with T cell
medium supplemented with human interleukin (IL)-15
(PeproTech) every second day. Human T cells have been
differentiated and transduced using previously described
protocols®” or directly taken into culture with human
T cell medium in concentrations of 10°T cells per mL
medium.

Cytotoxicity assays

For impedance-based real-time killing assays using a
xCELLigence system (ACEA Bioscience), previously
described,” 10* tumor cells were seeded per well in a
96-well plate. Cell number was monitored over the time
frame of 10 hours for every 20 min. 10°T cells transduced
with the indicated receptors were added to the tumor
cells. For lactate dehydrogenase (LDH)-based killing
assays, T cells were incubated with tumor cells and BiAb
at indicated effector to target ratios and concentrations.
Transduced T cells were added to the adherent tumor cells
and co-cultured as indicated. LDH levels were measured
according to the manufacturer’s protocol (Promega).
Additionally, the killing of melanoma patient samples was
assessed using a flow cytometry-based readout after 48
hours of co-culture with human SAR T cells in the pres-
ence of either the anti-TYRP1/anti-EGFRvIII (aTYRP1/
aE3) which is cross-reactive to human and murine TYRP1
or the anti-human melanoma-associated chondroitin
sulfate proteoglycan (MCSP, also known as CSPG4) /anti-
EGFRVIII BiAb (oMCSP/aE3). Tumor cells were stained
with the cell proliferation dye eFluor 450 according to
the manufacturer’s protocol (eBioscience). Depending
on the tumor cell size 2-4x10* cells per well were co-cul-
tured with SAR T cells in an effector to target cell ratio
of 2:1 in a 96-well plate. Tumor cells were detached using
trypsin. Dead cells were stained using the violet fixable
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viability dye (BioLegend) for 15min at room tempera-
ture. Following this, cell surface proteins were stained for
20 min at 4°C. For the characterization and quantification
of the SAR T cells antibodies against CD3 (OKT3), CD4
(OKT4), CD8a (RPA-T8), PD-1 (EH12.2H7), 4-1BB (4B4-
1), CD69 (FN50) and EGFR (A-13) (all from BioLegend)
were used. Tumor and T cell counts were normalized to
counting beads (Invitrogen).

Proliferation assays

SAR T cell proliferation was measured using a flow
cytometry-based assay that compared fold proliferation of
CD3" (17A2, BioLegend) T cells over a period of 48 hours
normalized to the number of T cells per bead at indicated
concentrations and effector to target ratio.

Biodistribution study

For the biodistribution study of the anti-TYRP1/anti-E3
BiAb (0TYRP1/0E3S BiAb), 2x10° YUMMI1.1 TYRPI-
LUC-GFP tumor cells were intravenously injected into
C57Bl/6 mice. IVIS imaging was used to verify tumor
engraftment and distribution after 13 and 20 days.
oTYRP1/0E3 or aMesothelin/oE3 control BiAb (5pg/
mouse or 10mg/kg) were injected intraperitoneally
(i.p.) into tumor-bearing (for each antibody n=3) and
non-tumor-bearing mice (for each antibody n=2) on day
20. Experimental readout was taken 48 hours later. In
addition to the metastasis in the lung, organs with the
highest TYRP1 expression relative to baseline (skin and
heart) were also harvested. Organ tissue was embedded
and frozen in optimal cutting temperature compound
before preparation for immunofluorescence staining and
imaging.

Immunofluorescence

The 5pm tissue cryosections were stained on chipcytom-
etry slides (Zellkraftwerk) with an antibody (polyclonal,
AF555, Thermo Fisher Scientific) against the human
IgGl-based oTYRP1/aE3 BiAb, a rabbit anti-GFP anti-
body (polyclonal, Novus Biologicals), a secondary anti-
body against rabbit IgG (polyclonal, PerCP, Jackson
ImmunoResearch) and Hoechst 33342 (Thermo Fisher
Scientific). The fluorescence was measured using the
ZellScannerONE (Zellkraftwerk).

PCR and quantitative real-time PCR

All DNA constructs were generated by overlap exten-
sion PCR** and recombinant expression cloning into
the retroviral pMP71 vector® using standard molecular
cloning protocols.26 RNA was extracted from cells using
the InviTrap Spin Universal RNA extraction Kit (Stratec).
Complementary DNA was synthesized using the Super-
Script II kit (Life Technologies). Real-time PCR reac-
tions were performed using SYBR Green PCR Master Mix
(Applied Biosystems) and sequence specific primers for
human MCSP, human and murine TYRP1.2 The ampli-
fication was performed with CFX Connect Real-Time
PCR Detection System (Bio-Rad Laboratories) running
up to 50 cycles of 5s at 95°C followed by 30s at 60°C after

an initial step of 95°C for 2min. Melting curves from 65°C
to 95°C were performed to evaluate the specificity of the
PCR. The messenger RNA (mRNA) expression levels of
human TYRP1 and MCSP were normalized to the expres-
sion of phosphoglycerate kinase. The mRNA expression
levels of murine TYRP1 were normalized to the expres-
sion of B-actin.

Cytokine release assays

Murine and human SAR T cell stimulation assays were
set-up at indicated concentrations and effector to target
ratios. Murine SAR T cells were co-cultured with B16,
YUMMI1.1 TYRPI and Panc02-OVA cell lines. Human
SAR T cells were co-cultured with MV3, A375 cell lines
and human melanoma samples. Cytokine quantification
was measured by ELISA for the following: interferon
(IFN)-y (BD), IL-2 (BD), tumor necrosis factor (TNF)-o
(R&D Systems) and granzyme B (R&D Systems).

Statistical analysis

Two-tailed student’s t-test was used for comparisons
between two groups, while two-way analysis of variance
with Bonferroni post-test (multiple time points) was
used for comparisons across multiple groups. A log-rank
(Mantel-Cox) test was used to compare survival curves.
All statistical tests were performed with GraphPad Prism
V.8 software, and p<0.05 was considered statistically
significant and represented as *p<0.05, **p<0.01and
*#%p<0.001. No statistical methods were used to predeter-
mine sample size. Investigators were blinded to treatment
allocation during experiments and outcome assessment.

RESULTS

MCSP and TYRP1 are differentially expressed in melanoma

To identify suitable target structures, we assessed the
expression of TYRP1 and MCSP in human melanoma
cell lines as well as melanoma samples from treated and
untreated patients. Both genes were shown to be highly
expressed in melanoma relative to PBMC and human
pancreatic cancer cell line PANC-1 control samples both
at RNA and protein level (figure 1A-C, online supple-
mental figure 1A, online supplemental table 1). Analysis
of The Cancer Genome Atlas RNA sequencing (RNA-seq)
expression data also revealed MCSP to be differentially
regulated in cutaneous melanoma tissue relative to skin
tissue from healthy donors (figure 1D). Although the
median expression of TYRPI in cutaneous melanoma
tissue was similar to the expression in skin from healthy
donors, there was a far greater variability in its expres-
sion in patients with melanoma with a clear differential
expression in a subset of patients (figure 1D). The expres-
sion of the targets was also analyzed across different cell
types within the same patient (figure 1E), taking advan-
tage of a single cell RNA-seq data set—GSE72056 of
3993 cells from 19 patients,m which revealed a distinct,
only partially overlapping pattern of expression for each
antigen in tumor tissue (figure 1F and G). Furthermore,
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Figure 1 MCSP and TYRP1 are differentially expressed on melanomas. (A) RT-PCR MCSP and TYRP1 gene analysis of human
melanoma cell lines, patient-derived melanomas and controls. (B) Microscopic analysis of TYRP1 expression on permeabilized
MV3, A375 and PANC-1 cells using o TYRP1/0E3 BiAb (o TYRP1) and anti-human IgG secondary antibody. (C) Microscopic
analysis of MCSP expression on MV3, A375 and PANC-1 cells using eMCSP/0E3 BiAb («aMCSP) and anti-human IgG
secondary antibody. (D) TCGA analysis of RNA-seq expression of TYRP1 and MCSP in skin from healthy donors and cutaneous
melanoma (cutaneous melanoma: n=469; skin from healthy donor: n=556). Scales are depicted in a log2 scale and messenger
RNA normalization was estimated by the TCGA using the RSEM (RNA-seq by expectation maximization) method. (E) UMAP
showing 3993 (following quality control) healthy and malignant cells from 19 previously published patients (GSE72056).
Normalized gene expression values were logarithmized. Colors highlight the different cell types. Annotations of cells were
provided by the authors of the respective study. (F) Expression of MCSP and TYRP1 in different cell types. Normalized gene
expression values were log-transformed and visualized in a UMAP embedding. (G) Expression of MCSP and TYRP1 per cell
type. Color intensity indicates mean gene expression per cell type, dot size indicates the proportion of cells expressing the
respective gene per cell type. Normalized expression values were log-transformed. (H) Expression of MCSP and TYRP1 across
14 samples from melanoma patients pre-treatment or post-treatment. Color intensity indicates mean gene expression per
patient, dot size indicates the proportion of malignant cells expressing the respective gene per patient. Normalized expression
values were log-transformed. Statistical analysis in (D) was performed with the unpaired two-tailed Student’s t-test. Experiments
in subfigure (A) show mean values+SD calculated from three replicates, violin plots and the median values in (D) calculated
from n independent biological replicates. Experiments in subfigures (B) and (C) show one representative of two independent
experiments. CAF, cancer-associated fibroblast; MCSP, melanoma-associated chondroitin sulfate proteoglycan; NK, natural
killer; PBMC, peripheral blood mononuclear cell; PGK1, phosphoglycerate kinase 1; RNA-seq, RNA sequencing; TCGA, The
Cancer Genome Atlas; TYRP1, tyrosinase-related protein 1; RSEM, RNA-seq by expectation maximization.
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MCSP expression on malignant cells was well-maintained
in patients that received treatment (figure 1H). TYRP1
expression pattern was similar in pre-treatment and post-
treatment samples but characterized by a high spread
(figure 1H).

aMCSP/0E3 and «TYRP1/0E3 BiAb bind MCSP* and TYRP*
melanoma cells

BiAb-mediated T cell activation is dependent on anti-
body aggregation on the target cell before their presen-
tation to T cells in a polyvalent form. Our previous work
on the SAR platform could show that BiAb must have a
single specificity for E3 to ensure conditional SAR T cell
activation in the presence of the target antigen.20 This
informed the BiAb design used in this study, with a triva-
lent and bispecific format with two specificities for the
tumor antigen (TYRP1 or MCSP) and a single specificity
for E3 (online supplemental figure 1B,C). The binding
properties and apparent dissociation constant (K)
of BiAb (anti-MCSP/anti-E3 BiAb (oMCSP/aE3) and
anti-TYRP1/ant-E3 BiAb (TYRP1/aE3)) to both their
targets (online supplemental figure 1D,E) and EGFRvIIT
(online supplemental figure 1F) were analyzed by flow
cytometry. The previously characterized oMesothelin/
aE3 BiAb binding the SAR and mesothelin was used as a
non-melanoma targeting control construct in subsequent
experiments.”’

aMCSP/0E3 and «TYRP1/0E3 BiAb can mediate SAR T cell
activation, proliferation and differentiation

SAR constructs could be retrovirally transduced into
primary murine and human T cells with high efficiencies
(figure 2A). Following transduction and expansion proto-
cols, CD4" and CD8" human SAR T cells were shown to
be of similar frequencies and to predominantly have an
effector memory phenotype (figure 2B,C). We assessed
SAR T cell activation and cytokine release in both murine
and human T cells. For murine T cells, we incubated SAR
T cells with two TYRP1-expressing cell lines, B16 and
YUMMI1.1 TYRP1 and with the antigen-negative, pancre-
atic cancer cell line Panc02-OVA (online supplemental
figure 1G-I) in the presence of oTYRP1/aE3 BiAb.
Murine SAR T cells specifically released IFN-y, IL-2, TNF-o.
and granzyme B and expressed the activation markers
programmed cell death protein 1 (PD-1) and CD69 on
co-culture with TYRP1" melanoma cell lines, unlike in
co-culture with antigen-negative Panc02-OVA tumor
cells (online supplemental figure 2A,B). SAR T cells
only proliferated in the presence of TYRPIl-expressing
tumor cells and BiAb (online supplemental figure 2C).
Human SAR T cells were incubated with the MCSP" and
TYRP1" cell lines, A375 and MV3, respectively. Only in the
presence of the MCSP-targeting BiAb molecule and the
target antigen, human SAR T cells released IFN-y, IL-2,
TNF-0: and granzyme B. In contrast, untransduced T cells
(Unt) and control-E3del-transduced T cells remained
inactive and did not produce cytokines or cytotoxic gran-
ules regardless of the presence of the BiAb and target

antigen (figure 2D). The frequency of CD69, PD-1 and
4-1BB-expressing SAR T cells was increased in the pres-
ence of either one of the two BiAb molecules and antigen-
expressing target cells (figure 2E). CD4" and CD8" T cell
proliferation was congruent with the activation observed,
as stimulated SAR T cells proliferated more than control
T cells or SAR T cells in the absence of BiAb (figure 2F).

SAR T cells can target and lyse MCSP-expressing and TYRP1-

expressing melanomas

Using flow cytometry-based and impedance-based assays,
we evaluated whether SAR T cells could selectively lyse
MCSP-expressing and TYRP1-expressing melanoma cells
in the presence of a bridging BiAb. Human SAR T cells
specifically eliminated antigen-positive A375 and MV3
melanoma cells when co-cultured together with either an
oaMCSP/0E3 or o TYRP1/aE3 BiAb whereas no lysis was
detected with the antigen-negative pancreatic cancer cell
line PANC-1 (figure 2G). Similarly, murine SAR T cells
only lysed TYRP1" B16 and YUMMI1.1 TYRP1 melanoma
cells in the presence of an oTYRP1/aE3 BiAb (online
supplemental figure 2D,E). TYRP1-specific and MCSP-
specific BiAb conditionally activated human SAR T cells
in co-culture with patient-derived melanoma samples.
SAR T cells showed increased expression of the activation
markers CD69, PD-1 and 4-1BB, secretion of IFN-y and
proliferation, relative to E3 only or Unt T cell in presence
of either of the BiAb (figure 3A-C). Also, TYRP1-specific
and MCSP-specific BiAb redirected SAR T cells to target
and lyse all patient-derived melanoma samples tested,
whereas Unt and BiAb controls had no effect on tumor
cell lysis (figure 3D).

Cleavable proteins do not impact SAR-BiAb platform efficacy
and safety

With elevated levels of MCSP having been reported
in the sera of patients with melanoma,m we sought
to better understand the potential impact of soluble
MCSP or TYRPI on the SAR T cell-BiAb approach.
Therefore, soluble recombinant MCSP and TYRP1
proteins were used. Proteins were added in ascending
concentrations to a T cell-tumor cell co-culture to
study T cell killing efficiency and kinetics. Ascending
concentrations of MCSP and TYRPI, including
concentrations at a physiological level, did not impair
SAR T cell killing (figure 4A and online supple-
mental figure 3A). We also sought to test whether free
soluble protein targets would induce unwanted off-
tumor SAR T cell activation. We found that soluble
MCSP and TYRPI did not induce SAR T cell activa-
tion in the presence of either relevant BiAb, both
at physiological and supraphysiological concentra-
tions that were tested. There, no significant changes
in IFN-y levels were observed when comparing E3
and BiAb conditions to controls containing soluble
recombinant MCSP or TYRP1 (figure 4B and online
supplemental figure 3B). It should be noted that in
this setting a higher basal SAR T cell activation was
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Figure 2 oMCSP/aE3 and oTYRP1/aE3 BiAb activate SAR T cells to mediate specific cytotoxicity against human melanoma
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E3 SAR-transduced T cells. E3del, T cells transduced with E3 SAR lacking intracellular signaling domains. (B) Frequency of
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and CD45R0"), naive (CCR7* and CD45R0") and effector (CCR7~ and CD45R0O") phenotype on human T cells. (D) ELISA
for granzyme B, IFN-v, IL-2 and TNF-con supernatant of human T cells in co-culture with human melanoma cell line A375
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(n=3-6). (G) The percentage lysis of melanoma cell lines A375, MV3, and antigen-negative, pancreatic cancer cell line PANC-1
by SAR T cells and either of the two BiAb was calculated using a flow cytometry-based readout after 48 hours of co-culture
(n=3-6). The values shown were normalized to the Unt T cells without BiAb control condition which was taken as 0% lysis.
Statistical analysis was performed using the paired two-tailed Student’s t-test. Statistics shown in (D) were calculated based
on the 24-hour time points. Experiments show mean values+SD calculated from n independent biological replicates. BiAb,

bispecific antibodies; E:T, effector to target ratio; IFN, interferon; IL, interleukin; MCSP, melanoma-associated chondroitin sulfate

proteoglycan; PD-1, programmed cell death protein-1; SAR, synthetic agonistic receptor; TNF, tumor necrosis factor; TYRP1,
tyrosinase-related protein 1; Unt, untransduced T cells.

observed with the oTYRP1/0E3 compared with the
aMCSP/oE3 BiAb. It appears that the SAR T cell-
BiAb platform is not easily impacted by alternative
soluble sources of targeted proteins and requires

immobilization of these on the tumor cell surface,
as previously described for other targets in one of
our previous studies.” These findings align with
the fact that the BiAb was designed only to bind a
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Figure 3 oMCSP/aE3 and oTYRP1/aE3 BiAb activate SAR T cells to mediate specific cytotoxicity against patient-derived
melanoma samples. (A) Human T cells were co-cultured with patient-derived melanoma samples (effector to target ratio 2:1) and
either tMCSP/0E3 or oTYRP1/0E3 BiAb (¢MCSP or o TYRP1, 1 ug/mL) for 48 hours. The frequency of CD69, PD-1 and 4-1BB
on T cells was assessed using flow cytometry. (B) Supernatant was taken and analyzed with ELISA for IFN-y.The values were
normalized to the numbers of plated T cells. (C) The CD3* T cell count per bead was measured and normalized to conditions
without BiAb. (D) The percentage lysis of the patient-derived melanoma samples by SAR T cells and either of the two BiAb was
calculated based on flow cytometric readout after 48 hours of co-culture. The values shown were normalized to the tumor cells
only control conditions. Statistical analysis was performed using the paired two-tailed Student’s t-test. Experiments show mean
values=SD. Each data point represents the mean of 2-3 biological replicates. BiAb, bispecific antibodies; IFN, interferon; MCSP,
melanoma-associated chondroitin sulfate proteoglycan; PD-1, programmed cell death protein 1; SAR, synthetic agonistic
receptor; TYRP1, tyrosinase-related protein 1; Unt, untransduced T cells.

membrane-proximal epitope that remains on the cell
surface following cleavage.

Modular, selective and reversible activation of SAR T cells
against melanoma

Melanomas are heterogeneous and stand to benefit from
a modular and controllable therapeutic approach. Use
of the melanoma differentiation antigens shared with
other cells calls for control over these effects to antag-
onize potential unwanted excessive toxicities. While
classic CAR T cell activity is maintained in the presence
of a target antigen, SAR T cell activation is modular and
controllable (figure 4C).19 To demonstrate this in the
melanoma setting, we used an in vitro stimulation assay to
show how BiAb-dependent SAR activation enables greater
control over T cell function (online supplemental figure
3C). As expected, following a 24-hour co-culture with
MCSP* TYRP1" A375 tumor cells, SAR T cells could be
activated in the presence of either of the two BiAb mole-
cules (figure 4D). The same SAR T cells were then trans-
ferred to a new plate containing freshly plated A375 cells
where they were co-cultured for a further 24 hours under
different stimulation conditions. We found IFN-y expres-
sion was maintained when SAR T cells were redosed
with either one of the two BiAb molecules (figure 4E).
However, the concentration of IFN-y decreased in the
absence of BiAb redosing, indicating the reversibility of
SAR T cell activation. This was distinct from the lack of
controllability seen with human anti-HER2 CAR T cells

when targeting HER2" A375 tumor cells, which continued
to sense HER2' tumor cells® (figure 4E).

At the same time, sequential targeting of multiple
antigen types would allow for more refined patient-specific
tailoring of treatment and prevention of antigen-negative
relapse. Through redosing with aMCSP/0E3 BiAb (first
dosing with o« TYRP1/aE3), the transferred SAR T cells
remained activated, as shown by an elevated IFN-y concen-
tration after 48 hours of co-culture (figure 4E).

By sequentially redirecting SAR T cells towards different
melanoma targets with high efficiency, the modularity of
the platform was demonstrated (figure 4D, E). Overall,
this approach has the potential to target a variety of
melanoma-associated antigens with a level of flexibility
and controllability that is superior to that of CAR T cells.

SAR T cell-BiAb combination mediates effective tumor control
in vivo

To probe the in vivo function of the SAR T cell-BiAb
combination, we established and used both syngeneic
and xenograft melanoma models. We engrafted the
YUMMI1.1 TYRPI-LUC-GFP murine melanoma cell line
into C57BL/6 mice. The MV3 and A375 human mela-
noma cell lines and a sample from a patient with primary
melanoma (sample 2) were implanted into NSG mice. In
the syngeneic model, following adoptive transfer, SAR T
cells were shown to persist well, where SAR" T cells could
be tracked in the peripheral blood of mice at 7, 14 and
19 days post transfer (online supplemental figure 4A).
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with the same BiAb, redosed with the BiAb against the other target, or not redosed after initial dosing (second dosage) and
incubated for another 24 hours. At 24 (D) or 48 hours (E), supernatants were taken and ELISA for human IFN-y were performed
(n=3). Analyses of differences between groups for (A) were performed using two-way analysis of variance with correction for
multiple testing by the Bonferroni method. For statistical analysis of (B), (D) and (E), the unpaired two-tailed Student’s t-test was
used. Experiments show mean values+SD calculated from at least three biological replicates and are representative of three
independent experiments. BiAb, bispecific antibodies; E:T, effector to target ratio; IFN, interferon; EGFRVIII, epidermal growth
factor receptor variant Ill; MCSP, melanoma-associated chondroitin sulfate proteoglycan; SAR, synthetic agonistic receptor;
TYRP1, tyrosinase-related protein 1; HER2, human epidermal growth factor receptor.

Mice that were treated with SAR T cells and repeated
aTYRP1/aE3 BiAb dosing were able to clear the disease
and achieved long-term survival (4 out of 10 mice with
a complete response) (figure 5A,B, online supplemental
figure 4B). In an endpoint experiment (19 days after T
cell transfer) the lungs were harvested and analyzed using
flow cytometry. SAR T cell and repeated a'TYRP1/0E3
BiAb combination treatment led to a complete tumor
clearance in four out of five mice based on a flow cytom-
etry and IVIS readout (figure 5C and online supplemental
figure 4C). In contrast, a single dose of the aTYRP1/
oE3 BiAb in combination with SAR T cells only showed
transient tumor control and did not lead to tumor clear-
ance nor prolonged survival of the treated mice (online

supplemental figure 4D,E), indicating the necessity for
redosing for maintained SAR activity in vivo. This neces-
sity for redosing demonstrates a reversibility in SAR T cell
activity on dosing cessation.

In order to analyze the antigen-specificity of the
approach in vivo, mice bearing antigen-negative
YUMMI1.1 LUC-GFP tumors were treated with SAR T cell-
BiAb combination. Treatment of antigen-negative tumors
did not impact tumor growth and survival compared with
control mice treated with SAR T cells or the vehicle solu-
tion (online supplemental figure 4F,G) underpinning
the necessity of target antigen expression for the func-
tionality of the approach. To further analyze the speci-
ficity of the o TYRP1/0E3 BiAb, TYRP1-expressing organs
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Figure 5 Treatment with the SAR T cell-BiAb combination is effective in syngeneic and xenograft melanoma models and
enhances survival in vivo. (A) C57BL/6 mice were injected i.p. weekly with an anti-CD20 depleting antibody (250 pg/injection)
starting 7 days before tumor cell injection. Mice were inoculated intravenously with 2x10° YUMM1.1 TYRP1-LUC-GFP tumor
cells. Mice were treated with a single intravenous injection of T cells 4 days after tumor cell injection. Simultaneously, antibody
treatment was given by i.p. injections of the aTYRP1/aE3 BiAb («TYRP1, 5 pg/injection) which was redosed two times per
week. In vivo luminescent signal imaging was performed one time per week using IVIS. Treatment groups were as follows: SAR
T cells and o TYRP1/0E3 BiAb (n=10), E3del T cells and aTYRP1/aE3 BiAb (n=5), SAR T cells (n=5), Unt T cells and oTYRP1/
oE3 BiAb (n=4), and the vehicle solution (n=9). (B) Percentage survival readout. (C) Tumor burden per mg of lung tissue 19 days
after T cell therapy using a flow cytometry-based readout. Mice were treated with either SAR T cells and o TYRP1/0E3 BiAb
(n=5), Unt T cells and oTYRP1/a.E3 BiAb (n=4) or SAR T cells only (n=5) 4 days after tumor induction. (D) Immunofluorescence
imaging of the aTYRP1/0E3 BiAb and tumor cell-derived GFP in lung tissue was carried out with anti-human IgG and anti-GFP
stainings. Mice were injected intravenous either with 2x10° YUMM1.1 TYRP1-LUC-GFP cells or with vehicle solution. After

20 days the mice were injected either with 5pg oTYRP1/0E3 BiAb, an isotype BiAb or with the vehicle solution. Following 48
hours of incubation, the lung, heart and skin were harvested, stained and imaged using ZellScannerONE. The groups were as
follows: Tumor and aTYRP1/0E3 BiAb (n=3), aTYRP1/0E3 BiAb only (n=2), tumor and isotype BiAb (n=3). (E) NSG mice were
inoculated s.c. with 1x108MV3 tumor cells. Mice were treated with a single intravenous injection of T cells 5days after tumor
cell injection. Simultaneously, antibody treatment was given by i.p. injections of the «MCSP/0E3 BiAb (MCSP, 5 pg/injection)
which was redosed two times per week. Treatment groups were as follows: SAR T cells and the «MCSP/oE3 BiAb (n=5), Unt

T cells and aMCSP/0E3 BiAb (n=4), SAR T cells only (n=5), BiAb only (n=5), and the vehicle solution (n=5). (F) In an endpoint
experiment, SAR T cell persistence in the blood and in the tumor was analyzed using a flow cytometry-based readout 14 days
after T cell transfer. The mice were treated with either SAR T cells and «MCSP/0E3 BiAb, Unt T cells and aMCSP/0E3 BiAb or
SART cells only (for each group n=5). (G) SAR T cell infiltration per mm? tumor. (H) Frequency of PD-1 expression on human
CD4* and CD8" T cells in the tumor. (I) NSG mice were injected s.c. with 0.2x10°A375 tumor cells. The mice were treated
according to the experiment in (E) 11 days after tumor induction (for E3del and aMCSP/aE3 BiAb: n=4, for other groups: n=5).
(J) Percentage survival readout. (K) NSG mice were injected s.c. with 0.4x10° patient-derived melanoma cells (patient sample
2). The mice were treated according to the experiment in (E) 12 days after tumor induction with o TYRP1/0E3 BiAb (for E3del
and o TYRP1/0E3 BiAb, and vehicle solution: n=4, for other groups: n=>5). For statistical analysis of survival data, the log-rank
test was applied. Analyses of differences between groups for (E), (I) and (K) were performed using two-way analysis of variance
with correction for multiple testing by the Bonferroni method. For statistical analysis of (C), (F), (G) and (H) the unpaired two-
tailed Student’s t-test was used. Experiments show mean values+SEM calculated from n biological replicates, one experiment
for (B), (C), (F), (G), (H) and (K), and one representative of two independent experiments in (A), (E), () and (J). BiAb, bispecific
antibodies; i.p., intraperitoneally; MCSP, melanoma-associated chondroitin sulfate proteoglycan; PD-1, programmed cell death
protein 1; PDX, patient-derived xenograft; SAR, synthetic agonistic receptor; s.c., subcutaneously; TYRP1, tyrosinase-related
protein 1; Unt, untransduced T cells.
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(heart and skin) and tumor-bearing lungs were harvested
48 hours after BiAb injection and the BiAb was stained
using immunofluorescence. o'TYRP1/aE3 BiAb specifi-
cally bound to YUMMI.1 TYRP1-LUC-GFP tumor cells in
the lung, while no comparable binding of the BiAb could
be detected in other TYRP1-expressing tissues, indicative
of its selectivity for melanoma cells (figure 5D and online
supplemental figure 4H).

In the human MV3 xenograft model, a strong antitu-
moral response was again observed in the group treated
with SAR T cells and aMCSP/0E3 BiAb compared with
all controls (figure 5E). In this group, durable persistence
of SAR-transduced T cells was seen by flow cytometry at
7 and 14 days post transfer (figure 5F). At the experi-
mental endpoint, tumors were harvested and analyzed
by flow cytometry. Higher numbers of tumor infiltrating
SAR T cells were found in mice that received the SAR T
cell-BiAb treatment combination (figure 5G), with CD4"
T cells persisting better than CD8' T cells in contrast to
any of the controls. Phenotyping of transferred T cells at
the experimental endpoint revealed maintenance of the
effector memory phenotype they had prior to adoptive
transfer (as determined by CD45RO and CCR7 expres-
sion) (online supplemental figure 4I). Furthermore,
PD-1 expression was increased in SAR T cell-BiAb treated
mice compared with SAR T cell only or Unt T cells and
BiAb control conditions (figure 5H). Similar to the
MV3 model, the A375 xenograft model, demonstrated
comparable sensitivity to SAR T cells and BiAb resulting
in improved tumor control and prolonged survival
(figure 51 and J). Additionally, in a patient-derived xeno-
graft model, treatment with the o«TYRP1/0aE3 BiAb and
SAR T cells resulted in reduced tumor growth in mice
receiving SAR T cell and BiAb combination (figure 5K).

DISCUSSION

We could demonstrate that MCSP and TYRP1 expression
remains differentially expressed on primary melanoma
samples of patients pre-treatment or post-treatment.
We reasoned that their targeting using a modular and
controllable T cell therapy platform, in the form of the
SAR T cell-BiAb approach, could be an effective strategy
and probed this hypothesis in vitro and in vivo. In order to
demonstrate the translational relevance of the approach,
we selected a series of relevant in vitro and in vivo models.
We used immunocompetent syngeneic mouse models to
better control for the immune system’s impact on the
treatment approach and primary human melanoma
models and cell lines to test the efficacy of the approach
in treated as well as untreated melanoma models.

Our results demonstrate the efficacy of the approach
in several in vitro and in vivo models. SAR-engineered T
cells could be redirected towards MCSP-expressing and
TYRPl-expressing melanoma cells in the presence of
the oMCSP/0E3 or oTYRP1/aE3 BiAb. SAR T cells effi-
ciently targeted and lysed MCSP-expressing and TYRPI-
expressing melanoma cell lines. Targeted specificity and

killing capacity were retained when targeting patient-
derived melanomas, using in vitro co-cultures, as well as
several syngeneic and xenograft in vivo mouse models.

The potent cytolytic effects of the platform in the synge-
neic model resulted in 4 out of 10 mice completely curing
the tumor in the observed period. We also observed
strong treatment effects in xenograft models which are
comparable to results shown in preclinical approaches
using melanoma-specific CAR T cells.”** In these studies,
HER2 and GD2 were the targeted antigens. HER2 CAR
T cells have been shown to pose a risk of lethal toxicity,
with cytokine release syndrome from on-target off-tumor
recognition of HER2.*” While efforts are being made to
create safer HER2-targeting CAR T cells,38 we demon-
strate herein that the SAR T cell-BiAb approach, with its
controllable and reversible facets, can be a ready-made
solution for lowering and controlling toxicity.s9

MCSP is differentially expressed on the surface of over
85% of melanomas.*’ It provides tumorigenic signals to
melanoma cells that stimulate growth, motility, and tissue
invasion. ™! It was therefore unsurprising to discover its
expression was retained on patient with primary mela-
noma samples irrespective of the treatment history.
Furthermore, we could show expression on human mela-
noma cell lines on transcript and protein level which
was in line with the functional readouts. MCSP has been
described as potential target for CAR T cell therapy in
melanoma and glioblastoma.39 % TYRP1, a transmem-
brane glycoprotein naturally involved in melanin produc-
tion,*® has been identified as an antigen highly expressed
in melanoma and stably expressed during disease progres-
sion.” TYRP1 expression could also be observed on
primary patient samples and human melanoma cell lines.
Discrepancies between transcript and protein expression
could be partly caused by internalization of TYRP1.** ¥
The influence of target antigen internalization on treat-
ment outcome must be investigated in further studies.
Nonetheless, potent treatment effects were shown when
targeting TYRP1" cells with the SAR-BiAb approach in
syngeneic and human xenograft models. In a phase 1
study an anti-TYRP1 monoclonal antibody was adminis-
tered in patients with relapsed or refractory melanoma,
where no serious adverse events were observed, indicating
the potential safety of targeting.50

With low off-tumor expression detected in some
healthy tissues for both targets, it was necessary to design
antibodies that would bind MCSP and TYRP1 with suffi-
cient avidity, while minimizing the potential for off-tumor
toxicity. Melanoma-specific BiAb were designed with two
binding arms for the tumor target. This increased the
binding avidity of the BiAb to melanoma cells showing
higher target expression compared with healthy cells.
Thus, the binding strength could be increased while mini-
mizing the risk of on-target off-tumor toxicity that is often
associated with increased binding affinities. Similarly, the
risk of targeting endogenous T cells is limited since no
expression of the target antigens was observed on human
T cells. The modular facets of the SAR platform were
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previously demonstrated in an acute myeloid leukemia
xenograft model,19 and again substantiated herein. The
simultaneous, or in the event of antigen loss, sequential
targeting of multiple tumor antigens has proven to be an
effective approach in the treatment of B-cell malignan-
cies,51 and is further evidenced by several approaches
attempting to render CAR T cells more adaptable.” We
thereby reason, that a platform allowing change or simul-
taneous targeting of multiple antigens, with one cellular
construct comes with clear advantages of feasibility and
flexibility.

MCSP levels have been shown to be elevated in the sera
of patients with advanced melanoma.®® We experimen-
tally tested the potential impact of soluble MCSP on the
conditional specificity of the SAR T cell-BiAb approach.
At physiological levels, free-MCSP did not activate SAR
T cells in the presence of BiAb. Free targeted protein in
the tumor microenvironment must be considered as a
potential hindrance to the efficacy of the SAR T cell-BiAb
combination, as well as other adoptive T cell therapies.
This could become especially problematic in targeting
cleavable proteins, such as MCSP, and the targeting of
membrane-associated forms of proteins could maximize
efficiency in this regard.” In fact, shed glypican-3 was
shown to induce a blocking effect on CAR T cells targeting
glypican-3-expressing hepatocellular carcinoma.” Prob-
ably because of the peculiarities of the SAR T cell-BiAb
platform, we have not found such mechanism to impact
efficacy or activity.

Anti-melanoma CAR T cell therapy has shown limited
efficacy in the clinic thus far.”* Results from the CARPETS
phase I trial (NCT02107963) showed limited persistence
of GD2 CAR T cells in patients with metastatic melanoma,
with CAR transgenes only detected at low levels in patient
peripheral blood after 4months. T cell exhaustion and
activation induced cell death have been shown to hinder
the persistence and function of adoptively transferred T
cells.”” *® Recent work from Weber and colleagues showed
that transientrest, using enforced CAR molecule downreg-
ulation via a drug-regulatable system, could restore CAR
T cell functjonality.57 An advantage of the SAR T cell-BiAb
system is that it is an adaptor platform inherently regulat-
able, via its BiAb facet. The reversibility of SAR T cell acti-
vation was demonstrated with the cessation of BiAb dosing
in vitro and in vivo. This makes it very straightforward to
incorporate a transient rest period simply by modifying
the dosing schedule of the BiAb, thus recapitulating the
previously mentioned regulatable system. Recent work by
Phillipp and colleagues also showed that transient BiAb
dosing reduced T cell exhaustion and improved CD3" T
cell engager efficacy.”® The BiAb molecules we used have
an IgG format, which extends their half-ife in compar-
ison to Fedeficient BiAb.”” Engineering the halflife of
BiAb to offer greater flexibility towards patient needs
would be a straightforward approach, that could also be
beneficial. Importantly, we could previously demonstrate
the use of different antibody formats and half-lives to acti-
vate and redirect SAR T cells,' 2 opening the door to

such optimizations. Inadequate T cell infiltration into the
tumor and a suppressive milieu therein are the subject
of ongoing investigation that could broadly improve the
therapeutic success of adoptive T cell therapies in solid
tumors,‘r' including melanoma. Equipping SAR T cells
with relevant chemokine receptors while shielding them
from local immune suppression could further improve
treatment efficacy and warrant further investigation.****

Harnessing the apparent advantages of the SAR T
cell-BiAb platform for melanoma therapy has yielded
very promising results in our preclinical models. With
evident potential for improved clinical benefit, we believe
these findings warrant further characterization in more
advanced preclinical models and ultimately clinical
studies.
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CART cell therapy remains ineffective in solid tumors, due largely to poor infiltration and T cell suppression at the
tumor site. T regulatory (Tyeg) cells suppress the immune response via inhibitory factors such as transforming growth
factor-p (TGF-B). Treq cells expressing the C-C chemokine receptor 8 (CCR8) have been associated with poor prognosis
in solid tumors. We postulated that CCR8 could be exploited to redirect effector T cells to the tumor site while a
dominant-negative TGF-p receptor 2 (DNR) can simultaneously shield them from TGF-B. We identified that CCL1
from activated T cells potentiates a feedback loop for CCR8" T cell recruitment to the tumor site. This sustained
and improved infiltration of engineered T cells synergized with TGF- shielding for improved therapeutic efficacy.
Our results demonstrate that addition of CCR8 and DNR into CART cells can render them effective in solid tumors.

INTRODUCTION

The implementation of immune-checkpoint blockade into the standard
of care for a growing number of malignant diseases has established
the role of T cells in therapeutically inducible antitumor immunity
(1, 2). Likewise, the therapeutic use of T cells, also termed adoptive
T cell therapy (ACT), has been developed. This includes the ex vivo
expansion and reinfusion of tumor-infiltrating lymphocytes or en-
gineering patient T cells to express a cancer antigen-specific T cell
receptor (TCR) bearing improved tumor-targeting capacities (3). Al-
ternatively, patient T cells can be engineered to express a chimeric
antigen receptor (CAR), which combines the specificity of an anti-
body with T cell-activating and costimulatory domains that acts as
a fully synthetic receptor triggering a full-blown T cell response (4).
CART cells have shown unparalleled efficacy in refractory patients
with hematological malignancies such as acute lymphatic leukemia
or diffuse large B cell lymphoma (5, 6). Nevertheless, a large propor-
tion of patients acquire resistance during the course of their therapy
due to target loss or mutation (7). In the more frequent solid cancer
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indications, efficacy of CAR T cells remains to be demonstrated, de-
spite the strong proof-of-concept studies in xenograft models (8).
These immunocompromised models should be complemented with
immune-competent syngeneic models that can demonstrate the im-
mune system’s impact on CAR T cells (9, 10). However, we and others
have repeatedly observed that tumor control by TCR-specific T cells
and also CAR T cells, despite appropriate target selection, is limited
or absent in syngeneic models (11-13). This reflects the growing body
of clinical observations with CAR T cells (7) and demonstrates the
need for alternative methods to improve the activity of CAR T cells
against solid tumors.

Major unaddressed obstacles to CAR T cell efficacy in solid tu-
mors are poor infiltration at the tumor site and T cell suppression
(14). Clinically relevant CAR T cell efficacy is unlikely to occur un-
less both aspects are tackled simultaneously. T regulatory (Theg) cells
are key drivers of immunosuppression in solid tumors (15) largely
via release of transforming growth factor-p (TGF-p) (16). More re-
cently, another mechanism of immunosuppression by Ty cells has
been identified and involves the ligand CCL1 binding to its receptor
C-C chemokine receptor 8 (CCR8) (16). Accumulation of these
CCR8" Treg cells is associated with poor prognosis in breast cancer
(15, 16). So far, this chemokine axis has not been exploited ther-
apeutically. Since tumors of different origins actively recruit Tyeg
cells through the CCL1-CCR8 axis, we reasoned that this axis could be
therapeutically exploited by arming effector T (Te) cells with CCR8
to improve recruitment to tumor sites. However, recruitment of CCR8-
engineered T cells to the same sites as Treg cells will directly expose
them to Treg cell-mediated suppression. To overcome this immuno-
suppression, we sought to use the well-characterized truncated variant
of the TGF-B receptor 2 (17, 18). Combining a previously unused
tumor recruitment mechanism with a well-established mechanism
of immunosuppression prevention would generate the first T cell
product that can address the two major limitations of ACT in solid
tumors. We probed this hypothesis in murine and human models
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in vitro and in vivo and show that CAR T cell therapy can be ren-
dered effective in various tumor models with this novel combinato-
rial approach.

RESULTS

CCL1 recruits CCR8" T cells to tumors in a murine pancreatic
cancer model

To further understand the determinants of successful infiltra-
tion of adoptively transferred antigen-specific T cells, we transferred
ovalbumin (OVA)-specific, in vitro expanded T cells (OT-I T cells)
transduced with green fluorescent protein (GFP) to mice bearing
Panc02-OVA tumors (Fig. 1A). A week after transfer, we isolated the
transferred T cells from spleen and tumor and performed reverse
transcription polymerase chain reaction (RT-PCR)-based microar-
ray analysis on predefined genes associated with T cell exhaustion
and homing. As expected, markers of activation and exhaustion such
as PD-1 (Programmed cell death protein 1) were up-regulated in
tumor-infiltrating T cells (Fig. 1B). Of all the chemokine receptors, the
only target that was significantly up-regulated was CCR8 (Fig. 1B),
implying its role in facilitating T cell accumulation at the tumor site.
Homing of CCR8" cells is mainly driven by CCL1 (16, 19), which
could be detected in ex vivo Panc02 tumors at both the RNA
(Fig. 1C) and protein level (Fig. 1, D and E), and was detected in the
tumor microenvironment at considerably higher levels than other
organs (Fig. 1D). Activated T cells have previously been reported to
produce CCL1 (20). Consistent with this, we found that tumor-

A B C

Splenocyte benchmark

infiltrating T cells produced high amounts of CCL1 upon stimulation
(Fig. 1F). Upon antigen recognition, T cells produced more CCL1
with increasing effector-to-target ratios (Fig. 1G), highlighting a posi-
tive feedback loop, whereby local activation of T cells in the tumor
induces their expression of CCL1, which, in turn, will further amplify
the recruitment of CCR8-expressing immune cells. In contrast, the
Panc02 tumor cells themselves did not release CCL1 (Fig. 1G).

CCR8-transduced T cells improve ACT efficacy through
CCL1-dependent tumor trafficking

The presence of CCR8 on tumor-infiltrating T cells implies that the
CCL1-CCR8 axis recruits T cells to the tumor site. CCR8 is a chemok-
ine receptor predominantly present on effector Treg cells. There, its
expression is substantially higher compared to central Ty or con-
ventional Tef cells (Fig. 2A) and may contribute to their infiltration
into CCL1-expressing tumors. Thus, by ectopically introducing CCR8
into tumor-specific Tef cells, these cells may be able to mirror Treg
cell migration patterns. However, CCR8 is not the only chemokine
receptor found in Treg cells. CCL22 is the ligand of CCR4, which,
similar to CCRS, is expressed on Treg cells, fostering an immuno-
suppressive environment in ovarian carcinoma and predicting poor
survival (21). We therefore compared the relative expression of these
two axes across several human tissues. We found substantial expres-
sion of CCL22 in numerous healthy tissues including the central
nervous system, gastrointestinal tract, lung, and skin. In contrast, CCL1
was expressed at lower levels and restricted to the spleen, lung, tes-
tes, and brain (fig. S1A). These data suggest a favorable specificity
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Fig. 1. CCR8 is used by a subset of transferred antigen-specific T cells to traffic to a murine pancreatic cancer in a CCL1-dependent manner. (A) Schematic ex-
perimental layout to determine the gene expression profile of OT-I T cells after adoptive transfer. (B) Volcano plot for gene expression profile of tumor-infiltrating OT-
T cell compared to a splenocyte benchmark. Gene expression is depicted on the x axis versus the P value depicted on the y axis. (n =3 mice). (C) RT-PCR gene analysis
of explanted Panc02-OVA tumors (n = 4). HPRT, hypoxanthine-guanine phosphoribosyltransferase. (D) Enzyme-linked immunosorbent assay (ELISA) for murine CCL1 on
organ lysates of control animals (n = 3) or Panc02-OVA tumor-bearing animals (n = 10). LNIL, lymph node ipsilateral to the tumor; LNCL, lymph node contralateral to the
tumor. (E) Fourteen-day Panc02-OVA tumor explants, embedded in OCT medium and frozen for cryosectioning and stained with CCL1 and 4',6-diamidino-2-phenylindole
(DAPI) (representative of n = 3 mice). (F) ELISA for murine CCL1 on CD4* or CD8" magnetic-activated cell-sorted T cells after 24-hour stimulation with anti-CD3 and
anti-CD28 antibodies or vehicle solutions only (representative of n =3 independent experiments). (G) ELISA for murine CCL1 of supernatants generated upon 24- or
48-hour culture of different effector to target ratios, namely, 0, 1, 5, or 10 OT-I T cells to 1 tumor target cell (a constant number of 20.000 Panc02-OVA tumor cells was
used) (representative of n = 3 independent experiments). nd stands for nondetectable. ns stands for nonsignificant P> 0.05. Experiments show mean values + SEM of at
least triplicates and are representative of at least three independent experiments. P values are based on two-sided unpaired t test. Data shown in (D) are pooled from
three independent experiments.
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T cells (n=5 mice per group). (F) Tumor survival curves of (). (G) Panc02-OVA-CCL1 tumor growth curves of mice treated with a single intravenous injection of PBS or 10"
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for multiple testing by the Bonferroni method. Comparison of survival rates for (F) and (H) was performed with the log-rank (Mantel-Cox) test.

profile with less off-target accumulation of CCR8-CAR T cells and
increased specificity of the CCL1-CCR8 axis to tumors.

We next probed the hypothesis that forced expression of CCR8
in T cells would enable their migration toward CCLI, thereby
enhancing tumor access. We first inserted this gene in a retroviral
vector followed by a 2a-linker peptide fused to GFP and assessed
that CCR8 was expressed efficiently upon retroviral transduction
into primary T cells (Fig. 2B). There, CCR8 proved functional upon
ligand binding, facilitating dose-dependent migration toward re-
combinant CCL1 (Fig. 2C). We then set up an in vivo experiment,
on the Panc02-OVA model used previously, to assess the therapeu-
tical efficacy of CCR8-transduced Tef cells (Fig. 2D). A single transfer
of CCR8-transduced OT-I T cells resulted in significantly improved
tumor growth control and prolonged survival of tumor-bearing
mice compared to GFP-transduced OT-I T cells (Fig. 2, E and F).

Cadilha et al., Sci. Adv. 2021; 7 : eabi5781 9 June 2021

To test the impact of CCR8-expressing Teg cells on tumors that pro-
duce CCLI1 themselves, we generated a Panc02-OVA variant over-
expressing CCL1. Using the same treatment protocol as before, treatment
of tumor-bearing mice with CCR8-transduced OT-I T cells almost
completely abolished tumor growth and more markedly prolonged
survival compared to control OT-I T cells (Fig. 2, G and H). To
evaluate whether the observed phenotype did indeed rely on enhanced
recruitment of T cells to the tumor site, we analyzed immune cell
infiltrates by flow cytometry. Analysis of the tumor environment after
transfer of an equal mix of CCR8-GFP- and mCherry-transduced
T cells (Fig. 2I) revealed increased infiltration of CCR8 OT-I T
cells compared to OT-I T cells in tumor tissues, which was further
enhanced in tumors overexpressing CCL1 (Fig. 2]). Using the same
experimental setup, we looked at the antigen-nonspecific infiltra-
tion of the ACT in multiple organs. We found CCR8-GFP T cells
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to preferentially infiltrate the liver, lung, and tumor relative to the
spleen (fig. S1, B and C). We then wondered whether, in addition to
amplifying the infiltration of tumors, CCR8 expression enhanced
their intratumoral motility, which may promote tumor invasion
and further increase their antitumor activity. For this purpose, we
performed intravital microscopy that recapitulated the enhanced
infiltrative capacity of CCR8-transduced T cells (Fig. 2, K and L).
However, no significant changes in the motility of CCR8-transduced
T cells compared to mCherry-transduced T cells were observed (Fig. 2M).
Together, these data point toward enhanced tumor-directed migration,
which is further enhanced by continued CCL1 production in the
presence of a tumor target, as the mode of action of CCR8 in ACT.

Dominant-negative receptor-transduced T cells retain
proliferative capacity despite TGF-p

As CCR8 is typically used by Treg cells for directed migration toward
tumor tissues, effector cells recruited to the same site would be at
increased risk of Treg suppression. We first quantified Tyeg cell infil-
trates in Panc02 tumors (Fig. 3, A and B). The fraction of T cells
in the immune cell infiltrate in this tumor model was higher than in
lymphoid organs (Fig. 3B) and was essentially entirely composed of
CD44™ effector Theg cells (Fig. 3C). Given that TGF-B is one of the
main suppressive mechanisms used by Treg cells, and that tumor-
infiltrating g cells produce this cytokine in the Panc02-OVA tumor
model (Fig. 3D), we considered that shielding the transferred T cells
from this suppressive cytokine would improve their tumor-ablating
function. We also found large amounts of TGF- in supernatants
derived from in vitro cultures of Panc02 cells, further corroborating
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the immunosuppressive role of this cytokine in this model (Fig. 3E). To
counteract the deleterious effects of this cytokine on gene-engineered
cells, we used the well-described truncated version of the TGF-f
receptor 2 [dominant-negative receptor (DNR); Fig. 3F]. This re-
ceptor lacks the intracellular signaling motifs required for TGF-p
signal transduction and directly competes with wild-type TGF-p recep-
tor 2 for binding to TGF-B. Binding of TGF- to DNR-transduced
T cells will scavenge TGF-B, preventing its activity on untransduced
T cells (22, 23). Upon retroviral transduction, DNR was readily ex-
pressed in primary murine T cells (Fig. 3G). DNR efficiently shielded
transduced T cells from TGF-B, as TGF-p did not negatively affect
the proliferation of transduced T cells in contrast to control T cells
(Fig. 3H). We next used DNR-transduced OT-I T cells to treat mice
bearing Panc02-OVA tumors with the same treatment schedule as
outlined previously (Fig. 3I). DNR-transduced OT-IT cells showed
enhanced tumor control and prolonged survival of mice compared
to GFP-transduced OT-I T cells (Fig. 3, ] and K). In contrast to the
chemokine receptor-engineered T cells, as expected, DNR-transduced
cells did not show a preferential accumulation at the tumor tissue
compared to control OT-I T cells (Fig. 3L). Together, these results
indicate that DNR could be a suitable combination partner for CCR8
overexpression in antigen-specific T cells by shielding these cells from
immune suppression.

CCR8-DNR-transduced CART cells show in vivo efficacy

in murine pancreatic solid tumors

Considering the enhanced tumor control we observed by generat-
ing conventional Tef cells expressing either ectopic CCR8 or DNR,
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Fig. 3. DNR-transduced T cells retain proliferative capacity despite TGF-. (A) CD45*CD3*CD4*FoxP3* CD44"" CD62L™ eT,og and CD44°" CD62L" cTyeg Panc02-OVA infil-
trating cells (n =5 mice). PE, Phycoerythrin. (B) Percentage of Treg/CD4" in (A) (n = 5 mice). Treq cells: lymph nodes 15406 + 5351, spleen 6992 + 9702, and tumor 893 + 244 (mean
absolute cells + SD). (C) Percentage €T eq cells in Treq cells. (D) Percentage TGF-B* cells in €T,eq (n=10). (E) Murine TGF-B ELISA on 20.000 tumor cells supernatant (n =3). (F) DNR
downstream signaling. AA, amino acid. (G) Transduction efficiency of murine T cells with DNR. (H) T cell proliferation measured through flow cytometry (n = 3). (I) Experimental
layout for tumor challenge with Panc02-OVA. (J) Tumor growth curve in mice treated with a single intravenous injection of PBS or 10’ GFP-transduced or DNR-transduced OT-I
T cells (n=5). (K) Tumor survival curves of (J). (L) Flow cytometry ACT tracking in Panc02 tumor-bearing mice treated with an equal mix of DNR-mCherry T cells and GFP T cells
(n=3). Experiments show mean values + SEM and are representative of three independent experiments, except (A) to (C), which was performed for a total of 5 mice, and (D)
a total of 10 mice. P values for (B), (C), (D), (E), and (L) are based on two-sided unpaired t test. Analyses of differences between groups for (J) were performed using two-way
ANOVA with correction for multiple testing by the Bonferroni method. Comparison of survival rates for (K) was performed with the log-rank (Mantel-Cox) test.
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we wanted to test whether this approach could also be used to im-
prove the function of CAR T cells, and whether their combined ex-
pression produced synergistic effects. To this end, we developed
polycistronic constructs allowing for coexpression of a CAR targeting
the murine epithelial cell adhesion molecule (EpCAM), along with
CCR8, DNR, or both in a single plasmid (Fig. 4A). We were able to
efficiently introduce these receptor combinations into primary mu-
rine T cells (Fig. 4B). CCR8-equipped T cells migrated toward CCL1
gradients in vitro (Fig. 4C). T cells transduced with the DNR were
shielded from TGF-, allowing for TGF-B-unhindered proliferation
(Fig. 4D). Last, the CAR conferred EpCAMantigen specificity as
shown by interferon-y (IFN-y) release (Fig. 4E) and impedance-
based killing assays (Fig. 4F) in coculture experiments. In vivo,
tracking the infiltration of ACT in an antigen-specific setting re-
vealed that CCR8-CAR T cells were enriched only in the tumor and
not in any other of the organs analyzed when compared to CAR T cells
(fig. S1D). Next, mice bearing Panc02-EpCAM tumors were treated
with CAR, CCR8-CAR, DNR-CAR, or CCR8-DNR-CAR T cells
(Fig. 4G). CAR and DNR-CAR T cells only modestly prolonged
survival, and CCR8-CAR T cells led to one tumor rejection (10% of
mice). CCR8-DNR-CAR T cells outperformed all other groups both
in terms of antitumoral activity (with three of seven mice clearing
the tumor) and prolongation of survival (Fig. 4, H and I). Together,

these results indicate a synergy between CCR8 and DNR in the CAR
setting, which warranted testing the applicability of this strategy to
enable ACT in human solid tumor models.

CCR8-DNR-CART cells are functional in human xenograft
tumor models

To provide further rationale for the translational potential of our
findings from murine models, we next probed our underlying
hypothesis in publicly available databases: If CCR8 is a relevant
chemokine receptor for the access of immunosupressive cells
(Treg cells) to different cancer tissues, then this should be reflected
within these samples. Mining The Cancer Genome Atlas(TCGA)
database, we indeed found high expression of the genes CCRS,
FOXP3 (expressed in Treg cells), and TGFBI in pancreatic ductal
adenocarcinoma (PDAC) (fig. S2A). Similar associations were
found across the diverse disease entities studied such as breast inva-
sive carcinoma, stomach adenocarcinoma, colon adenocarcinoma,
rectum adenocarcinoma, skin cutaneous melanoma, lung adeno-
carcinoma, lung squamous cell carcinoma, and mesothelioma (fig.
S2A). Along these lines, CCL1, the main ligand of CCRS8, and also
the other minor ligands (CCL4, CCL17, and CCL18) were found to
be up-regulated in pancreatic cancer compared to healthy tissue
(fig. S2B). CCR8 and TGFBI1 expression were strongly associated
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Fig. 4. CCR8-DNR-transduced CAR T cells mediate superior in vivo efficacy in pancreatic solid tumors. (A) Schematic representation of murine retroviral construct
for T cell engineering. 5' LTR, long terminal repeat; Amp R, Ampicilin resistance. (B) Transduction efficiency of primary murine T cells with CCR8-DNR-CAR. (C) Boyden
chamber assay to assess in vitro migration of primary murine T cells to recombinant murine CCL1 measured by flow cytometry. Migrated cells were normalized for CCR8
expression.n=3. (D) T cell fold expansion over 48 hours with or without TGF-B on the culture media, measured through flow cytometry (representative of n = 3 indepen-
dent experiments). (E) ELISA for murine IFN-y was performed on supernatants generated after 24-hour culture of T cells with Panc02-EpCAM tumor cells, in a ratio of 10
effector cells to 1 target cell (representative of n =3 independent experiments). (F) Panc02-EpCAM tumor cell killing by different T cell conditions, in a 10-fold concentra-
tion, measured over time through xCELLigence. Representative of n =3 independent experiments. (G) Experimental layout for the ACT experiments depicted in (H) and
(I). (H) Growth curves of Panc02-OVA-EpCAM tumors in C57BI/6 mice that were treated with a single intravenous injection of PBS (n=5 mice) or 107 CAR-transduced,
DNR-CAR-transduced, CCR8-CAR-transduced (n =8 mice) or CCR8-DNR-CAR-transduced T cells (n =7 mice). () Tumor survival curves of a tumor challenge experiment
with Panc02-OVA-EpCAM tumors. Mice were treated with a single intravenous injection of PBS (n=5 mice) or 10’ CAR-transduced, DNR-CAR-transduced, CCR8-CAR-
transduced (n =7 mice), or CCR8-DNR-CAR-transduced T cells (n =8 mice). Experiments show mean values + SEM and are representative of three independent experi-
ments. P values for (C) to (E) are based on two-sided unpaired t test. Analyses of differences between groups for (F) and (H) were performed using two-way ANOVA with
correction for multiple testing by the Bonferroni method. Comparison of survival rates for (I) was performed with the log-rank (Mantel-Cox) test.
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with the Treg cell up-regulated marker, FOXP3, indicating that Treg
cells indeed express CCR8 and TGFB1 across these studied tumor
entities (fig. S2C).

We scrutinized PDAC patient data and found that high CCR8
expression correlated with more advanced tumor staging and thus a
more rapid disease progression (fig. S3A). High CCR8 expression
also correlated with a lower TIDE (Tumor immune dysfunction and
exclusion) exclusion score and trended with a higher dysfunction
score, which corroborates a previous analysis that CCR8 can induce
recruitment of immune cells to the tumor microenvironment and is
associated with lower effector functions on-site (fig. S3B) (15). This
was accompanied by higher lymphocyte infiltration, Treg and TGFBI1
scores, and a significantly lower proliferation score (fig. S3C). To-
gether, these data strengthen the rationale that CCR8 is an attractive

target molecule for immune cell recruitment to human cancer tissue
and that T cells are an important source of TGF-p at the tumor
site correlating with T cell proliferation arrest.

To translate these findings into a therapeutic application, we en-
gineered primary human T cells with an anti-mesothelin (MSLN)
CAR, previously described (24), together with human CCR8, DNR,
or both (Fig. 5A). The constructs were successfully transduced into
primary human T cells (Fig. 5B), where we observed comparable
CAR transduction efficiency and surface expression independent of
construct design (fig. S4A). The anti-MSLN CAR allowed effective
recognition and elimination of MSLN antigen—positive cells, as as-
sessed by impedance measurements of cell killing and by IFN-y re-
lease (Fig. 5, C and D). As seen in the murine cells, activated human
T cells produced CCL1 upon coculture with tumor cells, the amount
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of which correlated with the amount of IFN-y released (Fig. 5E).
DNR, in turn, improved proliferation of transduced T cells in the
presence of TGF-B compared to control-transduced T cells (Fig. 5F). DNR
functionality was further validated via phosphoflow, revealing no
phosphorylation of SMAD2/3 downstream of TGF- when DNR was
expressed by T cells (fig. S4B). CCR8 enabled migration toward human
CCL1 gradients compared to control-transduced T cells (Fig. 5G).

We next sought to provide a more in-depth characterization of
the phenotype and function of CCR8-DNR-CAR-modified T cells
over the single- or double-modified T cells. We could observe that
in vitro over a prolonged period with repeat antigen exposures,
DNR-CAR and CCR8-DNR-CAR T cell conditions (for short, DNR
conditions) had an increased and more durable proliferative capac-
ity (fig. S4C). DNR conditions did not alter CD4 and CD8 ratios
(fig. $4D) nor significantly change the effector or memory pheno-
type compared to CCR8-CAR or CAR conditions (fig. S4E). DNR
conditions did not alter PD-1, TIM-3 (T-cell immunoglobulin and
mucin-domain containing-3), or LAG-3 (Lymphocyte-activation gene 3)
levels (fig. S4F). The impact of CCR8 and DNR expression on the
secretion profile of these CAR T cells revealed that the DNR condi-
tions show a modest increase in T helper 2 (Ty2) cytokines [such as
interleukin-4 (IL-4) and IL-10] and Ty1 cytokines (such as IL-2 and
granzyme B) (fig. S4G). DNR conditions also showed a more robust
secretion of the chemokines probed (including CCL1, CCL3, and
CCL4) (fig. S4G). As expected, TGF-p levels measured within this
coculture gradually rose as T cells decreased in their proliferative
capacity (fig. $4G).

To investigate whether T cell-derived CCL1 would indeed be
necessary and sufficient to recruit CCR8" T cells and mediate ther-
apeutic benefits, we went on to assess the impact in CCL1-negative
tumor cell models. We tested CCR8-DNR-CAR T cells in human
pancreatic xenograft tumor models where SUIT-2-MSLN and MIA
PaCa-2-MSLN tumors were implanted in nonobese diabetic (NOD)-
scid (Severe Combined Immunodeficiency)-IL2rynull (NSG) mice
(Fig. 5H). CCR8-DNR-CAR T cells controlled tumor growth and
prolonged survival in both human pancreatic tumor models, demon-
strating the necessity of both CCR8 and DNR transduction into the
CART cells for effective tumor control in solid tumors (Fig. 5, 1to L).
Together, these data indicate that T cell-derived CCLLI is sufficient
to mediate CCR8-associated therapeutic benefit.

Given that CCL1 expression is elevated in patient cohorts of
specific disease subtypes, including pancreatic cancer, we further
engineered the abovementioned SUIT-2-MSLN pancreatic cancer
xenograft model to overexpress CCL1. SUIT-2-MSLN-CCLI tumors
were implanted in NSG mice. We tested CCR8-DNR-CAR T cells
in this model, where they outperformed single- or double-transduced
T cells in controlling tumor growth (Fig. 5M).

Next, to test whether therapeutic advantage was indeed paral-
leled by increased T cell access to the tumor site, we analyzed infil-
tration into the implanted tumors following T cell transfer. At the
probed time point, there was an enhanced accumulation of trans-
ferred T cells in the tumor, showing increased CCR8-DNR-CAR T cell
numbers compared to all other groups (Fig. 5N). At the tumor site,
we found a preferential accumulation of CD8" T cells compared to
the spleen where most of the cells were CD4" T cells with a skew
toward a central memory phenotype (fig. $4, H and I).

Last, to test whether increased T cell access was indeed due to
CCL1 production from the transferred T cells, we used the SUIT-2-
MSLN tumor model and a two-step ACT starting with CAR T cells

Cadilha et al., Sci. Adv. 2021; 7 : eabi5781 9 June 2021

(wild-type or CCL1 knockout) followed by CCR8-transduced T cells
(Fig. 50). CCL1 knockout using CRISPR-Cas9 editing on primary
T cells was technically validated by measuring CCL1 levels 24 hours
after T cell stimulation (fig. S4]). We show that tumor infiltration of
CCR8-transduced T cells was mostly abolished when CAR T cells
had lost the ability to produce CCL1 (Fig. 5P), highlighting that
CCL1 produced by activated T cells is necessary to generate a robust
positive feedback loop recruitment of CCR8" T cells.

DISCUSSION

T cell therapies have shown remarkable results in hematological
cancer (25), but this success has yet to be successfully translated to
solid malignancies. Appropriate trafficking to the tumor site and
resistance to the tumor microenvironment-induced suppression are
major hurdles to the employment of T cell therapies in solid tumors
(14). Improved trafficking of T cells through chemokine receptors
has been shown to be a reliable approach in tumor models (26). At
the same time, CAR T cell therapy has entered the clinical realm
for selected hematological malignancies, with newer generations of
CAR T cells in clinical trials. Nevertheless, only two clinical trials
are using chemokine receptors, CXCR2 (NCT01740557) and CCR4
(NCT03602157), to improve trafficking of T cells to the tumor site,
with results pending.

The plethora of chemokine receptors and their respective li-
gands, as well as their promiscuity, means that sophisticated screen-
ing of targets and careful patient selection are required. Chemokines
expressed in tumors cells and in tumor stroma cells can be subject
to posttranslational changes that modify their function (27). In ad-
dition, atypical chemokine receptors can scavenge secreted ligands
rendering them unavailable to trigger migration of T cells (28).
Furthermore, the chemokine receptor-ligand choice for engineer-
ing CAR T cells should not only aim at improving migration into
the given tumor but also target critical axes for the tumor’s immune
evasion. Here, we reason that the CCR8-CCL1 axis fulfills these criteria,
as it has been demonstrated to be a pivotal receptor-ligand pair for
recruiting Treg cells to the tumor and for potentiating their immu-
nosuppressive capacity across different cancer entities, as well as being
associated with poor disease prognosis (15, 16). Down-regulation
or loss of an immunosuppression-enabling axis appears highly un-
likely to occur in the tumor environment.

Our TCGA analysis confirms both the correlation of CCR8 and
FOXP3 and the correlation of Ty cells with poor prognosis and
further expands it to several solid tumors so far impervious to CAR
T cell therapy. CCR8" T cells have been proposed to be master
drivers of immune regulation as specific binding of CCL1 to CCR8
increases the suppressive capacity of Treg cells. The CCL1-CCR8
axis is, however, incapable of inducing a switch from FOXP3™ to
FOXP3" (16). Furthermore, the low endogenous CCR8 expression
in Te cells increases the likelihood of an improved migration upon
overexpression.

Transduction of different chemokine receptors—namely, CXCR2
(29), CCR4 (26), CCR2 (30), and CX3CR1 (31)—has been used in
the past to improve ACTs for solid tumor entities (26, 29). Out of
these, CCR4 is the only other chemokine receptor expressed in Tyeg
cells, thus making it an approach that is directly comparable to the
strategy in the present study. CCR4 transduction improved CAR T cell
efficacy in a model of Hodgkin lymphoma, which was dependent
on the availability of CCL22 (26). CCR4 and CCR8 ACT highjack
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two distinct axes—CCL22 and CCL1, respectively—that can enable
Treg cell trafficking to solid tumors. The CCL1-CCR8 therapeutic
axis is more specific to tumors and can directly counterbalance Treg
cell infiltration in solid tumors, making it a superior choice for
chemokine receptor enhanced ACT in solid tumors when com-
pared to the CCL22-CCR4 axis. Considering the tumor specificity
and potential safety, our TCGA analysis on expression levels of
CCL1 and CCL22 reveals that CCL22 is broadly expressed in differ-
ent healthy tissues. This may lead to redirection of CCR4* CAR
T cells into off-target CCL22" tissue, on the one hand diminishing
the antitumor effect and on the other increasing the risk for off-tumor
toxicity. On the contrary, CCL1 expression is lower and more re-
stricted in healthy tissue, which can enable a more specific homing
of CCR8-transduced CAR T cells to the tumor site.

Besides the need for improved tumor infiltration, there is also a
fundamental need for CAR T cell activity and proliferation at the
tumor site. TGF-B is a hallmark of the immunosuppressive tumor
milieu in pancreatic and other solid tumors (32). It can control T cell
homeostasis by inhibiting both T cell proliferation and activation
(33). In addition, it can inhibit T cell activity through an anticyto-
toxic program of transcriptional repression, down-regulating the ex-
pression of perforin, granzyme A, granzyme B, Fas ligand, and IFN-y
(34). The DNR is a well-characterized receptor in which binding by
TGEF-B will not trigger downstream signaling in the cell. Moreover,
TGF- scavenging will prevent its detrimental effects on other Tef
cells. Such a receptor harbors multiple advantages when compared
to anti-TGF-p antibody therapy as the effect with DNR is limited to
the proximity of the DNR-expressing cell. It will also be specific for
the tumor tissue expressing the CAR-targeted antigen. Thus, en-
dogenous T cells with different TCR specificities will remain un-
affected, reducing the risk of self-reactivity (23). In addition to
TGF-B, other Ty cell-derived cytokines such as IL-10 can be found
in abundance in the tumor microenvironment. IL-10 has been
described to impair dendritic cell functionality and hamper T cell
cytotoxicity. This cytokine may also play a role in promoting tumor
rejection instead of inducing immunosuppression (35). Genome
editing technologies such as CRISPR-Cas9 are an equally valid
alternative approach for relieving T cell immunosuppression. How-
ever, the knowledge on safety and efficacy of these approaches is
still limited, and more evidence will be needed for a comprehensive
assessment. The advanced stage of testing, including use in clinical
trials, as well as knowledge of the safety profile of current DNR-
based therapies, makes it an attractive tool for the relief of T cell
immunosuppression (23).

Similar to human breast tumors (15), we were able to show that
FOXP3, CCR8 (as well as its ligands), and the TGFB1 genes are
up-regulated in human pancreatic adenocarcinoma compared to
healthy pancreatic tissue and to verify that there are strong correla-
tions between the expression of these genes. This highlights the po-
tential relevance of the CCL1-CCR8 axis and of TGF-P expression
in this disease and provides the rationale for targeting them in pan-
creatic cancer and in other tumor entities with comparable expres-
sion profiles.

Despite the improvement that targeting this axis had on the effi-
cacy of CAR T cell therapy, some limitations must be considered.
Beyond improving migration to the tumor site and relieving immu-
nosuppression on T cells, CAR T cell therapy still stands to benefit
from continued improvement in the design (8), precise integration
(36), and regulation of the CAR construct itself (37), as outlined by
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the recent studies. Furthermore, antigen-specificity is still a major
hurdle and a pivotal requirement to ensure the feasibility of any tu-
mor-targeted T cell therapy (38). Similar studies using the same
murine Panc02 tumor cell line were able to show T cell memory
formation (39); nonetheless, this analysis was not performed in the
present study. Targeting the model antigen EpCAM in the murine
tumor models of the present study did not reveal any signs of toxicity.
However, C57Bl/6 mice are typically highly resistant to immune-
mediated side effects, which may only occur with added modifica-
tions to the treatment schedule (40). Thus, toxicity associated with
CCR8- and DNR-transduced CAR T cells could not be comprehen-
sively assessed in this model. Furthermore, the herein presented
human CCLLI tissue expression data, while suggestive of a safer T cell
infiltration profile, cannot fully rule out potential side effects when
treating patients. Nonetheless, the addition of chemokine receptors
or DNR to T cells has not been associated with acute toxicity events,
such as cytokine release syndrome and tumor lysis syndromes, which
have been observed for CAR T cell therapy (41). Autoimmunity has
been described as a long-term deleterious effect of T cell TGF-B
deprivation for DNR-based T cell therapy (42), and transgenic mice
expressing DNR have been reported to develop lymphoproliferative
disorder (43). Currently, a clinical trial is assessing the safety and
efficacy of DNR transduction in Epstein-Barr virus-specific T cells
for lymphoma (NCT00368082) (23). A recent preclinical study in-
vestigating the potential of expressing DNR in CAR T cells similarly
showed superior proliferation and antitumoral function in prostate
cancer (18), with a clinical trial assessing its safety and feasibility
currently underway (NCT03089203).

From the long-term in vitro coculture assays, we could better
understand the effect the DNR has on the cytokine profile of T cells.
We saw increased levels in a variety of cytokines associated with both
the innate and adaptive immune response when the DNR was ex-
pressed. Ty1- and Ty2-associated cytokine levels were both elevated
and more balanced, while chemokine levels were also increased.
Overall, the expression of the DNR appears to confer Teg cells with
greater functionality, and the expression of CCR8 does not seem to
affect the phenotype of Tef cells.

The treatment experiments in human xenograft tumor models
revealed that only in the presence of DNR could CCR8-CAR T cells
mediate significant tumor control. This supports the notion that a
feedback loop mechanism sustained by CCL1 from activated T cells
stands to benefit from immunosuppression shielding. Beyond TGF-B,
we postulate that relieving other immunosuppressive axes can fur-
ther sustain this CCL1 feedback loop mechanism, thereby improv-
ing the antitumoral function of CCR8" ACT. In the model using
CCLI1 overexpression, the treatment effect was more pronounced as
continued recruitment of CCR8-DNR-CAR T cells no longer solely
relied on T cell-derived CCL1 to effectively migrate into the tumor,
given the tumor itself was overexpressing the chemokine ligand. A
better understanding of other suppressive axes that could be addi-
tionally targeted could potentiate the effectiveness of this approach.
Furthermore, anti-PD-1 checkpoint blockade therapy was recently
shown to improve the proliferation and suppressive capacity of
PD-17 T cells (44). Added to the fact that CCLI levels will rise in the
tumor after checkpoint blockade therapy-induced T cell activation,
it is reasonable to postulate that simultaneously targeting the CCR8-
CCL1 axis might also prove beneficial.

Hence, given appropriate antigen targeting, we propose that CCR8-
and DNR-transduced CAR T cells can exploit two critical biological
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axes to render CAR T cell therapy effective in solid tumors such as
pancreatic cancer. The therapeutic potential of this approach could
extend to other Treg-rich solid tumor entities where limited infiltra-
tion into the tumor and intratumoral T cell proliferation prevent
therapeutic success. The novel combination described in the pres-
ent study may harness the power of CAR T cell therapy for solid
tumors with as dismal a prognosis as pancreatic cancer.

MATERIALS AND METHODS

Study design

This study was designed to evaluate the benefit of the addition of
CCRS8 and DNR to CAR T cell therapy in solid tumors using con-
trolled laboratory experiments. We used 6- to 10-week-old female
mice from OT-I, C57Bl/6, or NSG strains as donors or recipients of
matching appropriate tumor cell lines as described for each experi-
ment. Mice have been implanted with 10° tumor cells. Mice were
randomized and the investigator was blinded when tumors reached
a volume of at least 50 mm”. No time points or mice were excluded
from the experiments presented in the study. For ethical reasons,
endpoints of survival studies were defined as tumor ulceration, tu-
mor sizes exceeding 15 mm in any dimension, weight loss above
20%, or clinical signs of distress. These endpoints were used as sur-
rogate endpoints for survival and are used as such throughout the
study. Peripheral blood mononuclear cells were collected from
healthy individuals. The murine tumor cell lines used for this study
were Panc02, Panc02-OVA, Panc02-OVA-EpCAM, Panc02-H2B-
Cerulean, or Panc-02-OVA-CCL1 as described in the respective figures.
The human cell lines used for this study were SUIT-2-WT, SUIT-2-
MSLN, SUIT-2-MSLN-CCL1, or MIA PaCa-2-MSLN as described.
Effects have been assessed through quantitative PCR, enzyme-
linked immunosorbent assay (ELISA), tumor measurement, flow cy-
tometry, or multiphoton intravital microscopy as described. No outliers
have been excluded from any of the experiments. At least three bio-
logical replicates were performed for each experiment and n > 5 for each
group unless otherwise indicated in the figure legends. One-way analysis
of variance (ANOVA) with Tukey’s posttest, two-way ANOVA with
Bonferroni posttest, or unpaired Student’s ¢ tests were performed with
an o value of <0.05 to detect differences between group means.

Mice

C57BL/6R] and NSG (NOD.Cg-Prkdc*™ 112rg™"/Sz]) mice were
purchased from Charles River Laboratories. OT-I mice were bred at the
animal facilities at the Klinikum der Universitit Miinchen or Massa-
chusetts General Hospital (MGH). Animals were housed in specific
pathogen-—free facilities. All experimental studies were approved and
performed in accordance with guidelines and regulations imple-
mented by the Regierung von Oberbayern and the MGH Institution-
al Animal Care and Use Committee. All experiments were carried
out randomized and performed blinded and with adequate con-
trols. In accordance with the animal experiment application, tumor
growth and health status of mice were checked every other day. For
survival analyses, the above-defined criteria were taken as surro-
gates for survival and recorded in Kaplan-Meier plots.

Tumor growth studies and treatments

All tumor cell lines were subcutaneously injected in 100 pl of
phosphate-buffered saline (PBS) into the flanks of mice. Animals were
randomized into treatment groups according to tumor volumes. Tumor
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volumes were measured before and every other day after treatment
was started and calculated as V = (length x width?)/2. For ACT
studies, 107 T cells were injected intravenously in 100 ul of PBS once
average group tumor volumes had reached at least 50 mm”.

Cell line generation, culture, and validation

Murine Panc02, Panc02-OVA, and Panc02-EpCAM (11) have been
previously described. The human SUIT-2, SUIT-2-MSLN, and MIA
PaCa-2-MSLN tumor cell lines have been previously described (11).
The Panc02-OVA cell line has been modified with retroviruses to
express the murine CCL1 chemokine (UniProt entry P10146)
(Panc02-CCL1) or a blue fluorescent protein tagged to a Histone protein
(Panc02-H2B-Cerulean). The SUIT-2-MSLN tumor cell line has
been modified with retroviruses to express the human CCL1 chemo-
kine (UniProt entry P22362) (SUIT-2-MSLN-CCL1). All tumor lines
were grown as previously described (11) and used for experiments
when in exponential growth phase. 293Vec-Galv, 293Vec-Eco, and
293Vec-RD114 were a gift of M. Caruso, Québec, Canada and have
been previously described (45). For virus production, retroviral pMP71
(provided by C. Baum, Hannover) vectors carrying the sequence of
the relevant receptor were stably introduced in packaging cell lines.
Single-cell clones were generated and indirectly screened for the
highest level of virus production by determining transduction effi-
ciency of primary T cells. This method was used to generate the
producer cell lines 293Vec-RD114 for GFP, mCherry, CCR8, -DNR,
CAR-MSLN, CCR8-CAR-MSLN, DNR-CAR-MSLN, and CCR8-
DNR-CAR-MSLN or 293Vec-Eco for GFP, mCherry, H2B-Cerulean,
CCR8, DNR, CCR8-DNR, CAR-EpCAM, CCR8-CAR-EpCAM, DNR-
CAR-EpCAM, CCR8-DNR-CAR-EpCAM. 293Vec-Galv, 293Vec-
Eco, and 293Vec-RD114 were grown as previously described (45).
Primary murine and human T cells were cultured according to pre-
viously described protocols (46). All cell lines used in experiments
were regularly checked for mycoplasma species with the commer-
cial testing kit MycoAlert (Lonza). Authentication of human cell
lines by STR DNA profiling analysis was conducted in-house.

T cell generation, retroviral transduction, CRISPR,

and culture

Murine T cells have been differentiated from splenocytes from do-
nor mice. T cell isolation and transduction have been previously
described (47) and then expanded or directly expanded with T cell
medium supplemented with human IL-15 (PeproTech) every second
day. Human T cells have been differentiated and transduced using
previously described protocols (39) or directly taken into culture with
human T cell medium in concentrations of 10° T cells per milliliter
medium. CCL1 knockout human T cells were generated using a two-
component guide RNA (gRNA) CRISPR method as previously de-
scribed (48) after magnetic removal of DynaBeads, using the EH-115
pulse code on a 4D-Nucleofector (Lonza). gRNAs [crRNA (Trans-
activating CRISPR RNA) CCL1 AA: TGTAACACAGGATTGCCC-
TCAGG; and crRNA CCL1 AF: CGGAGCAAGAGATTCCCCTGAGG)
were selected from CHOPCHOPv3 (49), synthesized by IDT (Integrated
DNA technologies), and used simultaneously for human CCL1 knockout.
T cells were used in experiments 5 days after genetic modifications.

Migration assays

Cell migration was evaluated using Transwell plates (Corning) as
previously described (39). A total of 5 x 10° T cells were placed on
a 3-um pore membrane in the upper chamber of a Transwell plate
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with the lower chamber containing different concentrations of re-
combinant murine or human CCL1 (BioLegend). After 3 hours of
incubation at 37°C, the migrated cells in the lower chamber were
analyzed by flow cytometry.

Cytotoxicity assays

For impedance-based real-time killing assays using an xCELLigence
system (ACEA Biosciences, USA), previously described (11), 10*
tumor cells were seeded per well in a 96-well plate. The cell number
was monitored over the time frame of 10 hours for every 20 min. A
total of 10° T cells transduced with the indicated receptors were added
to the tumor cells.

Cytokine protein level quantification

Murine and human IFN-y were quantified using ELISA sets from
BD Biosciences (555138 and 555142, respectively). Murine and hu-
man CCLI were quantified using DuoSet ELISA from R&D Sys-
tems (DY845 and DY272, respectively). Murine TGF-B was quantified
using a DuoSet ELISA from R&D Systems (DY1679). Other cyto-
kine quantifications are further described in Supplementary
Methods.

Proliferation assays

Proliferation was measured using a flow cytometry-based assay
that compared fold proliferation of T cells over a period of 48 hours
normalized to the number of T cell per condition upon assay start.
Recombinant human TGF-B (Cell Signaling Technology) or vehicle
solution was added to concentrations of 20 ng/ml to test for prolif-
eration arrest of T cells cultured with murine T cell medium supple-
mented with IL-15.

Preparation of single-cell suspensions, antibody staining,
and flow cytometry

LNs (lymph nodes) and spleens were passed through 30-um cell
strainers, followed by erythrocyte lysis in the spleens. Tumors were
digested with collagenase IV (1.5 mg/ml) and deoxyribonuclease I
(50 U/ml) for 30 min at 37°C under agitation. Dead cells were stained
using the fixable viability violet dye Zombie Red or Violet (BioLegend)
for 15 min at room temperature, followed by blocking of Fc recep-
tors with TruStain FcX (BioLegend) for 20 min at 4°C. Following
this, cell surface proteins were stained for 20 min at 4°C with anti-
CCR8 (SA214G2), anti-CD4 (GK1.5), anti-CD45.1 (A20), anti-CD45.2
(104) anti-CD8a (53-6.7), anti-CD90.1 (OX-7), anti-CD90.2 (30-H12),
CD62L (MEL-14), and CD44 (IM7) (all from BioLegend) or anti-c-myc
(SH1-26E7.1.6, Miltenyi Biotec) for detection of CAR constructs.
Nuclear proteins were stained for 60 min at room temperature after
permeabilization and fixation (Mouse Regulatory T cell Staining
Kit, eBioscience) using Foxp3 (MF-14, BioLegend) and TGF-B
(TW7-16B4, BioLegend). Antibodies used for flow cytometry of hu-
man samples are further detailed in Supplementary Methods. Cells
were analyzed on a Canto or LSRFortessa flow cytometer (BD
Biosciences), and data were analyzed with Flow]Jo software version
9.9.5 or version 10.3.

PCR and quantitative RT-PCR

All DNA constructs were generated by overlap extension PCR (50)
and recombinant expression cloning into the retroviral pMP71 vec-
tor (51) using standard molecular cloning protocols (50). RNA
was extracted from cells using the InviTrap Spin Universal RNA
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Extraction Kit (Stratec). cDNA was synthesized using the Super-
script IT kit (Life Technologies). PCR primers for real-time PCR
were designed automatically from the National Center for Biotech-
nology Information GenBank sequences in the assay design center
from the Roche Universal ProbeLibrary and have been previously
published (39). Real-time PCR was performed using a Kapa Probe
Universal MasterMix (VWR) in a LightCycler 480 instrument
(Roche Diagnostics).

Immunofluorescence

Tissue samples obtained from tumors were embedded and frozen in
OCT (Optimal cutting temperature compound). Sections of 5 um
were stained with a primary antibody for goat anti-CCLI (R&D Sys-
tems) and an Alexa Fluor 488 (Life Technologies) secondary antibody
and DAPI (4',6-diamidino-2-phenylindole) (VECTASHIELD) ac-
cording to previously described standard procedures (52).

Multiphoton intravital microscopy

A total of 5 x 10° CCR8-GFP-transduced T cells were coinjected with
5 x 10° mCherry-transduced T cells. Tumor cells that expressed the
H2B-Cerulean fluorescent protein were implanted in the back of
mice after removal of hair. Five days later, a dorsal skinfold cham-
ber was implanted around engrafted tumors through an aseptic sur-
gical procedure under general isoflurane inhalation anesthesia and
buprenorphine analgesia, as previously described (53). Mice were
monitored daily for tumor growth as well as for pain and local or
systemic inflammatory signs. Imaging took take place every other
day under isoflurane anesthesia, and Qtracker 655 nontargeted
quantum dots (Invitrogen) were injected intravenously to visualize
blood vessels. Multiphoton excitation was achieved with a MaiTai
Ti:sapphire laser (Spectra-Physics) tuned to 950 nm to excite all flu-
orescent probes used. Stacks of 18 to 24 squares optical sections with
500-pum width and 4- to 5-um z spacing were acquired on an Ultima
In Vivo multiphoton microscope (Bruker) every 60 s. Emitted fluo-
rescence was detected through 460/50, 525/50, 595/50, and 660/40
band-pass filters and nondescanned detectors to generate four-color
images. Image processing and quantification of cell motility were
performed with Imaris software (Bitplane).

Statistical analysis

Two-tailed Student’s ¢ test was used for comparisons between two
groups, while two-way ANOV A with Bonferroni posttest (multiple
time points) or one-way ANOVA with Tukey’s posttest (single time
points) was used for comparisons across multiple groups. A log-rank
(Mantel-Cox) test was used to compare survival curves. All statisti-
cal tests were performed with GraphPad Prism 8 software, and
P < 0.05 was considered statistically significant and represented as
*P < 0.05, **P < 0.01, and ***P < 0.001. No statistical methods were
used to predetermine sample size. Investigators were blinded to al-
location during experiments and outcome assessment.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabi5781/DC1
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