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SUMMARY

Summary

Adoptive T cell transfer of high-affinity chimeric antigen receptor (CAR)- T cells targeting CD19
has shown impressive clinical success in the treatment of some B cell malignancies. However,
the development of potentially life-threatening side effects still hinders broader clinical
application. Additionally, continuous and strong activation results in non-persisting and
exhausted CAR-T cells, which represents one of the main reasons for tumor relapses in
patients treated with CAR-T cell products. Modifications of the CAR molecule have shown to
improve efficacy and persistence, but barely the toxicity profile of the respective CAR-T cells.
Recently, it was suggested that the generation of low-affinity anti-CD19 CARs might represent
a strategy to maintain clinical efficacy while improving safety. However, more systematic
investigations on the influence of receptor binding affinities on the functionality and safety of
CAR-T cells, as well as on how to optimally exploit them for adoptive T cell therapy, are still
missing.

Therefore, in this thesis work, we compared two anti-CD19 CARs with a 40-fold difference in
their antigen-binding strengths. Additionally, based on an in silico prediction, we generated 32
new CAR mutants with even lower affinities down to the range of T cell receptors (TCRs) by
single amino acid exchanges in the extracellular binding domain of the low-affinity CAR.
Binding strengths were determined by an in-house developed kqs-rate assay based on the
dissociation rates of monomeric CAR:CD19 interactions. CAR-T cells were functionally
characterized by canonical in vitro assays and in vivo xenograft models, whereas the safety
profile was assessed in a novel humanized mouse model. In addition, we investigated the in
vivo functionality and persistence of low and high-affinity CAR-T cell mixtures, mimicking
natural immune responses with T cells expressing TCRs with different binding strengths and
functionalities.

Using a conventional retroviral engineering platform, we observed that the in vitro functionality
remained remarkably similar among a broad range of affinities. Only extremely weak binders
showed reduced cytokine production and cytotoxicity. In contrast, significant differences in the

anti-tumor efficacy were already observed between CAR-T cells expressing either high or low-
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affinity CARs in vivo, and functionality was almost lost with extremely low CAR affinities. In
line, lowering CAR/antigen binding correlated clearly with milder toxicities as determined in a
humanized Cytokine Release Syndrome (CRS) mouse model. Although high-affinity CAR-T
cells showed the best in vivo performance at similar cell doses, they also produced the most
substantial side effects, which could be mitigated by using lower T cell doses. On the contrary,
increasing doses of low-affinity CAR-T cells did not associate with exacerbated CRS.
Impressively, mixing high doses of low-affinity CAR-T cells with low numbers of high-affinity
CAR-T cells, which alone showed only mild CRS toxicities but limited tumor Kkilling,
demonstrated significantly improved in vivo functionality.

In summary, our data confirm that affinity reduction of CAR-target binding can be used to
reduce the extent of CRS but can also negatively affect tumor clearance. Interestingly,
transferring mixed populations of T cells engineered with high and low-affinity CARs might
compensate for this limitation and offer an unprecedented clinically relevant option to reduce
the risk of CRS and other toxicities during CAR-T cell treatment while still preserving

therapeutic efficacy.



INTRODUCTION

1 Introduction

1.1. Developments in adoptive cell therapy

For decades, cancer therapy has relied mainly on surgery, radiotherapy, and small-molecule
drugs as anticancer agents. In the 1950s, hematopoietic stem cell transplantation (HSCT)
paved the way for a new generation of cancer treatment’, namely adoptive cell therapy (ACT).
ACT, which uses the protective capacity of immune cells to fight different human diseases, has
constantly evolved over the last 30 years. While the adoptive transfer of unedited T cells in the
form of donor lymphocyte infusion (DLI)?, virus-specific T cells®* or tumor-infiltrating
lymphocytes (TILs)® has clearly shown the therapeutic value of antigen recognition through T
cells already decades ago, improvements based on T cell engineering have made cellular
immunotherapies an indispensable tool in the treatment of several tumor malignancies. In
particular, the adoptive transfer of T cells equipped with chimeric antigen receptors (CAR) has
demonstrated great success rates and durable cancer regression of previously incurable
patients®'°. The latest Food and Drug Administration (FDA) approval and the European
Medicines Agency (EMA) approval of the first CAR-T cell therapies have set another milestone
in medicine'""2. Currently, nearly 120 clinical trials investigate different engineered CAR-T cell
products, emphasizing the importance and expectations for this rapidly evolving treatment

option (clinicaltrials.gov website — 05/25/2022).

1.1.1 Transfer of genetically unmodified lymphocytes

The first and still widely used form of adoptive immunotherapy is HSCT'. Initially, this form of
transplant was used to substitute the patient's hematopoietic system after intensive
chemoradiotherapy during cancer treatment'. Unexpectedly, the transfer of the donor cells
also eradicated the recipient’s malignant cells, demonstrating that donor lymphocytes can
transfer functional immunity by mediating strong anti-leukemic responses, described as graft
versus leukemia (GvL) or graft versus tumor (GvT) effect’"'*.In order to exploit the full potential

of tumor eradication, donor lymphocyte infusions (DLI) were performed to help patients with
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relapsed chronic myelogenous leukemia®. This study, and also subsequent ones, reported
complete cytogenetic remission, thereby strengthening the potential of adoptive cell
transfer''®. Unfortunately, patients who benefited from this new form of cancer treatment also
suffered from graft versus host disease (GvHD)'*'°, which is a severe and even life-threatening
tissue pathology mediated by donor lymphocytes attacking healthy cells of the recipient®. As
T cell-depleted transplants could reduce GvHD but with a higher risk of tumor relapse,
alloreactive T cells were identified as responsible players for GvT and GvHD". Nevertheless,
especially for patients with a high risk of tumor relapses, potentially developing mild and
moderate forms of GvHD are tolerated to achieve long-term remission. Another complication
of HSCT is that patients have a temporal window in which they are highly immunosuppressed
and thus more vulnerable to severe virus infections and reactivations, as the transplanted stem
cells need a particular time to restore a functional immune system™.

An elegant way to guarantee immediate protection against latent reactivating viruses during
this recovery time was the direct transfer of virus-specific T cells to immunosuppressed
patients after HSCT. The first antigen-specific T cell products targeted Cytomegalovirus
(CMV)?® and Epstein-Barr virus (EBV)*. As both have a high prevalence in the population',
seropositive donors have been used as a valuable source for isolating virus-specific T cells for
adoptive cell transfer. Using such more defined cell products in terms of target specificity
circumvented unspecific side effects like GvHD and thereby provided another critical step
towards a safer therapy. Additionally, clinical studies have proven that virus-specific T cells
can persist and enable a protective immune response against CMV>? and EBV?, laying the
foundation for developing ACTs for treating malignant diseases.

Already in 1863, Rudolf Virchow observed that tumor-infiltrating lymphocytes (TILs) are
predictive markers for improved clinical outcome??, which was also reported in later studies?%*.
However, it needed over 100 years until Steven Rosenberg, the pioneer of TIL therapy, showed
astonishing response rates in multiple myeloma patients by exploiting isolated tumor antigen-
specific T cells?®. He and his team successfully isolated tumor-specific T cells from melanoma

resections, ex vivo expanded, and reinfused them into the patient. Recent clinical trials have
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shown objective response rates of over 50 % in metastatic melanoma patients without
substantial adverse side effects caused by the T cell infusion product®2°.

This strong protective response demonstrates again the high potency and efficacy of naturally
occurring antigen-specific T cells. However, besides its promising and outstanding clinical
success, TIL therapy has several downsides*?. While virus-specific T cells are easy to
identify, autologous T cells specific for tumor antigens are much more challenging to isolate.
Indeed, TILs are generated from resected tumor tissues that are often of limited accessibility?*;
thus, clinical benefits have mainly been achieved in metastatic melanoma patients.
Additionally, the number of genuinely tumor-specific T cells in patients’ tumor tissue or
peripheral blood is often low, and T cells are of weak functionality*®. Tumors can shape the
patient’'s TCR repertoire by continuous TCR triggering and immunosuppressive signals within
the tumor microenvironment, leading to T cell dysfunction®2. In addition, isolated T cells are
often heterogeneous with unknown TCR specificities and functionality, and in only 50 % of the

cases, a sufficient therapeutic cell dose can be expanded by ex vivo manufacturing.

1.1.2 Genetically re-directed T cells for adoptive immunotherapy

Introducing antigen-specific transgenic receptors directed against tumor cells into autologous
(patient-derived) or allogenic (donor-derived) lymphocytes is an elegant way to overcome the
limitations of adoptive cell transfer of tumor-reactive T cells. Required specificity of the T cells
can be achieved by genetic engineering of transgenic T cell receptors (TCRs)*® or chimeric
antigen receptors (CARs)** targeting any chosen tumor-associated antigen (TAAs), thus
avoiding limitations of the repertoire, immune tolerance, or uncertain endogenous responses.
To provide the patient with the engineered cell product, T cells are collected by leukapheresis,
ex vivo manipulated to deliver the specific receptor, expanded, and re-infused into the patient
for tumor eradication®.

While transgenic TCRs are mostly derived from natural repertoires of tumor- or pathogen-
reactive T cells of either patients or healthy donors, CARs are synthetic receptors that usually

comprise a single-chain variable fragment (scFv) of a tumor-specific antibody fused with
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signaling molecules derived from a TCR. One of the significant advantages of synthetic CARs
over TCRs is their ability to target any antigen of choice in an MHC-independent manner®’.
While transgenic TCRs only enable engineered T cells to target specific cognate peptides in a
Major Histocompatibility Complex (MHC)-restricted context, CAR-T cells can also attack and
eliminate target cells that have downregulated their HLA expression as an escape and immune
evasion mechanism®,

So far, clinically approved cell products have been generated by viral gene transfer of the
transgenic receptor, which has to deal with safety and functionality concerns due to random
genome integration and continuous receptor expression under a constitutively active
promoter®®. To better mimic the physiological expression of endogenous TCRs, which should
enhance the success of long-term functionality, the recently described genome editing
technology CRISPR/Cas9* could be an efficient tool for transgenic TCR or CAR
engineering*'®. We and others applied this technique to disrupt the endogenous TCR to
replace it with a new transgenic TCR* or CAR*. Introducing the engineered receptors into the
endogenous TCR locus allows physiological expression of the receptor under the control of
the endogenous promoter. Additionally, TCR mispairing can lead to diminished expression of
the correctly paired newly integrated TCR, and the creation of potentially self-reactive TCRs is
circumvented*. However, the long-term functionality of cell products manufactured using this
advanced engineering method needs further investigation in clinical settings*®. Overall, ACT
has revolutionized cancer immunotherapy as it is now relatively broadly applicable and, for the
first time, enables the generation of pre-clinically well-characterized T cell products with highly

defined functionality.

1.1.3 Clinical experience with genetically engineered T cells

The enormous increase of clinical trials in the field of adoptive cell therapy with transgenic
receptor-engineered T cells demonstrates the clinical expectations for more effective therapies
coming from this new approach. While TCR-transgenic T cells have been mainly tested in

46,47

melanoma and sarcoma patients*®, most clinical trials with CAR-modified T cells are
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conducted in patients with B cell malignancies”*°. So far, studies with TCR-engineered T cells
showed only limited clinical benefits*® and need further improvements to gain clinical success.
In contrast, the application of CAR-engineered T cells targeting B cell malignancies represents
a significant clinical breakthrough of adoptive cell therapy. Still, only few cell products targeting
either CD19 or BCMA are approved as second-line treatments by the FDA and EMA.
Therefore, the primary goal is to develop improved T cell products to efficiently treat a broader

range of tumors with high efficacy and safety.

Clinical studies with TCR-transgenic T cells

In 2006, Morgan and his colleagues performed the overall first clinical study with autologous
TCR-engineered T cells*®. MART-1 specific TCR-transgenic T cells were adoptively
transferred into patients suffering from metastatic melanoma. Interestingly, few patients
responded to the treatment, providing a first proof-of-concept for the in vivo functionality of
TCR-engineered T cells. However, overall response rates were relatively low and only
temporary, as reported in following studies treating different types of cancer*®*®°. The use of
affinity-enhanced TCRs showed some improved benefits but at the unacceptable price of
severe and partially even fatal toxicities due to shared antigens with healthy tissues and loss
of antigen specificity*’°'°2. Indeed, missing selectivity of high-avidity MART-1 specific TCR
transgenic T cells resulted in severe toxicities due to the disruption of Melan-1-expressing
melanocytes in half of the patients*’, and the use of affinity-enhanced TCRs targeting MAGE-
A3 revealed unpredictable severe side effects due to unspecific cross-reactivity and
cardiotoxicity®2.

To circumvent severe off-target effects, an increasing number of clinical trials with TCR-
transgenic T cells moved to target cancer antigens, which are only expressed on tumor and
healthy germline tissues. The cancer antigen NY-ESO-1 (New York-esophageal squamous
cell carcinoma) represents the most promising candidate, as it is mainly expressed in various
cancers but not on healthy tissues except for testicular cells. In a small clinical study, at least

5 out of 17 melanoma patients and 4 out of 6 synovial sarcoma patients showed clinical
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responses without developing toxicities after the treatment with NY-ESO-1-specific TCR-
transgenic T cells®.

Identifying suitable tumor targets plays an essential role in improving TCR therapies. Even
though the number of pre-clinically evaluated TCR targets is constantly increasing, only a
limited number of cancer antigens have been clinically targeted so far, e.g., the melanoma-
related antigens MART-1*®, MAGE-A3°?, and the colorectal cancer antigen CEA®. Other
promising targets are WT-1%, tumor suppressor gene p53%, and HA1-specific leukemia
antigen56, but also tumor neoantigens have become a new research hotspot to provide high-
quality targets for TCR therapy.

In summary, most studies provide evidence for a high clinical potential of adoptively transferred
TCR-engineered T cells. However, the overall therapeutic success is still relatively low and, in
most cases, only temporary, especially for the treatment of solid tumors. Therefore, finding
more suitable targets and corresponding highly functional TCRs are essential to developing

successful TCR-transgenic T cell therapy.

Clinical studies with CAR-engineered T cells

The clinical application of CAR-T cells revolutionized the treatment of patients with
hematological malignancies®. Remarkable outcomes for relapsed and refractory B cell
malignancies treated with CD19-directed CAR-engineered lymphocytes have moved the
research of cell-based immunotherapy forward.

Initial clinical studies in the 1990s using first-generation CARs comprising only the CD3(
activation domain for the treatment of neuroblastoma® and ovarian cancer® have been
somewhat disappointing as the transferred T cells failed to mediate antitumor responses due
to a lack of long-term persistence. Over the following decades, optimized second-generation
CARs with an additional costimulatory domain upstream of CD3¢, especially CD28 and 4-1BB,
resulted in enormously improved antitumor efficacies and longevity of CAR-T cells®*®. First
clinical trials using CD19-specific second-generation CAR-T cells in 2010 and 2011 pioneered

by the groups of Steven Rosenberg® and Carl June”®' reported significant tumor regression
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and partial remission together with B cell aplasia in lymphoma and leukemia patients. These
promising results were also observed in other clinical trials, e.g., at the Fred Hutchinson Cancer
Research Center, and further improved by optimized cell dosages and T cell populations®?%3,
Since then, many clinical CAR-T cell studies in patients with chemo-refractory and relapsed
diseases have been conducted. In August 2017, Tisagenlecleucel (Kymriah™), an anti-CD19
CAR-T cell product, received FDA approval, followed by EMA approval one year later.
Together with an extremely high response rate and overall survival rate of 81 % and 76 %",
respectively, of patients with relapsed and refractory B cell acute lymphoblastic leukemia (B-
ALL), it set the milestone as the first ever approved genetically modified cell product. As of
March 2022, six different CAR-T cell products are approved as second-line treatments of hard-
to-treat blood and bone marrow cancers, with four directed against CD19 and two CAR-T cell
products targeting the B cell maturation antigen (BCMA). An overview of the different CAR-T
cell products approved by the FDA and EMA until March 2022 is listed in Tab.1.

Besides ALL'"5, anti-CD19 CAR-T cells were also approved to treat further relapsed and
refractory diseases, including diffuse large B-cell ymphoma (DLBCL )% and different types
of Non-Hodgkin lymphoma, e.g., transformed follicular lymphoma® and mantle cell lymphoma
(MCL)®7_ In addition, CAR-T cell products targeting BCMA have received FDA approval for
treating multiple myeloma (MM)""72. Just recently, impressive long-term remission and
persistence of CD19-targeting CAR-T cells for one decade were reported in two patients with
chronic lymphocytic leukemia (CLL), which again strengthens the high potential of CAR-T cell
therapy”. On the contrary, although initial overall response rates of CAR-T cell treatments are
up to 90 % for patients with relapsed ALL and greater than 60 % for patients with relapsed
NHL, intermediate follow-ups indicate a drastic decline in the durability of remission rates. For
example, the progression-free five-year survival rates of patients with diffuse B-cell ymphoma
or follicular lymphoma massively decrease to only 31 % and 43 %, respectively, due to tumor
relapses’. In line, several studies highlight the antigen-escape of tumor cells and an intrinsic
failure of the CAR-T cells as emerging obstacles to the curative potential of CAR-T cells.

Consequently, the development of new CAR-T cell therapies targeting alternative antigens and
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other co-engineering strategies, e.g., to simultaneously target several antigens, are urgently

needed to guarantee the long-term functionality of CAR-T cells.

Tab. 1 Overview of FDA and EMA-approved CAR-T cell products.
ORR = overall response rate, CR = complete remission, OS = overall survival, PFS = progression free

survival
KYMRIAH® YESCARTA® TECARTUS® BREYANZI® ABECMA™ CARVYKTI™
TR Tisagenlecleucel® é{(icabtag%nsg Brexucabta%;a%e Lisocabtagege Id(lacabtagﬁr;? Ciltacabtage7r21e
iloleucel'> Autoleucel® Maraleucel Vicleucel™" Autoleucel
Company Novartis Kite/Gilead Kite/Gilead BMS BMS Janssen
Target epitope CD19 CD19 cD19 CD19 BCMA BCMA
F?{ﬁ‘;’;’t’i’;}’:d RRB-ALL R/RDLBCL RRDLBCL  R/RMCL RRB-ALL  R/RDLBCL R/IR MM R/IR MM
FDA approval 2017 2018 2017 2020 2021 2021 2021 2022
EMA approval 2018 2018 2018 2020 n/a pending aﬁ?;gr'l“z‘;rt‘f‘o'n n/a
cl‘:{:‘i‘é‘;'g:gy ELIANA JULIET ZUMA-1 ZUMA-2 ZUMA-3  TRANSCEND  KarMMa  CARTITUDE-1
DT G 75 93 101 68 55 269 128 97
patients
ORR 81% 52% 82% 93% 84% 73% 73% 97%
CR 59% 40% 40% 67% 71% 53% 33% 67%
12-month OS 76% 49% 52 % 61% 71% 58% 78% 89%
PES 50 % 65 % a 83 % 58 % 44 % a 77 %
(12 months) (12 months) (12 months) (6 months) (12 months) (12 months)

Besides BCMA and CD19, additional novel TAAs are under investigation to broaden the
spectrum of available CAR-T cells also toward solid tumors. The most prominent ones are
HER27®, EGFRVIII”/, ROR17®, MUC167°, and NKG2D®® for treating metastatic colorectal
cancer, recurrent glioblastoma, lung cancer, multiple myeloma, or triple-negative breast

cancer. In contrast to the use in blood-born cancers, CAR-T cells need to migrate to the tumor
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site and bypass complex immune suppression mechanisms of the tumor microenvironment in
solid malignancies®'. Unfortunately, the clinical efficacy has been limited so far. In clinical trials
with mesothelin-specific CAR-T cells, transferred cells were detected in the tumor but caused
only small lesions and tumor shrinkage®*®. Another study with sarcoma patients treated with
HER2-specific CAR-T cells reported detectable CAR-T cells over six weeks, but again no
considerable tumor killing®. Even though HER2 was one of the most promising targets due to
its overexpression in many different types of cancer, another case study reported strong side
effects with HER2-specific CAR-T cells due to the recognition of low HER2 expression levels
on lung epithelial cells®. Altogether, these results indicate that overexpressed TAAs on solid
tumors can serve as targets for CAR-T cells. However, enormous improvements are necessary
to overcome the main limitations of poor antitumor activity and safety in solid tumors. Advanced
clinical studies try to prevent exhaustion and dysfunction of the infused T cells by combining
CAR-T cells with checkpoint inhibitors (e.g., anti-CTLA-4 or anti-PD-1 antibodies)®, while in
vivo persistence might be improved by the use of immune-stimulatory cytokines(e.g., IL-12, IL-
15, IL-7)%. Furthermore, multi-antigen targeted CAR-T cells are currently tested for their ability
to overcome antigen-escape relapses after single antigen-directed CAR-T cell treatment®,
while T cell co-engineering strategies are established to improve long-term functionality and
survival of CAR-T cells by delaying effector T cell differentiation and exhaustion*2. Recently,
new CAR structures more similar to endogenous TCRs, called HLA-independent T cell
receptors (HITs), have been proposed to target cell surface antigens of low abundance and
thus make CAR-T cells more sensitive®.

Taken together, these findings highlight the enormous power and therapeutic value of
genetically engineered T cells for treating several tumors with poor prognosis but also clearly
underline the importance of further necessary improvements to guarantee therapeutic efficacy

and safety.
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1.2 Risks and side effects of CAR-T cell therapy

Although impressive outcomes in B cell malignancies have been achieved with CAR-T cell
therapy, most of the observed clinical benefits also come at some costs. In up to one-third of
the patients, the transfer of CAR-T cells is directly associated with severe, potentially even life-
threatening toxicities, due to the induction of a potent immune response®. The development
of acute toxicities is still difficult to predict and thereby complicates a broader application of the
adoptive transfer of engineered T cells. Although clinical studies differ in their CAR-T cell
products, patient’s characteristics and disease burden, observed toxicities are strikingly
similar. The most frequently observed CAR-T cell-related side effects are cytokine release
syndrome (CRS), immune effector cell-associated neurotoxicity syndrome (ICAN), also often

referred to as neurotoxicity, and on-target/off-tumor effects®®'

. Even though significant
toxicities are reversible in most cases, they must be promptly recognized and managed via

early medical interventions®.

1.2.1 Cytokine release syndrome

The earliest occurring and most common CAR-T cell-related adverse event with a potentially
fatal outcome is cytokine release syndrome (CRS)®. It typically begins within the first week
after CAR-T cell administration and is mainly characterized by strong CAR-T cell activation
and expansion together with an enormous release of inflammatory cytokines in the peripheral
blood due to a strong induction of the host immune system®.

Directly after infusion, CAR-T cells start trafficking to the tumor site and become activated by
CAR-mediated recognition of the antigen-expressing target cells. Afterward, depending on the
activation strength, T cells start to massively proliferate while secreting high amounts of
cytokines, which triggers a cascade of reactions leading to CRS. Especially the release of INF-
y and TNF-a recruits and activates immune and non-immune bystander cells within the tumor
environment. Also, these cells release pro-inflammatory cytokines, and large amounts of IL-6
produced by macrophages and endothelial cells subsequently activate T cells and other

immune cells, initiating a storm of inflammatory cytokines which overwhelms the counter-
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regulatory homeostatic mechanism. The interactions between CAR-T cells and myeloid cells
at the tumor site have been reported to be mainly responsible for increased levels of
pathological cytokines®. While activated T cells produce chemokines and cytokines, including
IL-2, IL-2Ra, IFN-y, IL-6, IL-1R, and GMCSF, macrophages are the primary producers of IL-6
and IL-1%,

On the clinical site, the first symptoms of CRS are usually mild fever and constitutional
symptoms like malaise and arthralgia. However, they can rapidly progress to severe forms of
CRS represented by systemic inflammatory responses with widespread life-threatening organ
toxicities, ranging from cardiovascular disorders with endothelial injuries in multiple tissues
with hypotension, hypoxia, and respiratory compromise to multi-organ failure®. Most common
interventions to treat CAR-T cell-related CRS involve corticosteroids and the monoclonal
antibody anti-IL-6 tocilizumab®’. Even though the application of corticosteroids was proven to
be effective in managing CRS, these anti-inflammatory drugs are also immunosuppressive for
the therapeutic CAR-T cells and thereby can limit the efficacy of CAR-T cell therapy®®. On the
contrary, as CRS is associated with increased levels of IL-6, the IL-6 receptor antagonist
tocilizumab has shown impressive and immediate efficacies in resolving CRS-related
symptoms in most patients® without compromising the clinical efficacy of the transferred CAR-
T cells'. Current investigations are ongoing to define the optimal timing of the administration.
Recent animal models have also shown an important role for IL-1 signaling in the development
of CRS*%, Therefore, the administration of anakinra, a recombinant IL-1 receptor antagonist,
has been suggested as a third-line treatment for refractory CRS. Its application has shown
remarkable efficacy in managing CRS in humanized mouse models®. However, in a clinical
study with only a few patients, anakinra revealed only poor outcomes when used to treat
CRS'®. Therefore, more clinical studies are necessary to clarify its efficacy in CAR-T cell
therapies.

Different factors can influence the development of CRS, including tumor burden, CAR-T cell
dosage, and the use of lymphodepletion chemotherapy'®'='%. Additionally, standard clinical

rates of severe inflammation and elevated levels of specific inflammatory cytokines like IFN-y,
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IL-2R, and IL-6 can indicate the patient’s risk potential®®'®, although they are not sufficient to
predict CRS severity. Therefore, fine-tuning CAR-T cell activation to balance cytokine
secretion is a relevant option for manufacturing CAR-T cells with powerful anti-tumor efficacy

without an exceeding release of cytokines.

1.2.2 Neurological side effects

Neurological toxicities represent the second main CAR-related acute side effect™, with
incidences ranging from 2 % to 64 %. They generally occur early after CAR-T cell infusion
once the symptoms of CRS have subsided, but in a few cases, they have also been described
to coincide with CRS or weeks later’®. Consequently, CRS is considered an initiating event or
cofactor of neurotoxicity. In a meta-analysis of 1,860 patients to determine the safety of CAR-
T cell products, severe CRS was reported to occur in a range between 19 % to 55 % depending
on the type of tumor, type of CAR-T cell product, and type of grading system. In contrast, 2,079
patients were included in the ICANS evaluation, and overall between 10 % to 31 % developed
severe ICANS'®,

Neurological adverse events are numerous and typically manifest as toxic encephalopathy.
The first clinical signs include aphasias, visual and auditory hallucinations, and impaired fine
motor skills, which can further evolve into neurological complications like seizures and rapid-
onset cerebral edema. As patients developing cerebral edema are often unresponsive to
medical interventions, CAR-T cell therapy has caused several fatal events'"".

Although an increasing number of studies has tried to understand the underlying mechanisms,
the pathophysiology of neurotoxicity remains unclear and is still differentially discussed.
Numerous clinical trials have shown that the presence of tumor cells in the central nervous
system is not required for the development of ICANS®, while increased levels of various pro-
inflammatory cytokines and elevated numbers of T cells in the cerebrospinal fluid (CSF) are
associated with the risk of neurological side effects'®. Interestingly, increased levels of both

endogenous immune cells, engineered CAR-T cells, and peripherally activated monocytes
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were detected in the CSF of patients with severe ICANS, indicating a general loss of integrity
of the blood-brain barrier (BBB)'"".

Like CRS, neurotoxicity is reversible in most patients with no permanent neurological deficits
if promptly treated after the onset®. As the mechanisms behind neurotoxicity are less well
understood, it is mainly managed with corticosteroids, which dampens CAR-T cell function®.
In contrast to the treatment of CRS, the administration of tocilizumab has not improved
neurological toxicities, probably due to its disability to penetrate the BBB and reduction of the
transient increase in IL-6 levels in the central nervous system after its administration®. In
contrast, IL-1R blockade with anakinra improved clinical signs of inflammation and reduced
cytokine levels of refractory CRS and ICANS, as it can cross the BBB**'%"'%_ However, it is
still difficult to ascribe the reduction of neurotoxicity only to anakinra, as patients were treated
with a mix of corticosteroids. Therefore, future clinical trials are necessary to better evaluate
the function of current interventions for the management of CAR-T cell-related side effects,

especially regarding neurological toxicities.

1.2.3 Hematological toxicities
Another major clinical challenge of adoptive CAR-T cell therapy is the hematotoxicity of the

t109—

transferred CAR-T cell product'®""2, While protracted cytopenia of grade 3 or higher was

113 114

reported in 20 - 40 % of patients' ", cytopenia beyond 90 days occurs in 33 % of patients' ™.
Although early clinical trials have been investigating the directly occurring CAR-T cell-related
adverse events Cytokine-Release-Syndrome and Neurotoxicity, the understanding and
knowledge about CAR-T cell-associated cytopenia is still limited. However, in recent years, the
interest in hematological toxicities is constantly rising, as more and more long-term follow-ups
of CAR-T cell-treated patients with relapsed and refractory hematological malignancies, also
report prolonged and recurrent cytopenia. Especially as it can result in further complications
like increased infectious complications, diminished response to vaccines, and hemorrhage''*~

"7 it has emerged as another very important adverse event of CAR-T cell therapy.
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In general, hematologic toxicity (neutropenia, anemia, thrombocytopenia) can be bi- or

triphasic, self-limited, or late appearing’'?'

, and its recovery can take weeks to months.

The first phase of early cytopenias occurs within 3 — 4 weeks after CAR-T cell transfer, which
has been shown to be related to the myelosuppressive effect of lymphodepletion regimens like
chemo- or radiotherapy’®7"118-120,

However, prolonged and recurrent cytopenias (> 90 days post—-CAR T-cell therapy) have other
implicating factors than the myelotoxic effect of the pretreatment conditioning alone. It has
been reported that CRS, high tumor burden, and elevated inflammatory markers may induce
severe cytopenias and impact hematopoietic recovery'"'?', Besides bacterial, fungal, or viral
infections that occur due to the immunosuppressive setting, which represent the most common
reasons for non-relapse mortality after CAR-T cell therapy, can lead to post-CAR T-cell
therapy cytopenias'®. Additionally, clonal hematopoiesis or the development of
myelodysplastic syndrome can be potential reasons for developing cytopenias after CAR T-
cell transfer'?.

Overall, cytopenias are universally observed in patients with various hematologic
malignancies’" and are more severe in heavily pretreated patients or after the use of alkylating
agents'?. Besides, hematotoxicities have been associated with all types of CAR constructs.
However, whether there is a correlation between the expansion and persistence of the CAR-T

t'19 and the different costimulatory domains' is still under debate.

cell produc
Although several management strategies to minimize hematologic side effects have been
proposed, including hematopoietic stem cell transfusions'®®, prophylactic antivirals,

)%, and post—

antimicrobials and antifungals, granulocyte colony-stimulating factors (G-CSF
CAR T-cell therapy immunization, only limited to no data are available which demonstrate a
clear benefit of these treatment options.

Therefore, late cytopenia still poses a clinical challenge in diagnosis and risk management,
and defining a potential mitigation strategy remains elusive''®.

112

Rejeski' ' and colleagues tried identifying predictive biomarkers in a multicenter, retrospective

analysis of over 250 patients with relapsed refractory large B cell lymphoma receiving CD19
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CAR-T cells. Based on this screen, they developed a CAR-HEMATOX model, which identified
predictive biomarkers of hematotoxicity and which could be used as a risk-stratification tool for
patients.

However, additional prospective studies investigating the pathophysiology of late-stage
cytopenias will be required to investigate different factors of cytopenia incidence further to

overcome this late-occurring toxicity after CAR-T cell transfer.

1.2.4 On-target/off-tumor toxicities

On-target/off-tumor toxicities describe side effects due to the recognition of target molecules
by CAR-T cells on healthy tissues other than the targeted malignant cells®'. It commonly occurs
with all types of CAR-T cells, as most CAR-specific antigens are only over- and not exclusively
expressed on tumor cells and thereby shared with healthy tissues. The severity of CAR-T cell-
related on-target/off-tumor side effects depend on the dispensability of the targeted tissue.
Therefore, on-target/off-tumor side effects are less severe in hematological malignancies,
where B cell aplasia represents a predicted and modest on-target effect for patients treated
with CD19-specific CAR-T cells'®, as CD19 is restricted to lymphocytes of the B-cell
lineage'®®. Indeed, consequences of B cell aplasia, like hypogammaglobulinemia, can be
effectively managed by administering well-tolerated immunoglobulins without enormous

restrictions for the patients'®

. Additionally, long-term B cell aplasia can be used as a marker
for successful engraftment and persistence of CAR-T cells. Hence, early loss of B cell aplasia
after CD19 CAR-T cell therapy is associated with an increased risk of tumor relapse'®.
However, it has been described that CD19 is also expressed in brain mural cells, which could
be one reason for off-tumor neurotoxicity in CD19-directed therapies'®.

In contrast, treating solid tumors with CAR-T cells specific for HER2?® or CAIX™*' had severe
and fatal outcomes. CAR-T cells targeting HERZ2 in a patient with metastatic colorectal cancer
also recognized HER2 low expressing lung epithelial cells leading to respiratory distress

followed by pulmonary edema®. In another clinical study enrolling patients with renal cell

carcinoma, CAIX redirected CAR-T cells to eradicate epithelial cells in liver bile ducts, which
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were unknown to express CAIX'™'. In summary, on-target/off-tumor toxicities represent only a
limited problem for the adoptive transfer of CD19-targeting CAR-T cells. However, it will be
necessary to rigidly monitor patients treated with CAR-T cells targeting novel antigens in case

of any unpredicted on-target/off-tumor toxicities.

1.2.4 Tumor relapses after CAR-T cell therapy

Despite the favorable clinical response rates of relapsed and refractory cancer patients after
CD19-CART cell transfer, many patients still relapse. While it was reported that the treatment
of pediatric patients with refractory and relapsed ALL treated with anti-CD19 CAR-T cells
showed an overall response rate of 90%, the relapse-free survival after six months dropped
down to 66.4 %, indicating a high relapse rate already briefly after the infusion of the CAR-T
cell product'?. The result was also confirmed for other cancer types with similarly increasing
relapse rates, especially in the longer follow-up. While the five-year progression-free survival
of patients with follicular lymphoma was 43 %, only 31 % of patients with DLBCL were still
progression-free at five years’™. Two types of relapses were mainly recognized: CD19 positive
and CD19 negative relapses. While CD19" relapses can occur due to poor T cell function and
persistence, CD19 relapses in most cases result from evasion of specific antigen-negative
tumor cell variants. The frequency of CD19 epitope loss was estimated between 10 % to 20 %
of pediatric B-ALL patients treated with CD19 targeting CAR-T cells'®. Therefore, the use of
multi-antigen targeting CAR-T cells is currently under investigation in order to avoid this

mechanism of tumor escape.

1.2.5 Engineered safety tools for adoptive T cell therapy

CD19-targeting CAR-T therapy for treating malignant diseases with currently poor outcomes
is still the most widely used clinical application of adoptive T cell transfer. Therefore, most
clinical research is done in this area, and results are mainly reported for this type of therapy.
Nevertheless, adverse events and toxicities have been observed in multiple clinical studies for

different CAR-T cell specificities, highlighting the importance of improving CAR-T cell products’

18



INTRODUCTION

safety to broaden their applicability. While the described approaches try to mitigate the
symptoms of developing side effects, other approaches try to engineer therapeutic CAR-T cells
in a way that directly tackles the underlying cause.

One efficient safety strategy to specifically kill the transferred T cells in case of the development
of adverse effects is so-called “OFF-switches”. The additional incorporation of these genes
enables the elimination of over-activated CAR-T cells by administration of external molecules.
Until 2022, two suicide genes have been tested clinically. Incorporating the herpes simplex
virus thymidine kinase (HSV-TK) represents the first investigated safety switch'>'3* which
eliminates dividing cells by administering ganciclovir. However, slow response rates and

immunogenicity'>®

make the HSV-TK only a suboptimal approach for safer CAR-T cell therapy.
The second clinically tested safety switch is iCasp9, representing a safe, effective and non-
immunogenic apoptosis system'®. In case of adverse events, the essential chemical inducer
for dimerization can be easily applied intravenously, activating the newly incorporated caspase
and leading to cell apoptosis. After many promising preclinical studies in treating B cell
lymphoid malignancies, results of first clinical studies are awaited with great excitement.

Another strategy to eliminate toxic CAR-T cells is using clinically approved mAbs to target co-
expressed, truncated versions of cell-surface proteins. The administration of monoclonal
antibodies can initiate antibody-dependent cellular cytotoxicity (ADCC) or complement-

137

dependent cytotoxicity *’, which results in permanent ablation of the co-engineered CAR-T

cells. The two mainly tested proteins so far are truncated versions of CD20 (recognized by

rituximab)'®®

and the human epidermal growth factor receptor (EGFRt) (recognized by
Cetuximab)™°. Even though several phase | clinical trials have been initiated so far, it is still
too early to predict whether this type of safety strategy will be conventionally applied in adoptive
cell therapy.

Although “OFF-switches” enable fast elimination of CAR-T cells whenever toxicities occur in
patients, they also permanently eliminate the transferred cells, thereby hindering long-term

antitumor efficacy. Therefore, reversible mechanisms to turn CAR-T cells on and off without

eradicating the transferred cells have been developed. One recent approach is called “ON-
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switches” 40

, in which an inducible system is connected to the expression of the CAR
transgene. By administration of dimerizing small molecules, the surface expression of the CAR
is initiated, and the CAR-T cell is activated. In the event of severe adverse reactions, the
administration of the small molecule can be immediately discontinued, and the expression of
the CAR on the T cell will return to baseline'. Instead of eliminating over-reacting CAR-T
cells, this switch can precisely control cells in terms of timing and dosage and thus improves
their safety. However, it can take several days to slow down the CAR-T cells, which can be
critical for fast-developing side effects'".

Also, the tyrosine kinase inhibitor dasatinib has been shown to reversibly inhibit the
proliferation and cytokine production of CAR-T cells in preclinical studies'?. It mediates the
inhibition of the phosphorylation of the lymphocyte-specific tyrosine kinase and thereby blocks
T cell signal transduction. Although dasatinib outperformed corticosteroids in preclinical
models, it is not clear whether the use as an emergency tool would be beneficial for the
patients, as dasatinib was less efficient at inhibiting already activated CAR-T cells.

In addition, several strategies to prevent antigen escape and off-target effects by multi-
targeting antigens have also been tested so far®®. While dual CAR-T cells combine different
CARs recognizing different TAAs in a single CAR-T cell, tandem and trivalent CAR-T cells
target distinct TAAs by linking two or more different CARs in a tandem structure. Another

approach combines conventional activating constructs with inhibitory CARs'?

. Most recently,
specific logic-gate operations to decrease off-tumor effects have been developed“.
Here, OR-, AND-, and NOT-gate transmission patterns are used to ensure sufficient and
specific signaling of the activated CAR-T cell. Currently, additional diverse logic-gate strategies
are developed to combine them with multi-antigen targeting CAR-T cells.

Overall, the mentioned strategies represent a first try to optimize the safety of CAR-T cell
therapy. However, their success is still quite uncertain as most engineering approaches need
either too long to be fully activated or constant activation by additional drugs. Logic-gate

operations might help to improve the specificity, but overall no approach can solve the problem

of the development of acute CAR-T cell-related toxicities such as CRS and ICANS. Therefore,
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the most promising solution is to fine-tune the binding strength of the CAR itself in order to
decrease potential severe side effects. Here, the overall efficacy of the CAR-T cells can still
be maintained, but a reduced activation potential can, in return, lower the release of
inflammatory cytokines. In the end, finding an optimal binding affinity of the CAR-T cell to its
target will slow down the cascade of the cytokine storm, which represents the main reason for
acute CAR-T cell-related toxicities and thereby enables the generation of efficient and

exceptionally safe next-generation CAR-T cells.
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1.3  Structure and function of the CAR complex

1.3.1 The structure of chimeric antigen receptors

CARs are synthetic recombinant receptor constructs organized on a gene set coding for five
different components. As they combine parts of a naturally occurring TCR for activation with
parts of an antibody for target recognition, they were initially called T-bodies by Eshhar and
collegues®. However, since then, the term for these artificial constructs has been Chimeric
Antigen Receptor.

The extracellular antigen binding domain of CAR receptors usually consists of a mAb-derived
single-chain variable fragment (scFv), which facilitates specific recognition and binding of
target TAAs on the tumor cells. An scFv consists of the immunoglobulin light and heavy chain
variable regions (Vi, Vu) connected by a peptide linker sequence. Both variable domains
comprise three hypervariable parts termed complementarity determining regions (CDR),
surrounded by highly conserved framework regions. Individual scFvs are either derived from
murine or humanized antibodies or synthesized and screened via phage display libraries.
Similar to the natural TCR/CD3 complex, CARs are also equipped with an intracellular
activating domain which enables signal transduction and T cell activation after antigen
recognition®’. In addition to the intracellular CD3( domain, the CAR sequence is further
extended with co-stimulatory signaling domains. The additional integration of either CD28'%*
or 4-1BB® was shown to enable target-specific killing and expansion of the corresponding T
cell after tumor antigen recognition. It was also observed that the choice of the particular co-
stimulatory domain influences the cytokine secretion profile and proliferation capacity of the
corresponding CAR-T cell'45146,

A hinge and a transmembrane domain covalently link the extracellular binding and intracellular
signaling domains of the CAR molecule. While the hinge region enables spatial arrangement
and flexibility of the extracellular binding domain of the CAR'¥, the transmembrane domain,
as the name states, functions as an anchor of the CAR into the cell membrane. So far, no
optimal spacer or hinge length could be determined, as it seems highly dependent on the target

epitope and its location. Modifying this region can significantly impact the receptor stability and
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substrate binding strength, as CARs targeting different targets showed the best functionalities
with different hinge lengths™.

Due to its unique structure, incorporating the CAR facilitates tumor targeting of the
corresponding T cell in an HLA-independent manner®’, which improves otherwise poor T cell
responses due to the downregulation of tumor-associated pMHC complexes. In contrast to

natural TCRs, CARs do not need to be matched to the patient’'s immune type, and a single

CAR construct can be used to target all patients.

1.3.2 Evolution and next-generation CARs

The approach to combining an antibody-derived extracellular domain connected by a hinge
and transmembrane domain to a cytoplasmic CD3¢ signaling domain to enable the killing of
tumor cells was first pioneered in the 1980s by Gross and colleagues®’. Since then, the CAR
design has evolved through different generations via a largely empiric process to improve its
signaling output.

First-generation CARs did not have costimulatory elements incorporated, which later proved

124

to be necessary for complete T cell activation'*. Although these CAR-T cells could generate

a cytotoxic response in murine models™®, the clinical outcome was more than
disappointing™''®°. As the CD3Z domain alone was insufficient to sustain T cell functionality in
primary T cells, the endodomain of the CAR was further extended with either one or two
costimulatory domains in subsequent second and third-generation CARs'®"'%2, As known from
endogenous TCRs, one activation signal is not enough to sufficiently activate T cells, and
therefore the additional fusion of either CD28'° or 4-1BB®® to their intracellular domain
improved CAR-T cell persistence and cytotoxicity. A clinical trial using CAR-T cells
incorporating CD28 demonstrated that second-generation CAR-T cells expanded and
persisted better than autologous T cells transduced with a CAR lacking a costimulatory
domain'?*. Also, a pre-clinical study using CARs containing the 4-1BB co-stimulatory domain

revealed superior efficacy and improved persistence in a primary human ALL xenograft

model®°.
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However, it was observed that the choice of the particular co-stimulatory domain influences
the cytokine secretion profile and proliferation capacity of the corresponding CAR-T cell'®. As
known from endogenous T cell behavior, CD28 is particularly important in the early activation
of naive T cells, while 4-1BB is associated as fundamental for memory formation and
persistence’*. So far, all clinically approved CAR-T cell products belong to the group of
second-generation CARs, and their backbone encompasses either CD28 or 4-1BB as a
costimulatory domain together with their corresponding advantages and disadvantages.

In third-generation CARs, multiple costimulatory domains are placed in tandem. Pre-clinical in
vitro studies exhibited superior proliferation and cytotoxicity compared to second-generation
CARs transduced with a CD28 co-stimulatory domain'®®. However, limited data have been
published on the clinical experience using these constructs so far'®.

The latest generation of CARs (fourth generation) so far includes armored CARs and TRUCKs
(T cells redirected for universal cytokine-mediated killing)'"'%®, which were engineered to
provide local cytokine secretion (such as IL-4, IL-2, II-7, IL-15, and IL-21) to attract more
immune cells and to enhance the infiltration, persistence and antitumor activity of the
associated CAR-T cells. Although these new generation CARs already showed improved
functionality in pre-clinical animal models, long-term side effects and functionality need further

investigation in clinical settings.
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1.4 Impact of receptor affinity on T cell function and safety

1.4.1 Definitions of receptor binding strength

The functionality of a T cell is mainly determined by its receptor-antigen interactions, which
can be defined by the terms ‘affinity’, ‘TCR avidity’, ‘structural avidity’, and ‘functional avidity’.
With this, the extent of TCR-mediated signal transduction (hours) and the duration of the
TCR/pMHC binding half-lives (seconds) are critical parameters for activating the associated T
cell™®.

The TCR/pMHC affinity represents the binding strength of a single receptor (e.g., the TCR) to
its cognate antigen (e.g., the pMHC complex) and is reciprocally related to the binding kinetics
of the receptor. The affinity can be described by the dissociation constant (Kp), which is
precisely calculated by the relation of the association (kon-rate) and dissociation (kos-rate) of
the pMHC-molecule and the corresponding TCR'®. These parameters are typically measured
by surface plasmon resonance (SPR) spectroscopy, where TCR and pMHC molecules are
recombinantly expressed to determine their monomeric interactions. In addition, the half-life
(t12) of the TCR/pMHC interaction describes the rate at which the TCR dissociates from the
pMHC complex and is related to the dissociation constant by the equation ti2 = In2/ke'®". In
contrast, the TCR avidity describes the overall strength of multiple interactions between the T
cell and its target cell’®. Analyzing the TCR avidity of a cell is more challenging, as it is
influenced by different parameters, in particular the affinity of each TCR and their structural
arrangement in combination with the number of receptors (TCR expression level) and co-
receptors (CD4 and CD8) on the cell surface. Since the affinity of a TCR does not fully
represent the actual TCR binding strength in vivo, as co-receptors always support the TCR
binding, our group has established a flow cytometry-based method to determine the structural
avidity of a TCR'®*"®® in the cellular context. Here, the monomeric TCR/pMHC dissociation
rates (kow-rate) of living T cells, including the CD8 co-receptor, are analyzed. Finally, the
functional avidity of a TCR is defined as the overall sensitivity and functional response of the
T cell to the pMHC antigen density and its ability to respond to a given concentration of cognate

peptide antigen'®. It comprises the relative affinity and structural avidity of the TCR, as well as
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the subsequent efficiency of the downstream signal transduction. In summary, the binding
strength of a TCR, as the fingerprint of a T cell, directly influences activation, expansion, and

167,168

differentiation , While other parameters, e.g., phenotype and TCR density, contribute to

the overall functionality'®.

1.4.2 Influence of transgenic receptor binding strength on T cell functionality

TCRs of mature T cells are of relatively low affinity (1-100 uM) for their cognate pMHC ligands,
with fast kor-rates'®. Consistent with the low-affinity and generally quick dissociation rate of
most TCR/pMHC interactions, T cells display extraordinary sensitivity and specificity for even
very low antigen levels. T cells work along a serial triggering model to reach sufficiently high
activation levels despite short interaction times, suggesting that multiple TCRs on the cell
surface must be sequentially bound by a single pMHC'"°.

As increased affinities within the natural range of TCRs have been demonstrated to directly
correlate with accelerated T cell functionality against viruses'® and tumors'”", high TCR

affinities are considered to result in stronger T cell responses'’?

. On the contrary, low binding
strengths and too fast dissociation rates of the pMHC molecule and the TCR negatively
influence the T cell functionality, as they prevent productive TCR triggering. Therefore,
mutational screens of the CDR regions of the TCR have been used to generate even improved

173

supraphysiological TCRs'"™ with significantly higher avidity than their natural counterparts.
Interestingly, increasing the TCR affinity beyond 10 uM or even into the range of nanomolarity
did not further improve the in vitro and in vivo function of the corresponding T cell'®®'", It even
seems that high-affinity TCRs follow a bell-shaped behavior, suggesting that increasing
receptor affinities beyond a certain threshold could not improve but even reduces T cell
functionality’*'’®. A main reason for this phenomenon might be that enhanced binding
strengths exceed the optimal interaction time and force the T cell into prolonged contact times
with its cognate antigen'””, decreasing the efficiency of TCR serial engagement.

Furthermore, supraphysiological interactions have been shown to lead to cross-reactivity of T

cells with self-derived peptides'”. Indeed, missing selectivity of high avidity TCR-transgenic T
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cells has been noticed to induce severe side effects in patients in several clinical studies*’:%.

Conversely, T cells with lower affinities within the physiological TCR affinity range displayed
better selectivity as they were only activated by tumor cells overexpressing the target antigen
and not by healthy cells.

In contrast to TCRs which possess affinities in the uM range, conventionally used scFvs of
CARs are preferable selected from high-affinity mAbs in the range of medium to low nM, as
they were shown to induce strong activation of the regarding T cell'’®. Indeed, all currently
FDA-approved CD19 targeting CAR-T cell products rely on the high-affinity anti-CD19 antibody
clone FMC63'°, which has an affinity several magnitudes higher than TCR/pMHC
interactions'””. Comparable to super-high-affinity TCRs, few studies have also investigated
whether an increase in affinity affects CAR-mediated T cell functionality. While affinity-
enhanced CAR-T cells targeting HER-2 revealed improved in vitro T cell activation with an
increased affinity of the CAR®, also ROR1-specific CAR-T cells showed superior functionality
represented by higher cytokine release and more significant proliferation of the stimulated T
cells'®. However, as observed with TCR-transgenic T cells, increased affinity beyond a
particular affinity ceiling (in this case, 10® M) did not improve T cell function but even impaired
CAR-T cell functionality®®. CAR-T cells targeting CD20 with excessively high affinity above the
mentioned threshold were susceptible to activation-induced cell death (AICD) upon
engagement to their target'®. In line with the results of TCR studies, non-specific target
recognition was observed with increased binding strength of the CAR. The use of high-affinity
HER2-specific CAR-T cells in a clinical setting resulted in decreased selectivity for the tumor
target'® and thus lead to the development of associated on-target/off-tumor toxicities of the
patients. Also few preclinical studies support the concept that low-affinity CAR-T cells can
avoid potential off-tumor toxicities, as they are more selective in killing tumor cells with high
antigen load, instead of healthy cells expressing only low amounts of antigen'’®.

Overall, the influence of receptor affinities on the functionality of transgenic TCR and CAR-T
cells are comparable. For both engineered T cell products, an increase in affinity can enhance

the functionality, however, only until a certain threshold. Affinities above this ceiling result in
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strongly reduced T cell function and increased toxicities. Therefore, careful selection of optimal
transgenic receptors is necessary to guarantee a highly functional and safe adoptive (CAR-) T

cell therapy.

1.4.3 Adaptation of artificial CAR-T cell therapy to optimal natural T cell responses
Basic interactions of TCRs and their cognate antigens have been intensively investigated, and
the findings of optimal TCR avidity can be easily implemented into the concept of adoptive T
cell therapy. However, the correlation between CAR binding strengths and optimal CAR-T cell
functionality seems more complex, and little is known so far. So far, all approved high-affinity
CAR-T cells have been quite promising in treating B cell malignancies. However, significant
downsides such as loss of long-term functionality and the development of severe acute side
effects need to be tackled to provide clinically efficient and safe T cell products. While an
increase of TCR avidity in the physiological range results in better functionality of the
corresponding T cell, it has only been shown that an upper-affinity ceiling for CARs exists and
not whether reduced CAR affinities in the range of TCRs could have major advantages for the
overall CAR-T cell functionality, but also safety.

As already described, the binding and interaction of a receptor to its specific target is pivotal in
regulating the activity and specificity of the T cell by starting a cascade of intracellular signals
leading to cytokine production, proliferation, and cytotoxicity. This relationship becomes
especially interesting as, despite their much lower affinity than CARs, naturally occurring T
cells possess strong long-term functionality with a high safety profile. It has also been shown
that lower-affinity TCRs can have superior sensitivity and efficacy compared to high-affinity
CARs targeting the same antigen'®?. Endogenous TCRs have evolved with fast dissociation
rates, which enable serial triggering and high sensitivity towards the cognate pMHC molecule.
High-affinity CARs, however, have enormously prolonged dissociation rates, leading to a
reduction of their antigen sensitivity. Since CAR affinities are over several magnitudes higher
than TCR affinities, it is pretty intriguing to investigate whether lowering the CAR affinity could

reveal an optimal affinity window of CARs with a good balance of functionality and safety.
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One first clinical study reported that anti-CD19 CAR-T cells expressing a low-affinity scFv,
called CAT, obtained good tumor-killing efficacy without inducing severe CRS in pediatric
patients with ALL?>', Additionally, compared to already published studies using
Tisagenlecleucel, an approved high-affinity anti-CD19 CAR-T cell product (clone: FMC63),
they observed enhanced expansion and prolonged persistence of their low-affinity CAR-T
cells. However, as the patients treated with the low-affinity CAR-T cell product had only low
tumor burdens (high tumor burden is a major risk factor for developing CAR-associated side
effects), conclusions regarding improved clinical toxicity profiles can not be deducted yet.
Therefore, the question remains how and if lower affinities could improve CAR-T cell therapy.
One major fear is that, although low-affinity CAR-T cells are less susceptible to over-activation
and lost selectivity, complete tumor eradication may not be guaranteed. Indeed, it has already
been claimed that while low-affinity Herceptin-based CAR-T cells revealed a better safety
profile in sarcoma patients than high-affinity CAR-T cells, only modest clinical results were
achieved. This difference in the functional affinity windows of CARs and TCRs could be due to
several factors. Most importantly, although TCRs possess relatively low affinities in the yM
range, it is compensated by different aspects, e.g., co-receptor help, serial triggering, and high
sensitivity. In contrast, the scFv, integrated into the CAR structure, is out of context from its
natural property. Therefore, it is not clear yet, whether additional binding help by other
receptors is happening.

Despite major differences between TCRs and CARs, the receptor affinity is likely to represent
a major parameter in tuning engineered T cell products for an optimal balance between safety
and efficacy. The gap between TCR and CAR affinity currently explored in clinical trials opens
a big range in which CAR affinities could be reduced to find an optimal window where lower
affinity with fewer toxicities co-incidences with good functionality. Therefore, it is crucial to
understand the underlying mechanisms of the effects of reduced CAR affinity on the
functionality and toxicity of the corresponding CAR-T cell.

In addition to an optimal affinity range comparable to naturally occurring TCRs, other strategies

could be applied to mimic an optimal natural immune response with CAR-T cells. The human
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immune system has evolved into a powerful defense mechanism to eliminate a huge variety
of pathogens over a long time. Natural T cell responses comprise a heterogeneous repertoire
of TCRs with a broad range of affinities and avidities for a given antigen. This diversity of
different TCR affinities is essential, as each has its unique role during the development of the
immune response'®. Lower-avidity TCRs are particularly important during the early phase of
an acute immune response, while high avidity T cells start to dominate over time due to
stronger proliferation and clonal expansion'®®. Especially upon antigen re-exposure (recall
responses), high avidity T cells become the dominating subfraction of antigen-specific T cell
populations. Nevertheless, low avidity T cells seem less susceptible to exhaustion during
chronic antigen exposure and, therefore, can show improved maintenance of T cell responses
in chronic disease settings. In contrast, chronic exposure of higher affinity T cells to antigens
can lead to impaired T cell responses due to over-activation and activation-induced cell
death'. In addition to the activation and survival profile, different TCR avidities also enable
the generation of a broad spectrum of different phenotypes, resulting in a diverse and
successful weapon against invaders and re-occurring infections and relapsing tumors .

Consequently, mimicking these basic mechanisms of the human immune system to adoptive
T cell therapy by generating more diverse (“polyclonal”’) CAR-T cell products with distinctly
mixed affinities could represent an attractive solution for an improved safety and functionality

profile of CAR-T cell therapies.
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AIM OF THIS PHD THESIS

2 Aim of this PhD thesis

CAR-T cell therapy has been a significant breakthrough in the treatment of relapsed and
refractory B cell malignancies. However, the development of severe acute toxicities such as
CRS and ICANS, as well as an increasing number of tumor relapses due to non-functional
exhausted CAR-T cells, reflect the high need to improve this promising clinical immunotherapy
further.

The goal of this thesis was to investigate the role of receptor affinity on CAR-T cell functionality
and safety and to exploit the newly generated knowledge to develop more optimal CAR-T cell
products with improved long-term efficacy and persistence, as well as lower toxicity for clinical
application.

To achieve this, we selected four known CAR scFv clones targeting human CD19 and
characterized their affinities by conventional surface plasmon resonance and their in vitro
functionalities. Furthermore, starting from the CAR clone with the lowest binding strength
towards CD19, we generated a CAR library of additional 32 point mutants by single amino acid
exchanges covering affinities down to the TCR range. CAR mutant affinities were measured
by an in-house developed flow-based kqf-rate assay utilizing CAR:CD19 half-lives.

In a second step, we explored the effects of CAR affinity on the functionality of engineered T
cells in both in vitro and in vivo models. Specifically, we evaluated in vitro antigen specificity,
sensitivity, and cytotoxic capacity by co-culture with CD19-expressing tumor cell lines.
Moreover, antigen recognition and potential tumor killing of five selected representative CAR-
T cells with different affinities were confirmed in immunocompromised xenograft tumor models.
The influence of affinity and a potential dose dependency on the development of CAR-T cell-
mediated toxicities was tested in a newly established clinically relevant advanced humanized
CRS xenograft mouse model.

Finally, we examined whether mimicking features of polyclonality of natural T cell response by
combining high and low-affinity CAR-T cells could improve the overall in vivo functionality of

the transferred CAR-T cell product.
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AIM OF THIS PHD THESIS

In summary, with this thesis work, we aimed to determine an optimal CAR affinity window to
generate clinically highly functional and safe CAR-T cell products and to study how CAR affinity

could be used as a relevant prediction tool for the success of CAR-T cell therapy.
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3 Material and Methods

3.1 Material

3.1.1 Antibodies

MATERIAL AND METHODS

Epitope Fluorophore Dilution Supplier

a CD19 PE 1:100 BioLegend

a CD19 eF450 1:200 eBioscience

a CD20 PE 1:200 eBioscience

a CD20 eF450 1:200 eBioscience

a CD20 APC-eF780 1:50 Life Technologies
a CD223 (Lag-3) PC7 1:50 BioLegend

a CD3 PC7 1:100 Beckman Coulter
a CD3 APC 1:200 Life Technologies
a CD366 (TIM-3) PB 1:50 BioLegend

a CD4 Pacific Orange 1:25 Life Technologies
a CD45 ECD 1:50 Beckman Coulter
a CD45 Pacific Blue 1:50 Exbio

a CD45 PerCP 1:50 Thermofisher

a CD45 Pacific Orange 1:25 Life Technologies
o CD45RA APC 1:50 BD Pharmingen
a CD62L PE 1:400 BioLegend

a CD8 APC 1:400 Biolegend

a CD8 APC-eF780 1:100 eBioscience

a CD8 FITC 1:100 Beckman Coulter
a CD8 PE 1:100 eBioscience

a CD8 PE-Cyanine7 1:200 eBioscience

a CD8 eFlour 450 1:50 eBioscience

o EGFR eFlour 450 1:200 BioLegend

o EGFR APC 1:2000 BioLegend

o EGFR PE 1:2000 BioLegend

a HLA-DR PO 1:50 Exbio

a IFN-y PE 1:20 Beckman Coulter
alL-2 APC 1:20 BD Pharmingen
a PD-1 APC 1:100 Life Technologies
Streptavidin eFlour 450 1:50 Life Technologies
Streptavidin FITC 1:50 BD Pharmingen
Streptavidin PE 1:50 Invitrogen
Streptavidin APC 1:50 eBioscience

o TNF-a PE-Cyanine7 1:300 eBioscience
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3.1.2 Cell lines and bacteria

Cell line

MATERIAL AND METHODS

Manufacturer

Human Embryonic Kidney 293T (HEK 293T)
Jurkat, acute T cell leukemia

K562, chronic myeloid leukemia

Nalm6, acute lymphoblastic leukemia (ALL)

Nur77-tdTomato - transgenic Jurkat

Raji, Burkitt's lymphoma

RD114, human rhabdomyosarcoma cell line

ATCC, Teddington, UK
ATCC, Teddington, UK
ATCC, Teddington, UK
ATCC, Teddington, UK
Juno Therapeutics, Munich, Germany
ATCC, Teddington, UK
ATCC Teddington, UK

Bacteria Manufacturer
E. coli JIM83 IBA, Goéttingen, Germany
E. coli Stbl3 Thermo Fisher Scientific, Waltham, USA

E. coliNEBS5 alpha

3.1.3 Chemicals and reagents

Reagent

New England Biolabs, Frankfurt,
Germany

Supplier

123count eBeads™ Counting Beads
1 kb GeneRuler
3-Mercaptoethanol

Acrylamide/Bis 30%

Adenosine triphosphate (ATP)
Agarose

Ammonium chloride (NH4Cl)
Ammonium peroxidsulfate (APS)
Ampicillin

Anhydrotetracycline (AHT)
Anti-APC MicroBeads

Germany

Azido-L-Tyrosine

Biocoll Ficoll solution

Bovine serum albumin (BSA)
Bromophenol blue

Calcium chloride (CaCly)
Carbenicillin

Cell Proliferation Dye eF450™ 450
Chloramphenicol

cOmplete Mini Protease Inhibitor tablets
Coomassie Blue

D-Biotin

DBCO-PEG4-Atto-488
Desthiobiotin

Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)
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Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Taufkirchen, Germany
Biorad, Minchen, Germany

Roth, Karlsruhe, Germany

PAA Laboratories, Pasching, Austria
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
IBA, Goéttingen, Germany

Miltenyi Biotech, Bergisch-Gladbach,

Watanabe Chemical, Osaka, Japan
Biochrom, Berlin, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe, Germany

Roche Diagnostics, Mannheim, Germany
SERVA, Heidelberg, Germany
Sigma-Aldrich, Taufkirchen, Germany
Jena Biosciences, Jena, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Agilent, Waldbronn, Germany



Reagent (continued)

MATERIAL AND METHODS

Supplier

DMEM

dNTP

Ethylenediaminetetraacetic acid (EDTA)
Ethanol

Ethidium-monoacid-bromide (EMA)

Expamer™ Reagent

Fetal calf serum (FCS)
Formaldehyde (HCOH), 37%
Gentamycin

Glycerin

Golgi-Plug
Heparin-Natrium-25000
Hydrochloride (HCI)

HEPES

Interleukin-2, human
Interleukin-7, human
Interleukin-15, human

lonomycin

Isopropanol

Kanamycin

L-Glutamine

Magnesium sulfate (MgSOa)
Magnesium chloride (MgCl2)
N-Morpholino-ethanesulfonic acid (MES)
Methanol

PageRuler Protein Ladder
Paraformaldehyde (PFA)
Penicillin
Phorbol-myristate-acetate (PMA)
Phosphate buffered saline (PBS)
Poly-L-Lysine

Potassium phosphate (K2POa4)
Propidium iodide (PI)

Protamine sulfate

RetroNectin

Rotisafe GelStain

RPMI 1640

Sodium acetate (C2H3NaO2)
Sodium carbonate (Na2CO3)
Sodium chloride (NaCl)

Sodium EDTA (Na2-EDTA)
Sodium hydroxide (NaOH)
Sucrose
Tetramethylethylenediamine (TEMED)
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PAA Laboratories, Pasching, Austria
Roche, Mannheim, Germany
Sigma-Aldrich, Taufkirchen, Germany
Klinikum rechts der Isar, Munich,
Germany

Molecular Probes, Leiden,

The Netherlands

Juno Therapeutics, Munich, Germany
Biochrom, Berlin, Germany

Merck KgaA, Darmstadt, Germany
GibcoBRL, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
BD Biosciences, Heidelberg, Germany
Ratiopharm, Ulm, Germany

Roth, Karlsruhe, Germany
GibcoBRL, Karlsruhe, Germany
PeproTech, Hamburg, Germany
PeproTech, Hamburg, Germany
PeproTech, Hamburg, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
GibcoBRL, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Fermentas, St. Leon-Rot, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Biochrom, Berlin, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Life Technologies, Carlsbad, CA, USA
Sigma-Aldrich, Taufkirchen, Germany
Takara, Saint-Germain-en-Laye, France
Roth, Karlsruhe, Germany

PAA Laboratories, Pasching, Austria
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Life Technologies, Paisley, United
Kingdom



Reagent (continued)

MATERIAL AND METHODS

Supplier

Tris-hydrochloride (Tris-HCI)

Triton X-100

Trypan Blue

Tween-20

B-Mercaptoethanol

XenoLight™ D-Luciferin Potassium Salt
Yeast extract, micro-granulated

3.1.4 Consumables

Consumables

Roth, Karlsruhe, Germany

Biorad, Munich, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Perkin Elmer Inc., Waltham, USA
Roth, Karlsruhe, Germany

Supplier

0.22 pum sterile filter

0.45 pum sterile filter

1.0 ml Eppendorf tube

1.5 ml Eppendorf tube

2.0 ml Eppendorf tube

2.0 ml Cryo vial

10 kDa AmiconR Ultra-4, 15 centrifugal filters
15 ml Falcon tube

50 ml Falcon tube

5 ml Polystyrol round-bottom tube
70 uym Nylon Cell Strainer
96-well E-plate®

96-well V-bottom plate

Costar 24-well tissue untreated well plate
Costar tissue culture treated well plates
Electroporation cuvette

Injection needle (20 G)
Leucosep centrifuge tubes
LS columns

PCR tube

Petri dish

Pipette filter tips (1 pl, 20 ul, 200 ul, 1000 pl)
Plastic cuvettes

Safety-Multifly 21G

Serological pipettes (5 ml, 10 ml, 25 ml)
Strep-Tactin® Superflow ®high capacity column
Syringe (1 ml, 3 ml, 5 ml, 50 ml)

T25 cell culture flask

T75 cell culture flask

Zeba™ Spin Desalting Columns
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Millipore, Eschborn, Germany
Millipore, Eschborn, Germany
Eppendorf Munich Germany
Eppendorf Munich Germany
Eppendorf Munich Germany

Alpha Laboratories, Eastleigh, UK
Millipore, Eschborn, Germany

Cell Star Greiner bio-one, Heidelberg,
Germany

Cell Star Greiner bio-one, Heidelberg,
Germany

Corning, Durham, USA

BD Falcon Heidelberg, Germany
ACEA Biosciences, San Diego, USA
Josef Peske, Aindlfing-Armhofen,
Germany

Corning, Durham, USA

Corning, Durham, USA
Sigma-Aldrich Aldrich Hamburg,
Germany

Braun, Melsungen, Germany

Greiner bio-one, Heidelberg, Germany
Miltenyi Biotech, Bergisch-Gladbach,
Germany

Eppendorf Munich, Germany

BD Falcon Heidelberg, Germany
STARLAB, Hamburg, Germany
Peske, Karlsruhe, Germany

Sarstedt, Nimbrecht, Germany
Greiner bio-one, Heidelberg, Germany
IBA, Goéttingen, Germany

Braun, Melsungen, Germany

Th. Geyer, Renningen, Germany

Th. Geyer, Renningen, Germany
Thermo Fisher Scientific, Waltham, USA



3.1.5 Enzymes

Enzyme

MATERIAL AND METHODS

Supplier

BamHI
Benzonase
DNAse

Esp3l

EcoRl
Herculase Il
Hindlll

Notl
Phosphatase
T4 DNA ligase
Taq Polymerase
Trypsin

Tubulin-tyrosine ligase (TTL)

3.1.6 Equipment

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Stratagene, London, UK

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Fermentas, St. Leon-Rot, Germany
Thermo Fisher Scientific, Waltham, USA
SAFE Biosciences, Hampshire, UK
in-house

Equipment Model Supplier

Balance ACS/ ACJ 320-4M Kern & Sohn, Balingen, Germany
EG 2200-2NM Kern & Sohn, Balingen, Germany

Centrifuges Biofuge fresco Heraeus, Hanau, Germany

L8-70M Ultracentrifuge

Cell Sorter

Electroporator
Electrophoresis Chamber
Flow cytometer

FPLC
Freezing container
Gel Imaging System

Eagle Eye
Heating block

Ice machine
Imaging system
Incubator
Laminar flow hood

Biofuge statos

Heraeus, Hanau, Germany

Beckman, Krefeld, Germany

Multifuge 3 S-R
Sorvall RC6+

Beckman, Krefeld, Germany
Thermo Fisher Scientific, UIm,
Germany

MoFlo XDP Cell Sorter
MoFlo Legacy Cell Sorter
FACSAria cell sorter

Gene Pulser

Perfect Blue™ Gel System
Cytoflex

Cytfolex S

Aktapurifier™ 10

Mr. Frosty

Molecular Imager®
Amershan Imager 600

Thermomixer compact
ZBE 30-10

IVIS® Lumina X5
HERAcell 240
HERAsafe
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Beckman Coulter, Fullerton, USA
Beckman Coulter, Fullerton, USA
BD bioscience, Heidelberg,
Germany

Biorad, Munich, Germany
Peqlab, Erlangen, Germany
Beckman Coulter, Fullerton, USA
Beckman Coulter, Fullerton, USA
GE Healthcare, Chalfon St. Giles,
UK

Thermo Fisher Scientific, Paisley,
USA

BioRad, Miinchen, Germany

GE Healthcare, Chalfont, UK
BioRad, Munich, Germany
Eppendorf, Hamburg, Germany
Ziegra, Isernhagen, Germany
PerkinElmer Inc., Waltham, USA
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany



Equipment (continued)

Model

MATERIAL AND METHODS

Supplier

Magnetic separator

Microscope
Nanodrop device
Neubauer Chamber
PCR cycler
pH-meter

RTCA xCelligence

Spectrophotometer
Ultrasonic device
Water bath

3.1.7 Gels

Gel

Magnetic cell separator

Axiovert S100

ND-1000

Neubauer Improved
T3000 Thermocycler
MultiCal pH 526
xCelligence RTCA W380

NanoDrop ND-1000
UW 2070
Type 1002

Miltenyi Biotech, Bergisch-
Gladbach, Germany

Carl Zeiss, Jena, Germany
Kisker, Steinfurt, Germany
Schubert, Minchen, Germany
Biometra, Géttingen, Germany
WTW, Weilheim, Germany
ACEA Bioscience, San Diego,
USA

Thermo Scientific, Uim, Germany
Bandelin, Berlin, Germany
GFL, Burgwedel, Germany

Composition

1.2 % Agarose gel

10 % SDS PAGE Running gel

10 % SDS PAGE Stacking gel

3.1.8 Kits

Kit

0.6 g Agarose
50 ml TAE buffer, boil
5 ul Rotisafe

3.3 ml Acrylamide

2.5ml 1.5 M Tris-HCI, pH 8.8
100 ul 10 % (w/v) SDS

4 ml H20

10 ul TEMED

100 uyl 10 % APS

0.66 ml Acrylamide

0.3 ml 2 M Tris-HCI, pH 6.8
200 pl 10 % (w/v) SDS

3.9 ml H20

5 ul TEMED

25 ul 10 % APS

Supplier

CD34 MicroBead Kit, human

Cytofix/Cytoperm™

LEGENDplex™ HU Th1/Th2 Panel (8-plex)
Pierce BCA Protein Assay

PureLink Hi Pure Plasmid Filter Maxiprep Kit
Q5 Site-Directed Mutagenesis Kit

SV Miniprep DNA Purification System
Wizard SV Gel and PCR Clean-Up System

Miltenyi Biotech, Bergisch-Gladbach,
Germany
BD Biosciences, Heidelberg, Germany

Biolegend, San Diego, USA

Thermo Fisher Scientific, Waltham, USA
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Thermo Fisher Scientific, Waltham, USA
NEB, Massachusetts, USA

Promega, Mannheim, Germany
Promega, Mannheim, Germany



3.1.9 Maedia and buffers

Media

MATERIAL AND METHODS

Composition

Complete RPMI (cRPMI)

Complete DMEM (cDMEM)

Complete freezing medium (CFM)

Lysogeny broth medium (LBo)

Buffers

10% (v/v) FCS

0.02% (w/v) L-Glutamine

0.12% (w/v) HEPES

0.1% (v/v) Gentamycin

1.0 % (v/v) Penicillin/Streptomycin
0.1% (v/v) B-Mercaptoethanol
10% (v/v) FCS

0.02% (w/v) L-Glutamine

0.12% (w/v) HEPES

0.1% (v/v) Gentamycin

1.0 % (v/v) Penicillin/Streptomycin
0.1% (v/v) B-Mercaptoethanol
90% FCS

10% DMSO

10 g/l Bacto-Tryptone
5 g/l yeast extract

10 g/l NaCl

pH 7,0

Composition

Ammonium chloride-Tris (ACT)

Developer solution (Na>CO3)

0.05 % (v/v) CHO (37 %)

FACS buffer

FPLC buffer

High density medium (HD)

5x MES/K buffer
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0.17 M NH4Cl
0.3 M Tris-HCI, pH 7.5

0.2 % (v/v) NazS:03

1x PBS
0.5 % (w/v) BSA, pH 7.45

20 mM Tris-HCI, pH 8.0
50 mM NaCl

0.04 % (w/v) yeast extract
42 mM Na;HPO,

51 mM KH2PO4

10 mM NaOH

24 % (w/v) MgSO4*7H,0
0.7 % (v/v) Glycerin

100 mM MES
500 mM KClI
50 mM MgCl.
1 mM EDTA



Buffers (continued)

MATERIAL AND METHODS

Composition

Periplasmic lysis buffer (P)

Protein purification wash buffer (W)

Protein purification elution buffer (E)

Running gel (4%)

0.5 % TEMED

Sample buffer (Laemmli)

Stacking gel (4%)

50x TAE buffer

Transfection buffer

TTL reaction buffer

Running buffer
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100 mM Tris/HCI, pH 8.0
500 mM sucrose
1 mM EDTA

100 mM Tris/HCI, pH 8.0
150 mM NacCl
1 mM EDTA

100 mM Tris/HCI

150 mM NaCl

1 mM EDTA

2.5 mM Desthiobiotin, pH 8.0
1.5 M Tris (pH 8.8)

30 % Acrylamide

10 % SDS

10 % APS

10 % (w/v) SDS

10 mM DTT

20 % (v/v) glycerol

0.2 M Tris-HCI, pH 6.8

0.05 % (w/v) Bromophenol blue
0.5 M Tris (pH 8.8)

30 % Acrylamide

10 % SDS

0.5 % TEMED

10 % APS

2 M Tris-HCI

2 M CH;COOH

50 mM EDTA, pH 8.0
100 ml H20O

0.27 M NaCl

9.9 mM KCI

3.5 mM NaaHPO4
4.2 mM HEPES

20 mM MES
100 mM KCI
10 mM MgClz
2.5mM ATP

5 mM reduced glutathione
10 % EZ-Running buffer stock solution
90 % (v/v) bi-distilled H20



3.1.10 Mice

Mouse strain

MATERIAL AND METHODS

Provider

NSG-SGM3

3.1.11 Plasmids

bred in house, Busch lab

Epitope Clone Vector Molecular details
a-human CD19 JCARO017 FMC63 pMP72 3xSTIl hinge + EGFRt
(+/- Ametrine)
kindly provided by
Juno Therapeutics — a
BMS company
pASG FLEXamer
a -human CD19 JCARO021 n/a pMP72 3xSTII hinge + EGFRt

a-human CD19 JCARO021 mutants n/a
(scFv point mutants of JCAR021)

a-human CD19 4G7 4G7

a-human CD19 CAT CAT

3.1.12 Sequencing Primer

Primer

kindly provided by
Juno Therapeutics — a
BMS company

pASG FLEXamer

pMP72 3xSTIl hinge + EGFRt
pASG FLEXamer

pMP72 3xSTIl hinge + EGFRt
pASG FLEXamer

pMP72 3xSTIl hinge + EGFRt
pASG FLEXamer
Sequence

SD30 (pMP72_fwd)
SD31 (pMP72_rev)
SD34 (JCARO017_fwd)
SD35 (JCAR021_fwd1)
SD36 (JCAR021_fwd2)

3.1.13 Software

Software

AGTTAAGTAATAGTCCCTCTCTCC
CCCAGTTTAGTAGTTGGACTTAG
CGGCTGACCATCATCAAGGACAAC
CAGCCTGATCATCTCTGGAC
CAAGCCCAGACGGAAGAATC

Supplier

Affinity Designer v1.10.4
BioRender

CytExpert Acquisition and Analysis Software v2.4

FlowJo v10.8.1

Graph Pad Prism v9.0

ImageJ

LEGENDplex™ Data Analysis Software
Living Image® Software

Microsoft Office

Serif, Nottingham, UK

BioRender, Toronto, Canada
Beckman Coulter, Brea, USA
Treestar, Ashland, USA

Graph Pad Software, La Jolla, USA
Wayne Rasband, NIH, USA
BioLegend, San Diego, USA
PerkinElmer, Waltham, USA
Microsoft, Redmond, USA



Software (continued)

MATERIAL AND METHODS

Supplier

RTCA xCelligence v2.0
SnapGene v6.0
Unicorn

3.1.14 Vectors

ACEA Bioscience, San Diego, USA
GSL Biotech LLC, San Diego, USA
GE Healthcare, Chicago, USA

Vector Molecular details

pASG-IBAwt2 periplasmic expression vector
N-terminal Twin-StrepTag®

pMP72 retroviral expression vector
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3.2 Molecular biology techniques

3.21 CAR DNA template design for retroviral transduction

DNA templates of different anti-human CD19 targeting CAR clones (JCAR017, JCARO021,
CAT, 4G7) for retroviral transduction were designed in silico and synthesized by GeneArt
(Thermo Fisher Scientific) or Twist Bioscience. All CAR constructs had the same structure,
except different scFvs recognizing the human CD19 protein. Extracellular scFvs were
generated by fusing the variable regions of the heavy (Vu) and light (VL) variable chains of
different CD19-specific antibody clones with a short (G4S)s linker.

scFv sequences of JCARO017 (clone: FMC63) and JCARO021 were kindly provided by Juno
Therapeutics — a Bristol Myers Squibb company. scFv sequences of the clones CAT and 4G7
were obtained from their publicly available patents (WO 2016/139487A1; WO 2014/184143A1,
respectively).

CAR constructs for retroviral transduction had the following general structure: the signal
peptide of GM-CSF receptor subunit a, which enabled the transport and integration of the
receptor into the membrane at the 5’-end of the DNA gene, was followed by one of the different
CD19-specific scFvs. The extracellular binding domain was linked to a spacer domain
comprising a triple repetitive sequence of Strep-tag Il (STI)'®"'88 and parts of the IgG4-Fc
molecule, followed by a transmembrane region originated from the CD28 chain. The following
intracellular signaling domains, CD3-zeta and 4-1BB, were separated by a viral T2A peptide
from a truncated version of EGFR (EGFRt) used as a transduction marker'**'8_ For in vivo
mixing experiments of JCAR017 and JCARO021, the sequence of the fluorescent protein
Ametrine was included on the C’-terminus of JCAR017 and connected by a T2A element.

All constructs were cloned into pMP72 vectors (containing the EF1 promoter and a Kozak
consensus sequence 5-GCCGCCACC-3’ upstream of the integration site for the gene of

interest. Gene expression was driven by the 5’ LTR sequence.

43



MATERIAL AND METHODS

3.2.2 CAR DNA template design for periplasmic protein production

DNA templates of different anti-human CD19 targeting CAR clones (JCAR017, JCARO021,
CAT, 4G7) for periplasmic scFv protein production were designed in silico and synthesized by
GeneArt (Thermo Fisher Scientific) or Twist Bioscience. CAR scFv sequences used for
retroviral transduction were linked to a Twin-Strep-tag® and a Tub-tag sequence building scFv
FLEXamers'®. The expression cassette of the FLEXamer scFv genes is under transcriptional
control of a tetracycline promoter/operator. The Omp sequence (start codon) at the beginning
of the genes enabled the start of transcription and release of the proteins into the periplasm.
All scFv FLEXamer constructs were introduced into the acceptor vector pASG-IBAwt2 (IBA),

which is adapted for the periplasmic expression of soluble proteins.

3.2.3 General cloning procedure of vector constructs

To introduce the different CAR DNA strings for retroviral transduction and periplasmic protein
production into their corresponding vectors, the respective plasmids were digested with
restriction enzymes. Therefore, 256 ng of the ordered gene strings and 1 ug of the two vectors
(PMP72, pASG-IBAwWt2) were incubated with 0.5 pl restriction enzymes in NEBuffer™ for 30
min at 37 °C. CAR gene strings for retroviral transduction and the pMP72 plasmid were
digested with Notl and EcoRI, while CAR FLEXamers and pASG-IBA-WT2 were digested with
Esp3l, according to the manufacturer’s protocol.

Digested plasmids were supplemented with 6x Loading Dye and separated on a 2 % agarose
gel by electrophoresis at 130 V for 90 min. Bands were visualized by UV light (band sizes:
pASG-IBA-WT: 4 kB, scFv-FLEXamer: 1kb, pMP72: 3 kB, CAR-transduction: 2.7 kb) and
removed from the gel. DNA was purified with the help of the ‘Wizard SV Gel and PCR Clean-
up System kit according to the manufacturer’s protocol. CAR inserts and vector backbones

were ligated at a ratio of 4:1 with 1 pul T4 DNA ligase in 20 pl ligase buffer at RT for 1 h.
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3.2.4 Amplification of vector DNA

One Shot™ StbI3™ E. coli (NEB) were transformed with vector DNA by heat shock at 42 °C
for 40 s. Transformed bacteria were plated on pre-warmed LBamp plates and incubated
overnight at 37 °C. One colony was inoculated in 4 ml of LBamp pre-culture and incubated at
37 °C and 180 rpm for at least 7 h. For large-scale DNA production, half of the pre-culture was
added to 400 ml LBamp medium and shaken overnight at 37 °C and 180 rpm. The plasmid DNA
was isolated using the PureLink™ HiPure Maxiprep kit according to the manufacturer’s
protocol. DNA sequences were validated by Sanger sequencing (Eurofins Genomics) and
analyzed with SnapGene v5.0. The purity of the purified DNA was determined by
spectrophotometric analysis, concentration was adjusted to 1 pg/ul, and DNA was stored at -

20 °C.

3.2.5 Alanine Scanning of JCAR021

In order to generate a CAR library of JCAR021 point mutants with lower binding strength,
alanine scanning was performed within the framework regions of the light and heavy chain of
JCARO021. All aromatic amino acids (phenylalanine, tryptophan, tyrosine) in the framework
region were substituted with alanine by site-directed mutagenesis. Complementary-
determining regions (CDRs) were kept in their original forms to preserve the native binding
specificity of JCAR021. 16 different JCAR021 alanine substitution mutants were generated
and cloned via Q5 site-directed mutagenesis PCR into the constructs of the JCAR021

FLEXamer and JCARO021 for retroviral transduction.

3.2.6 In silico modeling of JCAR021 substitution mutants with lower binding strength
The three-dimensional structure of the extracellular JCAR021 scFv binding domain was
modeled in silico with the ABodyBuilder by SAbPred'®" and applied to the webserver mCSM-
AB'2 for the prediction of mutational affinity changes.

Gibbs free energy changes (AAG) of the binding of JCAR021 to the extracellular domain (ecd)

of the CD19 protein were calculated for all possible single amino acid exchanges within the
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JCARO021 scFv. Finally, 32 JCARO021 substitution mutations were selected of the 231
calculated ones: 19 point mutations located in the framework regions and 14 point mutations
in the CDRs were chosen for further testing. Single mutations within the framework region were
selected based on the substitutions with predictions for the biggest Gibbs free energy change.
To preserve the specificity of the CAR, amino acid changes in the CDRs were only considered
if the exchanged amino acids had similar biochemical properties (groups: hydrophobic, polar,
acidic, and nonpolar). Again amino acid substitutions with the biggest Gibbs free energy

changes were chosen as potential candidates from the remaining predictions.

3.2.7 Q5-mutagenesis PCR

JCARO021 mutants for retroviral transduction and periplasmic protein production were
generated by Q5 site-directed mutagenesis PCR (NEB) of JCAR021 cloned in the pMP72 and
pASG-IBAwt2 vector, respectively. 5’-phosphorylated back-to-back primers containing the site
of mutagenesis were designed with the NEBase Changer™ following the recommended
guidelines. The PCR reaction was performed with the reagent mix according to the

manufacturer’s instructions (NEB) and the following PCR program:

Step Temperature in °C Timeins Cycles
Initial denaturation 98 30
Denaturation 98 10
Annealing 675 30 34
Elongation 72 450
Final elongation 72 120
Pause 4 o0

After the PCR run, the template DNA was digested, and products of the mutagenesis PCR
were phosphorylated and ligated with the KLD enzyme mix (NEB) for 30 min at RT.
Transformation of NEB 5-alpha competent E. coli (NEB) with the newly generated plasmids by

heat-shock and the following large-scale DNA production were performed as already described
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in chapter 3.2.4. Point mutations of newly generated JCAR021 mutants were validated by
Sanger sequencing (Eurofins Genomics) and analyzed with SnapGene. The purity of the
purified plasmid DNA was determined using spectrophotometric analysis, concentrations were

adjusted to 1 pg/ul, and plasmids were stored at -20 °C.

3.3 Cell culture techniques

3.3.1 General techniques

Cell lines were cultivated in cRPMI (Raji, Nur77-Jurkat, Nalm6 cell lines) or cDOMEM (RD114,
HEK293T) at 37 °C, 5 % CO-, and 95 % humidity. Adherent cell lines were trypsinized and split
1:10 every 3 - 4 days, depending on their confluency. Suspension cell lines were controlled for
medium usage and cluster formation and split accordingly 2 — 3 times per week.

Cells were counted using a Neubauer counting chamber, and live/dead discrimination was
performed using a 0.1 % trypan blue/PBS solution.

Cell lines and isolated human hematopoietic stem cells were stored in freezing medium (10 %
DMSO/90 % FCS) for cryopreservation at a maximum concentration of 10x10° cells/ml.

For thawing of frozen cells, cryotubes were immersed in a 37 °C water bath for 30 s. Contained
cells were quickly diluted and washed in 10 ml cRPMI or cDMEM. According to the

experimental requirements, cells were seeded at 1x10° cells/ml in T25 cell culture flasks.

3.3.2 Isolation of peripheral blood mononuclear cells and in vitro cultivation of T cell

Blood was obtained from whole blood or buffy coats of healthy donors. Written informed
consent was obtained from the donors, and usage of the blood samples was approved
according to national law by the local Institutional Review Board (Ethikkommission der
Medizinischen Fakultat der Technischen Universitat Minchen). Peripheral blood mononuclear
cells (PBMCs) were isolated via density gradient centrifugation using Ficoll solution (density
1.077 g/ml) according to standard protocols. In brief, buffy coats were diluted 1:4 and whole

blood 1:1 with sterile PBS.
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15 ml Ficoll were overlaid with 35 ml blood/PBS mixture and centrifuged at 1,000 g and RT for
20 min. The white layer of mononuclear cells called PBMCs was transferred to a fresh falcon
and washed twice with 50 ml sterile PBS. For retroviral transduction, human T cells were
activated with 3.2 pl/ml CD3/CD28 Expamers'® and 360 IU/ml interleukin-2 (IL-2) and seeded
at a density of 1x10° cells/ml in cRPMI. For in vitro cell culture, bulk T cells were generally
cultured at a density of 1x10%ml in cRPMI supplemented with 50 IU/ml IL-2 and passaged
every 2 — 3 days, depending on their cell density. For rapid expansion, T cells were cultured
at a density between 0.25 — 0.5x10%/ml in cRPMI supplemented with 200 1U/ml IL-2, 0.5 ng/m
IL-7 and 0.5 ng/ml IL-15. Half medium exchange and cell number adjustment was performed

every second day.

3.3.3 RD114 transfection for retroviral vector production

For the production of retroviral CAR particles, the virus-producing murine GP101 RD114
packaging cell line, containing the onco-retroviral genes for group antigens (gag), reverse
transcriptase (pol), and the envelope protein (env), were transfected with the different CAR
constructs via CaCl.-precipitation. One day before the transfection, 1x10° RD114 were plated
in 3 ml cDMEM in one well of a 6-well plate. After 18 - 20 h or at 80 % confluency of the cells,
18 ug of target DNA were mixed with 15 ul freshly prepared CacCl; solution and ddH-O to 150
ul. The CaCl>-DNA mixture was pipetted to 150 pl transfection buffer under constant vortexing.
After 20 min incubation, the DNA-CaCl.-transfection solution was added dropwise to the cells.
Six hours later, the medium was gently exchanged with fresh cDMEM, and RD114 cells were
further incubated for two more days at 37 °C. The supernatant containing the retroviral particles
was collected, filtered through a 0.45 pm filter, and either used directly for retroviral

transduction or stored at 4 °C for up to one month.

3.3.4 Retroviral transduction
One day before the retroviral transduction of primary T cells or cell lines, non-treated 24-well

plates were coated with 250 ul RetroNectin (1:100) and incubated in the fridge overnight. 500
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— 700 pl filtered retroviral supernatant, depending on the required MOI, were transferred onto
the washed RetroNectin-coated wells, and plates were spun down for 90 min at 2,000 and
32°C.

For the transduction of human cell lines, cells were seeded at a density of 1x10° cells/ml one
day before the transduction. The next day, 1x10° cells were added to 200 ul medium on top of
the spinoculated virus and centrifuged again for 30 min at 800 g and 32 °C.Primary T cells
were retrovirally transduced two days after their activation with CD3/CD28 Expamer. Cell
concentrations were adjusted to 2.5x10° cells/ml in cRPMI (containing 200 U IL-2), and 200 pl
cell suspension was added to the spinoculated virus. Plates were centrifuged again at 800 g
and 32 °C for 30 min and incubated at 37 °C for 48 h before the validation of their transduction

efficacy via flow cytometry.

3.3.5 MicroBead-based cell selection of CAR-T cells

For some in vivo experiments, T cells were sorted for successful CAR transduction (reflected
by EGFRt-expression on the cell surface) before their injection into tumor-bearing mice. Anti-
APC MicroBeads (Miltenyi Biotec) were used to purify CAR-T cells from bulk populations
according to the manufacturer’s instructions. Briefly, up to 1x10” bulk T cells were stained in
100 pl staining solution containing primary APC-conjugated anti-EGFR antibody at 4 °C for 20
min in the dark. After two rounds of washing, stained cells were incubated in 80 yl FACS buffer
and 20 ul anti-APC MicroBeads in the refrigerator for 15 min. Washed cells were applied onto
an equilibrated magnetic MACS column in a magnetic field and washed three times with the
required amount of FACS buffer. The size of the MACS column was dependent on the total
and labeled number of cells. For elution of the trapped cells, the column was removed from
the separator, placed in a new collection tube, and magnetically labeled cells were flushed out
by pushing the plunger into the column. The purity of isolated cells was analyzed by flow
cytometry, and counted cells were cultivated at a density of 1x10° cells/ml in cRPMI with

supplements as described before.
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3.3.6 Purification of hematopoietic stem cells from human umbilical cord blood
Immunocompromised NSG-SGM3 mice were humanized with umbilical cord blood-derived
(UCB) human hematopoietic stem cells (hHSCs). Written informed consent was obtained from
the donors, and usage of the blood samples was approved according to national law by the
local Institutional Review Board (Ethikkommission der Medizinischen Fakultat der Technischen
Universitat Minchen).

Lymphocytes were isolated via density gradient centrifugation using Ficoll solution (density
1.077 g/ml) according to standard protocols. Briefly, UCB was diluted 1:1 with sterile PBS, and
the 40 ml blood/PBS mixture was overlaid on 10 ml Ficoll. The density gradient was centrifuged
at 800 g for 20 min at RT without using the brake, and the white layer of PBMCs was transferred
into a fresh falcon. After two rounds of washing with 10 ml ice-cold FACS buffer, the cell pellet
of 20 ml initial UCB was resuspended in 300 pl ice-cold FACS buffer. Higher blood volumes
were diluted accordingly.Human hematopoietic stem cells were purified with the human CD34
MicroBead Kit (Miltenyi Biotech) according to the manufacturer’'s handbook. Brief, for magnetic
labeling, 100 ul FcR Blocking Reagent and 100 ul CD34 MicroBeads were mixed with 300 pl
cell suspension and incubated for 30 min in the refrigerator. Afterward, cells were washed
twice with 10 ml FACS buffer, and the cell pellet was resuspended in 500 pyl FACS buffer. In
the meantime, MACS LS Columns were equilibrated in the MACS Separator for magnetic
separation. Stained cells were applied onto the columns, washed three times with 3 ml ice-
cold FACS buffer, and finally eluted by firmly pushing the plunger into the column outside the
magnetic field. Isolated cells were analyzed by flow cytometry and directly frozen in 200 pl
freezing medium (10 % DMSO/90 % FCS) in a freezing container at - 80 °C. After 48 h, frozen

cells were transferred into liquid nitrogen for storage until the humanization of the mice.
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3.4 Production of fluorophore-labeled scFv-FLEXamers

3.4.1 Production of electrocompetent E. coli JM83

For the production of electrocompetent E. coli JM83, bacteria were pre-cultured in 5 ml LBo
medium overnight at 37 °C under constant agitation. The next day, 1 | LBowas inoculated with
5 ml pre-culture and incubated (37 °C, 150 rpm) until an optimal density at 600 nm (ODeoo) of
0.5 was reached. The cells were left on ice for 10 min and centrifuged at 4,000 g and 4 °C for
15 min. The supernatant was discarded, and the cell pellet was resuspended in 5 ml ice-cold
1 mM HEPES buffer. After resuspension, another 350 ml ice-cold 1mM HEPES was added.
The washing process was repeated twice.After the last washing step, the cell pellet was
resuspended in 5 ml ice-cold 10 % glycerin and centrifuged again (4,000 g, 4 °C, 15 min).
Finally, the pellet was resuspended in 2 ml ice-cold 10 % glycerin, aliquoted in 20 pl stocks,

shock-frozen in liquid nitrogen, and stored at -80 °C.

3.4.2 Recombinant protein expression of soluble scFvs

Sequence validated pASG-IBAwt2 plasmids containing Twin-Strep-tagged, and Tub-tagged
CAR scFvs (scFv-FLEXamers) were transformed into electrocompetent E. coli JM83.
Therefore, 20 pl bacteria were diluted 1:10 with sterile ddH>O and mixed with 100 ng target
DNA. The mixture was electroporated twice in a 1 mm Gene Pulser electroporation cuvette
(1.8 kV, Pulse Controller & Gene Pulser (Biorad)). Electroporated bacteria were immediately
supplemented with 800 ul pre-warmed LB, medium and incubated at 37 °C for 1 h to develop
their antibiotic resistance. Bacteria were further diluted with LB, medium (1:4). 250 ul bacteria
solution was plated on pre-warmed LBamy plates and incubated overnight at 37 °C. For the
periplasmic expression of recombinant scFvs, one CFU was pre-cultured in 3 ml LBamp liquid
culture and grown at 37 °C and under 200 rpm agitation. After at least 7 h of shaking, 1 | high-
density medium was inoculated with the pre-culture, and bacteria were grown at 22 °C under
180 rpm agitation overnight. After reaching an ODeqo of 3.0, periplasmic expression of the scFv
FLEXamer was induced by adding anhydrotetracycline (AHT - 1:10°) to activate the tet-

promoter of the pASG-IBAwt2 vector.After at least 3 h of protein expression or as soon as
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ODesoo values stagnate, bacteria were centrifuged (5,000 rpm, 4°C, 12 min), and the pellets

were stored at -80 °C for further protein purification.

3.4.3 Strep-tag-based protein purification

For extracting the scFv FLEXamer proteins from the bacterial periplasm, frozen pellets were
thawed on ice, resuspended in 10 ml buffer P, and incubated at 4 °C for 30 min. In order to
remove cell debris from the expressed proteins, lysed bacteria were pelleted by centrifugation
(15,000 rpm, 4°C, 15 min).

Afterward, the supernatant was incubated with Benzonase (125 U) on a tube roller for 1 h at 4
°C to enzymatically digest contaminating nucleic acids, and the scFv containing protein
solution was filtered through a sterile 0.2 ym filter.Meanwhile, Strep-Tactin superflow columns
(IBA) were equilibrated four times with 1 ml buffer W. The Strep-tag containing scFv protein
solutions were applied on the columns, washed five times with 1 ml buffer W, and eluted from
the column by adding six times 0.5 ml buffer E (containing 5 mM D-Desthiobiotin). Eluates 2
to 6 were pooled and ran over Zeba Spin desalting columns to perform buffer exchange into
FPLC buffer according to the manufacturer's instructions. Protein concentrations were
measured via spectrophotometry at 280 nm, and purity was determined via SDS-PAGE.

Purified scFv protein aliquots were shock-frozen in liquid nitrogen and stored at -80 °C.

3.4.4 TTL mediated functionalization of scFv FLEXamers

Purified soluble scFv FLEXamers were conjugated with the fluorophore Atto-488 by TTL-
mediated functionalization of their Tub-tags as previously described'®. In general, the TTL
catalyzes the ligation of 3-acid tyrosine to the C-terminus of the Tub-tag during the first step,
which enables the reaction of the activated tag with DBCO-Atto-488 via click chemistry in the
second step. The following described functionalization steps were optimized for CAR scFvs.
After the TTL-inhibiting FPLC storage buffer of the CAR scFvs was exchanged with the MES/K
reaction buffer via Zeba Spin desalting columns, the ligation of 3-acid tyrosine to the scFv

FLEXamers was performed. Therefore 20 uM scFv FLEXamers, 5 uM TTL, and 1 mM 3-acid
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tyrosine were incubated in 100 ul TTL-reaction buffer at 25 °C for 3 h. Subsequently, excessive
azido-tyrosine was removed combined with FPLC storage buffer exchange by size exclusion
chromatography using 7 kDa MWCO desalting spin columns. The resulting purified azido-
FLEXamers were directly functionalized via click chemistry. 20 yM azido-FLEXamers were
incubated with 200 uM DBCO-PEG4-Atto-488 at 16 °C for 15 h, followed by buffer exchange
to FPLC storage buffer.Functionalization efficacy and concentration were determined by SDS-
PAGE. Functionalized proteins were shock-frozen in liquid nitrogen and stored as aliquots at -

80 °C for further usage.

3.4.5 SDS-PAGE and coomassie staining

Purity and successful functionalization of the periplasmic expressed scFv FLEXamers was
assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein
samples were thawed on ice, supplemented with 5x Laemmli loading dye, and denatured at
95 °C for 5 min. Subsequently, samples were loaded onto a 12.5 % SDS-PAGE gel and
separated by electrophoresis (80 V, 10 min followed by 130 V, 90 min). The gel was stained
with Coomassie Blue staining solution for 1 - 2 h at RT before being destained in destaining
solution for up to 5 h. Repeated cycles of destaining were performed until the protein bands
were visible. The final protein gel was covered in transparent foil and scanned for further
analysis. For semi-quantitative protein concentration measurements of low protein
concentrations, different BSA standards (0.1 ug — 50 ug) were freshly prepared in 5x Laemmli
loading dye, denatured as described before, and loaded next to the scFv protein samples on
the SDS-PAGE gel. Each gel was analyzed via ImagedJ. Determining protein concentrations

was confirmed by spectrophotometry analysis.
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3.5 Flow cytometry

3.5.1 Surface staining

For antibody surface stainings, up to 5x10° cells were transferred together with 5 pl 123count
eBeads™ counting beads into 96-well V-bottom plates and spun down. Cells were washed
once with 200 pl FACS buffer and incubated with 50 pl antibody master mix containing all
required fluorophore-conjugated antibodies at recommended dilutions for 20 min on ice in the
dark. Each fluorophore used in the respective experiment was also displayed as a single color.
For live/dead discrimination, propidium iodide (Pl — 1:100) was added during the last 3 min of
incubation. Cells were washed twice and filtered with 200 ul FACS buffer prior to acquisition
on a Cytoflex (S) flow cytometer. Data analysis was performed with the FlowJo software

(Treestar, Ashland, USA).

3.5.2 CDA45 multiplexing for high-throughput kos-rates

In order to process and analyze multiple samples in parallel during one round of Kes-rate
measurements, samples were color-coded with CD45 mAbs carrying different fluorophores
during the antibody surface staining. Combinations of 4 different CD45 mAbs (conjugated with
Pacific Blue, Pacific Orange, PerCP, ECD) allowed simultaneous measurement of 16 different
samples. Different color codes of CD45 mAbs were applied after 25 min of scFv StrepTamer
incubation, simultaneously with the surface antibody master staining for 20 min on ice. After
the addition of Pl (1:100) for 3 min and two rounds of washing with ice-cold FACS buffer, cells

of different samples were pooled and filtered through a nylon mesh for further analysis.

3.5.3 Fluorescent-activated cell sorting of CAR-T cells

For some in vitro experiments, CAR transduced PBMCs were purified by fluorescent-activated
cell sorting (FACS) before the further investigation of their in vitro functionality. Therefore, cells
were washed once with ice-cold FACS, and up to 5x10° cells were stained in 50 pl antibody
master mix, and the required volumes of antibodies were calculated according to their

recommended dilutions. Cells were stained in the antibody mix for 20 min in the dark at 4 °C
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and washed at least twice with 10 ml ice-cold FACS buffer. Cell aggregates were removed by
passing cells through a sterile 30 um filter. The whole procedure was performed on ice in the
dark and under sterile conditions. PI (1:100) was added immediately before acquisition on the
cell sorter. CAR-T cells were sorted on a MoFlo Astrios cell sorter at RT to obtain living EGFRt"
lymphocytes and collected in 15 ml falcons containing 2 ml FCS. The falcons were prepared
beforehand and coated with the FCS using a rolling device. After the fluorescent-activated cell
sorting, cells were centrifuged and cultivated at a concentration of 1x10° cells/ml cRPMI

supplemented with 200 IU/ml IL-2, 0.5 pl/ml IL-7, and IL-15.

3.6 Affinity determination by flow cytometry-based kos-rate measurement
To determine the CAR/CD19 dissociation rate (kos-rate) of the different generated CD19-CAR
constructs, a flow-cytometry-based kow-rate assay, following the idea for TCR avidity

measurements 64165194

, was performed.

In brief, 0.2 pg Atto-488-conjugated scFv molecules were multimerized with 1 pl Strep-Tactin
(ST) APC in 50 ul FACS buffer for 30 min on ice in the dark. In the meantime, at least 40x10°
PBMCs were freshly isolated from 60 ml of whole human blood, as described before. After one
washing step, up to 5x10° PBMCs were incubated with 50 pl scFv-StrepTamer for 45 min on
ice in the dark. During the last 20 min, cells were additionally stained with combinations of
CD45 antibodies conjugated with different fluorophores for multiplexing and CD20 antibodies
for discrimination of target B cells.

P1 staining for life/dead discrimination was performed for 3 min at the end of the staining. Cells
were washed twice with FACS-buffer and filtered through a nylon mesh for further analysis.
For the kos-rate measurement, scFv StrepTamer-stained cells were mixed and split into six
samples. Each sample was filled up to 2.1 ml with FACS-buffer to ensure sufficient volume for
the whole ko-rate measurement. Around 7x10° cells were analyzed by flow cytometry at a flow
rate of 130 pl/min for 30 min under constant cooling using a Peltier cooling device set at 4 °C

or 20 °C on a Cytoflex S flow cytometer. After 40 s of acquisition, 2.1 ml freshly made 2 mM

D-Biotin solution was injected into the ongoing measurement. Sample left-over was stored in
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the dark for two more hours at RT or 4 °C, accordingly. Final acquisitions of the remaining
samples allowed the determination of baseline mean fluorescent intensities (MFIs) of APC and
Atto-488. Measured background levels were important for CAR scFvs with a strong binding
strength to CD19, for which the baseline was not reached within 30 minutes of acquisition. All
measurements were performed in technical triplicates, and JCAR021 was analyzed in each
run as an internal control.Dissociation kinetics were analyzed using FlowJo (Treestar, Ashland,
USA). Cells were gated on the population of interest (living CD20* lymphocytes), and samples
were differentiated by their respective CD45 color code. Mean fluorescence intensities (MFIs)
of scFv-Atto-488 and the Strep-Tactin-APC backbone were exported into GraphPad Prism
(GraphPad Software, La Jolla, USA). Curve fitting and calculation of dissociation kinetics were
performed using a non-linear regression function. The starting value of the curve was set
directly at the beginning of the dissociation of Strep-Tactin APC. Baseline values of FITC
(scFv-Atto-488) which were not reached during the acquisition at 4 °C, were adapted by hand

using measured baseline values during the 20 °C measurements.

3.7 In vitro functional assays

3.7.1 Determination of cell numbers

To determine frequencies and total numbers of the 33 different CAR-T cell products in a
comparable and repeatable way, transduced primary T cells and Nur-77 Jurkat cells were
stained for their Strep-tag and EGFRt expression and acquired together with 123count
eBeads™ counting beads on a flow cytometer before the respective in vitro assay. 5 pl
reference beads were added to the cells during their surface staining, which enabled the exact
calculation of cell numbers and frequencies of the bulk CAR-T cell populations. Transduction
efficacies were determined via gating on living EGFRt" lymphocytes, as not all JCAR021
mutants expressed their CAR, including the Strep-tag sequence on their surface. Cell counts
within the positive gate and acquired bead counts were exported, and total cell numbers were

calculated using Microsoft Excel (Microsoft, Redmond, USA).
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3.7.2 Reporter cell assay for antigen-specific activation

The Nur77 Jurkat activation assay was performed to determine the ability of different CAR-T
cells to be specifically activated by CD19* Raiji target cells. The Nur77-tdTomato Jurkat
reporter cell line was a kind gift from Juno Therapeutics - a Bristol Myers Squibb company.
Jurkat cells had been transduced with a Nur77-tdTomato reporter transgene which is
immediately upregulated upon stimulation of the corresponding cell. Due to the parallel
expression of the fluorescent protein tandem dimer Tomato (tdTomato), CAR signaling
activation can be detected by flow cytometry.

Nur77-tdTomato Jurkats were transduced with the 33 different CAR constructs as previously
described and cultivated without stimulation for two weeks to reduce Nur77-tdTomato
background signaling due to the transduction process. CD19" Raji-GFP target cells were
adjusted to 0.5x10° cells/ml in cRPMI. 100 pl target cells were distributed into a 96-well U-
bottom plate.

The frequency and cell number of EGFRt" CAR transduced Nur77 Jurkat effector cells were
determined via flow cytometry as described before. The required cell number was
resuspended at a concentration of 2.5x10% EGFRt" cells/ml in cRPMIL.

100 ul cRPMI medium containing 5x10* EGFRt" Nur77 Jurkats were co-incubated with the
already plated Raji-GFP target cells at 37 °C for 24 h. Nur77-tdTomato background signaling
was determined in samples containing only CAR-transduced Nur77 Jurkat cells without the
addition of Raiji-GFP cells. Phorbol-mystriate-acetate (PMA - 25 ng/ml) and ionomycin (1
Mg/ml) were used as positive controls. After 24 h, co-cultures were harvested and stained for
EGFRt and Strep-tag expression. Raiji target cells were distinguished from Nur77 Jurkat cells
by expression of GFP. Reporter gene activation was analyzed by measuring the frequency of
tdTomato of EGFRt" GFP" lymphocytes. Experiments were performed in technical duplicates

and biological triplicates.
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3.7.3 Intracellular cytokine staining

In order to assess specific cytokine production of different genetically modified human CAR-T
cells after stimulation, T cells were co-incubated with CD19" Raji-GFP target cells, and
intracellularly produced cytokines were measured via flow cytometry.

CD19" Raiji-GFP target cells were adjusted to 1x10° cells/ml in cRPMI. Two different E:T ratios
(1:1, 1:0.25) were investigated. Therefore, a serial dilution of the target cells was performed,
and 50 pl with 5x10* (1:1 ratio) or 12,5x10° (1:0.25 ratio) target cells were transferred into a
96-well U-bottom plate.

Effector CAR-T cells were rested for two days prior to the co-culture. Therefore, T cells were
cultured in cRPMI without additional interleukins to ensure the intrinsic production of IL-2
during the assay. Frequencies and cell numbers of EGFRt" CAR-T cells were determined via
flow cytometry as described before.

Required cell numbers were resuspended in cRPMI at a concentration of 0.5x10° EGFRt"
cells/ml in cRPMI. 100 ul containing 5x10* cells were added to the Raji target cells and
incubated for 4.5 h at 37 °C. CAR-T cells without additional CD19" Raji-GFP cells were used
to determine the basal cytokine release of the different CAR-T cells. PMA (25 ng/ml) and
ionomycin (1ug/ml) were used as positive controls. After 30 min, cytokine secretion was
stopped by adding 50 ul Brefeldin A (‘Golgi Plug’) at 1 ug/ml.Co-incubated cells were
harvested, washed with FACS buffer, and incubated with ethidium monazide bromide (EMA -
1:10%) for 15 min on ice exposed to bright light for live/dead discrimination. Surface staining
(CD8, EGFR, Strep-tag) was performed as described before at 4 °C in the dark for 20 min.
After two additional washing steps with FACS buffer, cells were fixed and permeabilized with
Cytofix/Cytoperm™ at 4 °C for 20 min, as recommended by the manufacturer’s instructions.
Following two washing steps with PermWash™ buffer, the intracellular staining of IFN-y, TNF-
a and IL-2 was performed on ice in the dark for 20 min. Cells were washed twice with
PermWash™ buffer and filtered into 200 pl FACS buffer for analysis on a flow cytometer. Raji
target cells were distinguished from CAR-T cells by their intrinsic expression of GFP.

Experiments were performed in technical triplicates and biological triplicates.
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3.7.4 xCelligence® killing assay

The cytotoxic capacity of different CAR-T cells was investigated using the impedance-based
xCelligence® assay, which allows real-time monitoring of cytotoxic kinetics. CD19" and CD19
HEK293T cells were a kind gift from the Riddell lab at the Fred Hutchinson Cancer Research
Center in Seattle Riddell.

Initially, the wells of a 96-well E-Plate ™ were filled with 50 pl cDMEM, and the plate was
equilibrated in the xCelligence RTCA MP Real-Time Cell Analyzer for 30 min at 37 °C to
determine the baseline of the impedance signal.

In the meantime, CD19" and CD19" adherent HEK293T cells, latter used as a negative control,
were prepared and adjusted to a concentration of 1.5x10° cells/ml cDMEM. After the
equilibration time, 100 ul of target cells were pipetted onto the E-plate and incubated under
regular cell culture conditions for 24 h, while the growth was monitored every 15 min.
Frequencies and numbers of EGFRt" CAR transduced T cells were determined by flow
cytometry as described before. Two different E:T ratios (1:1, 4:1) were investigated. Therefore,
a serial dilution of the target cells was performed. 100 yl cDMEM was aspirated from the 96-
well E-Plates™, and 100 pl with 1.5x10° (1:1 ratio) or 7.5x10° (4:1 ratio) target cells were added
to the wells. 2 % Triton-X solution was used as a positive control of complete killing, while
cRPMI medium without effector CAR-T cells served as a negative control. Effector and target
cells were co-incubated for 48 - 72 h, and target cell growth was monitored every 15 min.
Cytotoxic kinetics were analyzed using the software RTCA xCelligence®. Cell indices were
normalized to the last measurement before the effector cells had been introduced. Samples

were measured in technical triplicates and biological duplicates.

3.7.5 Flow cytometry-based cytotoxic CAR-T cell assay
Cytotoxic in vitro effector function of different CAR-T cells was determined in a co-culturing
approach of CAR transduced T cells with CD19" Raiji-GFP target cells, in which the reduction

of GPF" target cells after 24 h and 48 h served as a readout.
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CD19* Raiji-GFP leukemia cells were resuspended in 50 pl containing 2x10° target cells and
were plated in a 96-well U-bottom plate. Frequencies and cell numbers of EGFRt" CAR
transduced T cells were determined as described before. Serial dilution of CAR-T cells was
performed, and 150 pl with either 8x10* or 2x10* EGFRt* CAR-T cells were added to the target
cells (E:T =4:1 and 1:1, respectively). Untransduced mock T cells derived from the same donor
and only Raji-GFP cells were used as negative controls. After 24 h or 48 h of co-culture, cells
were transferred to a 96-well V-bottom plate containing 123count eBeads™, washed with ice-
cold FACS buffer, and stained with dye-conjugated anti-EGFRt, Streptavidin, and anti-CD8
antibodies as described before.

Cell composition was analyzed by flow cytometry, and target cells were discriminated by their
internal expression of GFP. All samples were measured in triplicates.The percentage (%) of
target cell killing was calculated based on the absolute number of target cells in the untdx T-
cell condition. That absolute number of the untdx T-cells was set as 100%, and the number of
targets in the following T-cell conditions was expressed as a percentage of survival. The
elimination index was calculated as follows: 1 — (number of residual target cells in the presence
of target antigen-specific CAR-T cells/ number of residual target cells in the presence of mock

T cells).
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3.8 Invivo functional assays

3.8.1 Experimental overview of in vivo functionality experiments

For in vivo functionality experiments with CAR affinity mutants, 8 weeks old female and male
NSG-SGM3 mice, bred in-house, were used. Functional in vivo analyses were performed with
JCARO017, JCARO021, and three selected JCAR021 mutants (L237W, M35A, V236W). All
animals were kept under specific pathogen-free conditions at the institute’s mouse facility. All
animal experiments were approved by the local authorities.

One-week prior to CAR-T cell injection, 0.5x10° CD19* GFP* Raiji-ffluc leukemia cells were
prepared in sterile PBS and injected via the tail vein in NSG-SGM3 mice. These tumor cells
have been modified to express both the firefly luciferase (ffluc) and GFP, allowing non-invasive
serial imaging by bioluminescence (BLI) and flow cytometry. Raiji-ffluc tumor cells were kindly
provided by the Riddell lab at the Fred Hutchinson Cancer Research Center in Seattle.

After six days, the tumor engraftment was analyzed by bioluminescent imaging (BLI) using the
IVIS® in vivo Imaging System. Tumor-bearing mice were distributed equally among the six
different groups (JCARO017, JCARO021, L237W, M35A, V236W, untdx) with 6-8 mice or 3 mice
(repetition experiment) per group. CAR-T cells were injected into tumor-bearing mice via the
tail vein as bulk populations, back-calculated to transfer 0.8x10° CD8*' EGFRt" cells.
Untransduced (untdx) mock T cells derived from the same donor were used as negative
controls.

IVIS® was performed weekly to monitor the tumor development in the mice. Distribution and
expansion of the CAR-T cells were analyzed by weekly blood staining. 28 days post CAR-T
cell injection, endpoint analysis was performed. Therefore, blood, bone marrow, and spleens
were extracted and prepared for flow cytometry. Results were analyzed with FlowJo (Treestar,
Ashland, USA).

For in vivo functionality testing of CAR affinity mixes, 8 weeks old female and male NSG-SGM3
mice, bred in-house, were used. JCAR017-Ametrine was mixed with JCAR021 according to
the following frequencies 50 %, 25 %, 12.5 %, 6.25%, for a total of 1.6x10° CD8* EGFRt".

Additionally, 1.6x10° CD8" EGFRt* JCAR021 only, 0.8x10° CD8* EGFRt" JCAR017 only and
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1.6x10° CD8" EGFRt" untransduced (untdx) mock T cells derived from the same donor were
used as controls.

One-week prior to CAR-T cell injection, 0.5x10° CD19* GFP* Raji-ffluc leukemia cells were
prepared in sterile PBS and injected via the tail vein in NSG-SGM3 mice. After six days, the
tumor engraftment was analyzed by bioluminescent imaging (BLI) using the IVIS® in vivo
Imaging System. Tumor-bearing mice were distributed equally among the eight different
groups, with 4 mice per group, and CAR-T cell mixtures were injected in bulk into the tumor-
bearing mice via the tail vein.IVIS® was performed weekly to monitor the tumor development
in the mice. Distribution and expansion of the CAR-T cells were analyzed by weekly blood
staining. 28 days post CAR-T cell injection, endpoint analysis was performed. Therefore,
blood, bone marrow, and spleens were extracted and prepared for flow cytometry. Results

were analyzed with FlowJo (Treestar, Ashland, USA).

3.8.2 Experimental overview of in vivo cytokine release syndrome experiments
NSG-SGM3 mice, bred in-house, were used to investigate the development of CAR-related
side effects in a humanized cytokine release syndrome (CRS) mouse model. The whole in vivo
model was established from scratch at the institute, and the general idea was adapted from
Norelli et al. °. All animals were kept under specific pathogen-free conditions at the institute’s
mouse facility. All animal experiments were approved by the local authorities.

4 weeks old female NSG-SGM3 mice were reconstituted with umbilical cord blood-derived
human hematopoietic stem cells (hHSCs) as described in section 3.8.3. After 8 weeks of
humanization, mice were engrafted with 0.5x10° CD19* GFP* Raji-ffluc leukemia cells via the
tail vein. Six days later, tumor engraftment was analyzed by bioluminescent imaging (BLI)
using the IVIS® in vivo Imaging System. Humanized and tumor-bearing mice were distributed
equally among the three different groups (JCAR017, JCAR021, untdx), with 7 - 8 mice per
group. Untransduced (untdx) mock T cells derived from the same donor were used as negative
controls. 0.8x10° CD8* EGFRt" cells were injected in bulk into the tumor-bearing mice via the

tail vein. For the titration experiment, 0.8x10° or 0.4x10° CD8" EGFRt" cells of JCAR017 and
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JCARO021 (4 mice per group) were injected in bulk into the tumor-bearing mice via the tail vein.
CAR-T cells were transferred as bulk populations, which were back-calculated to contain
0.8x10° CD8* EGFRt* or 0.4x10° CD8" EGFRt" cells.IVIS® was performed weekly to monitor
the tumor development in the mice. Persistence and expansion of the CAR-T cells were
analyzed by weekly blood staining. In vivo cytokine concentrations were measured by flow
cytometry using the LEGENDplex immunoassay, following the manufacturer’s instructions.
Mice were monitored for body weight loss and rectal body temperature up to seven times per
week, depending on their health score. Mice were sacrificed when manifesting clinical signs of
suffering and high tumor burden, but latest 28 days post CAR-T cell injection (for titration
experiment: 10 days post CAR-T cell injection). At the endpoint, blood, bone marrow, and
spleens were extracted and prepared for flow cytometry. Results were analyzed with FlowJo

(Treestar, Ashland, USA).

3.8.3 Humanization of NSG-SGM3 mice

Immunocompromised NSG-SGM3 mice were humanized with umbilical cord blood-derived
human hematopoietic stem cells (hHSCs), which were purified for CD34" expression as
described before.

4 weeks old female NSG-SGM3 mice were irradiated with 1 Gy 18 — 24 h prior stem cell
injection. Frozen and purified CD34" hHSCs were rapidly thawed in pre-warmed sterile FCS,
centrifuged, and resuspended in 1 ml FCS. 50 pl were stained for CD34 and CD45 expression
as described previously and analyzed on a Cytoflex flow cytometer. Purity and total cell counts
were determined by using 123count eBeads™. 100 ul containing cell solution containing
0.1x10° hHSCs were infused intravenously into irradiated mice. Humanization level (human
CD45" engraftment) and the pattern of hematopoietic reconstitution (human CD19" B cells,
CD33" myeloid cells, CD14" monocytes, CD3" T cells) were determined 8 weeks after stem
cell injection by flow cytometry after bleeding from the tail vein.Humanization levels were
defined as: “hCD45" cell counts / all CD45" cell counts” measured in peripheral blood and are

also referred to as the hCD45" chimera. According to ‘The Jackson Laboratory’, a mouse is
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humanized with a hCD45" chimera over 25 %. However, we only used mice with humanization

levels above 60 % in our experiments.

3.8.4 Bioluminescent imaging of mice

For in vivo imaging of the tumor growth, mice were intraperitoneally injected with a sterile
solution of 15 mg/ml D-Luciferin PBS solution before they were anesthetized with isoflurane.
10 - 15 min after D-luciferin injection, mice were imaged with an automatically determined
exposure time and a maximum threshold of 60 s. After the imaging, mice were placed back
into their cages and monitored until they awakened from their anesthesia and showed agile
activities. Luciferase activity and radiance were analyzed using Living Image® Analysis

Software (Perkin Elmer).

3.8.5 Monitoring of mice

Depending on the experimental setup, mice were closely monitored every 1-3 days for signs
of xenogeneic graft-versus-host disease after humanization or other toxicities during the CRS
experiments. Weight loss due to tumor growth or CRS development was recorded twice per
week, but if required, up to seven times per week. End points were predetermined by the length
of the experiment or if animals showed a high sick score, which was regulated in the associated

animal approval.

3.8.6 Spleen and bone marrow preparation

Spleens of sacrificed mice were immediately transferred into 10 ml ice-cold cRPMI medium
and homogenized and filtered through a 70 um cell strainer. The single-cell suspension was
centrifuged, and the cell pellet was resuspended in 5 ml ACT. Lysis of erythrocytes was
stopped after 5 min with the addition of 10 ml ice-cold cRPMI. Cells were again centrifuged
and filtered, and total cell numbers were determined using a Neubauer chamber. A maximum

of 10x10° cells was transferred with 10 pl 123count eBeads™ into a 96-well V-bottom plate.
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One femur and one tibia were uncovered per mouse for bone marrow extraction and cleaned
from remaining soft tissue. Femurs were disconnected from the hip joint, and fibers were
removed. Bones were separated and cut on both sides. Bone marrow was extracted by
flushing the bones with 2 ml ice-cold cDMEM. Isolated cells were collected in 10 ml ice-cold
cDMEM, centrifuged, and incubated with 3 ml ACT for 3 min at RT. Erythrocyte lysis was
stopped by the addition of 3 ml ice-cold cDMEM, and cells were resuspended in 200 pul FACS
buffer and filtered. A maximum of 10x10° cells was transferred together with 10 ul 123count
eBeads™ into a 96-well V-bottom plate.Tissue samples were stained as described before,
except that cells were stained in 100 pl antibody master mix. Half of the cells were acquired
on a Cytoflex S flow cytometer, and frequencies of transferred and endogenous cell subsets
were assessed using the FlowJo software. Absolute cell numbers were calculated based on

frequencies and total cell numbers for individual cell subsets.

3.8.7 Analysis of blood and serum

The persistence of adoptively transferred CAR-T cells was investigated by weekly blood
staining of the mice. Mice were kept under a heating lamp for several minutes to increase the
dilatation of the blood vessels, and the tail vein was punctured with a needle.

Blood droplets were collected and mixed with 50 pl Heparin diluted 1:1 with PBS to prevent
coagulation. Blood samples were transferred into 15 ml falcon tubes containing 10 ml ACT.
After 10 min, erythrocyte lysis was stopped with 5 ml ice-cold cRPMI. Cells were centrifuged
and incubated again with 5 ml ACT for 5 min at RT. Lysis was stopped with 5 ml cRPMI,
centrifuged, and cells were transferred together with 10 pl 123count eBeads™ into a 96-well
V-bottom plate. The whole sample was acquired on a Cytoflex S flow cytometer, and
frequencies of transferred and endogenous cell subsets were assessed. Absolute cell numbers
were calculated based on frequencies and total cell numbers for individual cell subsets.
Results were analyzed using the FlowJo software.

For the preparation of serum samples, 30 ul of blood were drawn from the mice’s tail veins as

described before, but without the addition of Heparin. Coagulated blood was centrifuged for 10
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min at 5x10°g at RT, and serum was immediately removed and stored at — 20°C. The staining
of cytokines was performed with the LEGENDplex Multi-Analyte Flow Assay Kit according to
the manufacturer's recommendations.Briefly, serum samples were thawed, mixed, and
centrifuged to remove particulates. 15 uyl serum was diluted 2-fold with assay buffer, and 12.5
bl were transferred into a 96-well V-bottom plate. Pre-diluted samples were mixed with 12.5 pl
assay buffer and 12.5 ul premixed beads and shaken at 800 rpm and 4 °C overnight in the
dark. The next day, plates were washed twice with 200 uyl wash buffer. Samples were
resuspended in 12.5 yl antibody detection mix and incubated under constant shaking at 800
rpm for 1 h at RT in the dark. 12.5 ul Streptavidin-PE was added, and samples were incubated
for another 30 min. After two rounds of washing, beads were resuspended in 150 uyl wash
buffer. Samples were read on a Cytoflex S flow cytometer and analyzed using the

LEGENDplex™ Data Analysis Software. Samples were run in technical duplicates.

3.9 Statistical Analysis

All statistical tests were performed using GraphPad Prism8 (GraphPad Software Inc.).
Statistical details are indicated in the respective figure legends. Level of significance were
defined as the following: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data

are presented as mean + standard deviation if not stated otherwise specifically.

66



RESULTS

4 Results

4.1 Characterization of CD19-specific chimeric antigen receptor clones

The extracellular binding domain of the CAR molecule is usually derived from specific
monoclonal antibodies (mAbs) and equips the corresponding CAR-T cell with a high binding
strength receptor toward its target. So far, only CD19-targeting CAR-T cell products with an
scFv derived from the high-affinity antibody clone FMC63 are clinically approved for CD19" B
cell malignancies. Although few CAR-T cell products with different scFvs targeting CD19 have
been engineered and tested for their efficacy in clinical settings, most research has focused
on FMC63-derived CARs. Consequently, much knowledge has been generated about
optimizing signaling domains and the hinge region, but the impact of receptor affinity on the

downstream functionality of the CAR-T cell has not been clearly delineated yet.

4.1.1 Structure and binding kinetics of different anti-CD19 CAR clones

To better understand how receptor affinity affects CAR-T cell efficacy and safety, we selected
four clinically relevant scFvs derived from CD19-specific mAb and investigated their binding
kinetics and in vitro functionality.

Modifications in any structural domain of a CAR molecule can have enormous effects on the
functionality of the corresponding CAR-T cell. In order to generate CARs that only differ in their
binding domain, all four CAR scFvs were introduced into the same second-generation CAR
backbone. As illustrated in Fig. 1A, the intracellular activation and signaling domains CD3zeta
and 4-1BB were connected to the extracellular binding domain by a triple Strep-tag (STII) hinge
and a CD28 transmembrane domain. As the STII hinge, together with the scFv, is part of the
CAR ectodomain, it can be used as a marker of CAR expression on the cell surface, e.g., by
antibody staining for flow cytometry. In addition, all CAR sequences incorporated a truncated
version of the human epidermal growth factor receptor (EGFRt) at the C-terminus. Due to its
connection by a T2A-ribosomal skip element, the CAR and EGFRt proteins are co-expressed

equimolarly.
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As the intracellular signaling domains of the truncated version were removed, this tag can be
used as a transduction or selection marker for engineered cells without unintentional activation
of the cell™.

While the JCAR017 scFv was derived from the clinically used high-affinity FMC63 clone,
JCARO021 was derived from an unknown humanized antibody. The 4G7 and CAT scFv
sequences are similar to the original publications and patents (WO 2016/139487A1; WO
2014/184143A1, respectively).

So far, several groups have determined the binding kinetics of the different CAR clones, except
for JCARO021, by Biacore surface plasmon resonance (SPR) measurements. This optical
method quantifies reversible interactions between binding partners by monitoring the
association and dissociation of protein ligands to their target. However, the published results
are not conclusive so far, as the analyzed values vary by a factor of 10 (Fig. 1B). Possible
reasons are incorrect experimental setups and the use of unstable and aggregated
recombinant CD19 protein for the measurement. The AG TraxImayr at the University of Natural
Resources and Life Sciences (BOKU) in Vienna has engineered a stable version of the
extracellular domain (ecd) of the soluble recombinant CD19 protein, called CD19-SF15'%,
which enables standardized Biacore SPR measurements of CD19-binders for the first time. In
collaboration with the AG Traxlmayr, we used this newly generated technology to determine
the equilibrium constant and on- and off-rates for JCAR017, JCARO021, and the CAT scFv (Fig.
1C). Due to limited capacities, we could not perform SPR for the 4G7 clone, but we assumed
that the corresponding CAR exhibits a high affinity in the range of JCAR017, as published
before (Fig. 1B).

In preparation for the measurement, we produced purified soluble recombinant CAR scFv
proteins containing a Twin-Strep-tag, which enabled the immobilization of the protein on
StrepTactin molecules covalently bound on the surface of the Biacore chip. In the next step,
soluble stabilized CD19-SF15 was applied over the surface at a constant rate to form
complexes with the immobilized CAR scFv. The association and dissociation of the CD19

ligand with and off the immobilized CAR scFv result in changes in the refractive light index,
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which is proportional to the mass of the bound material and thus can be converted into
response units. While an increase in response units after the injection of the CD19 ligand into
the flow represents the association rate, a decrease in the response rate reflects the ligand
dissociation from the target (Fig. 1C).

As expected, JCARO017 showed the highest affinity among the three measured CAR/antigen
interactions, with a long dissociation time (ko = 5.6x10* s7), resulting in a Kp-value in the
nanomolar range (2.7x10° M) (Fig. 1D). In contrast, as already published before, the CAT scFv
showed substantially lower binding affinity (Ko = 5.5x10® M) due to a much faster kox-rate
(1.3x102 s™"). Surprisingly, JCAR021, which was measured for the first time, had an even lower
binding affinity (Kp = 1.4x10” M) to CD19 than the CAT scFv. Again, the differences between
the calculated Kp-values were mainly due to a faster ko-rate of JCAR021 (2.1x102 s™). All
three CAR clones revealed similar kon-rates between 2.0x10° M's™ to 2.3x10° M's™, enabling
an even more conclusive analysis of the impact of CAR affinity on CAR-T cell functionality.
Besides the affinity, also the location at which different antibody clones bind their target can
vary. In order to test whether the CAR clones bind the same epitope, we performed epitope
mapping of JCARO17 and JCARO021, as well as JCAR017 and CAT, by SPR in collaboration
with the AG Traxlmayr. Either the JCAR021 scFv or CAT scFv were immobilized on a
StrepTactin-loaded SPR chip. Afterward, a mixture of CD19 and JCARO017 or CD19 alone was
associated for 400 s. An increase in response units was only detected after the administration
of CD19 alone, whereas no differences were observed when using the CD19 mix with
JCARO017 (Fig. 1E). These results indicate that JCAR021 and JCARO017 bind to the same
epitope on the extracellular domain of CD19. Similar results were obtained for the CAT scFv
and JCARO017 (data not shown), which have also been shown by other groups®. In summary,
we generated CAR constructs with the same binding site that only differ in their affinities due
to different off-rates. Therefore, they represent a valuable tool for investigating the pure effect

of affinity on CAR-T cell functionality.
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Fig. 1 Structure and binding kinetics of different CD19-targeting CAR clones

(A) Design of different CAR sequences targeting human CD19 for retroviral transduction. (B) Published
data of binding kinetics of CAR clones. (C) Representative surface plasmon resonance sensorgrams of
binding kinetics of different concentrations of JCAR017, JCAR021, and CAT scFvs to CD19-SF15. (D)
Dissociation constant (Kp), association rate (kon) and dissociation rate (ko) of CAR clones (n = 3-4). (E)
Epitope mapping of JCAR021 and JCARO017 binding towards CD19.

4.1.2 In vitro functional testing of different CAR clones

In addition to specific binding properties, also CAR expression levels on the cell surface
contribute to the overall functionality of a CAR-T cell. To test whether the different clones are
similarly expressed on the cell surface, primary T cells were genetically engineered by
retroviral transduction to express one of the four CAR constructs. Three to five days later,

CAR-T cells were analyzed by flow cytometry for the expression of the STII in the hinge,
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representative for CAR expression, and EGFRt as a marker for successful transduction (Fig.
2A). Untransduced mock T cells from the same donor were used as a negative control. All
CAR-T cells showed successful expression of the CAR and EGFRt on the cell surface (Fig.
2A) with donor-dependent transduction efficacies of over 20 %, as indicated by frequencies of
EGFRt* cells (Fig. 2B). While 80-90% of the transduced cells were also STII" in the JCAR017,
JCARO021, and CAT groups, the CAR-EGFRt correlation of the 4G7 clone was slightly
decreased (Fig. 2C).

Furthermore, no differences in the median fluorescent intensities (MFI) of STIl and EGFRt
were observed among the four CAR constructs, except for variabilities among experiments
(Fig. 2D-E). Overall, we could conclude that all four CARs can be stably and equally expressed
on the cell surface. Therefore, potential functional differences among the CAR-T cell groups

are most likely exclusively ascribed to the different CAR binding kinetics.

A JcAR017 4G7 mock B 100 © JCARO17
7 T T 21%@&?021

o CAT

% EGFRt*

pregated on living lymphocytes

105 B JCARO17
1 JCAR021
I 4G7
I CAT

-
o
o

o
o o
-
o

>
-
o

ES

'S
=)

-
o
w

% STII of EGFRt*
—_
LA

STII MFI of EGFRt*

N
o
EGFRt MFI of EGFRt*

-
o
N
-
(=
N

0

Fig. 2 Expression pattern of CAR constructs on primary T cells after retroviral transduction

(A) Representative flow cytometry plots of retroviral CAR-transduced PBMCs stained for EGFRt and
Strep-tag (STII) expression. While EGFRt was stained with a fluorescently labeled primary antibody
against the EGFR protein, the Strep-tag in the hinge region was stained with Streptavidin conjugated to
a small fluorophore (e.g., FITC or eF450). (B) Transduction efficacies of PBMCs are determined by
frequencies of EGFRt* cells at least three days after retroviral transduction. Data are expressed as
mean+SD (n = 3). (C) Frequencies of STII" cells of CAR transduced cells expressed as mean+SD (n =
3). (D) EGFRt MFI (mean fluorescent intensities) and (E) STII MFI of EGFRt* transduced cells. Data are
expressed as mean+SD (n = 3).
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Next, we compared our four affinity CAR clones in different in vitro assays for their sensitivity,
cytokine production, and cytotoxic potential.

Target-specific activation of the CARs was tested with a Nur77-Jurkat reporter assay'®. This
Jurkat cell line is engineered to carry the Nur77-transgene connected via a T2A-element to the
DNA cassette of the fluorescent protein tdTomato. Therefore, in the case of cell activation, the
transgene is expressed along with tdTomato, and the signal can be easily detected by flow
cytometry. The four CARs were introduced into the reporter cell line and co-incubated with
CD19" Raiji tumor cells, while background activation was monitored in samples incubated in
medium without target cells. After three hours, activation levels of the transduced EGFRt*
Nur77-Jurkats were determined by flow cytometry (Fig. 3A). As expected, CAR transduced
Jurkats were specifically activated by CD19" target cells independent of the CAR construct.
Interestingly, we did not detect any differences despite the different CAR affinities (Fig. 3B).
We also observed a certain level of background signaling, which was barely detectable in the
untransduced mock control (Fig. 3C). Especially viral transduction, but also possible low levels
of tonic signaling via the CAR could result in a leakage of the reporter expression. Still, the
difference in the percentage of activated cells upon antigen-specific stimulation validates the

specificity of the CAR constructs.
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Fig. 3 Nur77-Jurkat activation assay with CD19-targeting CAR clones

(A) Representative flow cytometry histograms of Nur77-tdTomato expression of retrovirally transduced
Nur77-Jurkats after either stimulation with CD19" Raji cells (effector-to-target ratio 1:1) or incubation in
medium. (B) Specific stimulation of transduced Nur77-Jurkats was calculated by subtracting background
frequencies of Nur77* EGFRt" cells from Nur77* frequencies after stimulation with Raiji cells. (C)
Background signaling of transduced Nur77* Jurkats in the medium control group. Data are expressed
as mean+SD of 2-7 biological independent replicates with technical duplicates.

72



RESULTS

In order to test the influence of affinity on CAR-T cell sensitivity in vitro, we performed cytokine
release assays to evaluate intracellular cytokine production levels after specific stimulation of
the different CAR clones.

Retrovirally transduced and rested CAR-T cells were stimulated with CD19"/GFP™ Raiji tumor
cells in two E:T ratios (1:0.25 and 1:1) for five hours. A mixture of PMA and lonomycin was
used as a receptor-independent activation control (positive control), while background levels
of cytokine production were measured by incubating CAR-T cells in medium without further
stimulation. All CAR-T cells expressing different receptors showed specific production of the
effector cytokines IFN-y, TNF-a, and IL-2 over background levels (Fig. 4). The highest release
was detected for TNF-a (60 %), followed by IL-2 (30 %) and INF-y (20 %). Frequencies of
cytokine-producing CAR-T cells decreased when they were co-incubated with fewer target
cells. This result illustrates that the tested CAR-T cells can regulate their cytokine release
according to the number of tumor cells. Although all CAR-T cells showed specific activation,

no affinity-dependent differences in the potential of cytokine production were observed.
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Fig. 4 Intracellular cytokine release of different CAR-T cell clones

Functional ex vivo cytokine response of CAR-transduced EGFRt* cells after 5 h of co-incubation with
target cells. The addition of the protein transport inhibitor Brefeldin A after one hour of co-incubation
prevented cytokine release from the cells. Analysis of the release of IFN-y, TNF-a, and IL-2 over
background after ex vivo stimulation of CAR-T cells with CD19" Raji cells in E:T ratios of 1:1 and 1:0.25.
PMA/lonomycin stimulation was used as a positive control. Data are expressed as mean+SD of three
biologically independent experiments with technical triplicates and normalized to the average release of
JCARO017.
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Although the first in vitro assays demonstrated antigen specificity and sensitivity of the different
CAR-T cell products, the results might indicate but not demonstrate their potential to efficiently
eradicate tumor cells, a crucial parameter of successful CAR-T cells. Therefore, two different
in vitro cytotoxic assays were performed to investigate the killing potential of CAR-T cells with
different affinities.

In order to monitor the killing kinetics of the different CAR-T cell constructs in real-time, we
firstly used the impedance-based technology called xCelligence®. The growth of engineered
HEK target cells expressing the extracellular domain of CD19 was followed for one day before
sorted EGFRt" CAR-T cells were applied in E:T ratios of 4:1 and 1:1. Killing kinetics were
monitored for 25 hours (Fig. 5A). While untransduced mock T cells did not affect the growth of
the target cells, all CAR-T cells eradicated the CD19" HEK target cells within 10 hours of co-
incubation. Killing kinetics overlapped tightly among the different CAR-T cells (Fig. 5A) and
were independent of the E:T ratio (Fig. 5B). Besides, no unspecific killing of CD19 HEK cells
was observed in any of the CAR-T cell groups (Fig. 5A-B).

The used immortalized HEK cell line does not endogenously express CD19 on its cell surface.
In order to circumvent potentially unwanted effects due to viral overexpression of CD19, a
second set of in vitro tumor-killing assays was performed. Therefore, CAR-T cells were co-
incubated with CD19*GFP™ Raiji tumor cells for 48 hours, which could be distinguished by their
intrinsic GFP expression (Fig. 5C). Comparable to the first cytotoxic assay, CAR-T cells of the
different groups killed over 95 % of the tumor cells after 48 h of co-incubation independent of
their affinity (Fig. 5D). Only low levels of background lysis were detected in the untransduced
mock T cell group.

Taken together, the performed in vitro killing assays indicate similar antigen sensitivity and

cytotoxic potentials of CAR-T cells with either low or high affinities.
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Fig. 5 Analysis of in vitro cytotoxicity of different CAR-T cell clones

(A) Representative impedance-based xCelligence killing curves of target HEK cells. CD19* and CD19
HEK target cells were co-incubated with CAR-T cells in an effector-to-target ratio (E:T) of 4:1, and growth
curves of the target cells were followed for 25 h after CAR-T cell addition. (B) Analysis of CAR-T cell
killing efficacy by calculating the area under the growth curve (AUC) for E:T ratios of 4:1 and 1:1. Data
represent the mean+SD (n = 3). (C) Representative flow cytometry plots of remaining CD19*GFP* Raiji
cells after 48 h of co-incubation with CAR-T cells. (D) Specific lysis of target cells after 48 h. Absolute
remaining numbers of Raji cells were normalized to the mock control sample and depicted as
percentages. Data are expressed as the mean of three independent experiments with n = 3.
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4.2 Development of a flow cytometry-based kosi-rate assay for screening CAR
affinities

The four tested CAR clones showed no major affinity-related differences in their in vitro
functionality. One potential reason could be that the range of the tested CAR affinities still
ensures good CAR-T cell functionality. Indeed, although the affinity of CAT and JCAR021 was
determined to be over 20 and 50-fold lower than the clinically used JCAR017 clone FMCG63,
their binding strength is still at least ten times higher compared to avidities measured for
endogenously expressed TCRs. To investigate the impact of super-low-affinity on CAR-T cell
functionality, we decided to build up a library of CD19-targeting CAR mutants with affinities in
the range of more sensitive TCRs. Until today, SPR measurements are considered the gold
standard for the affinity measurement of protein-protein interactions. However, this method is
labor- and, in particular, time-intensive, as one interaction measurement can take up to one
day, and therefore it is not helpful for screening CAR libraries.
Consequently, we established an alternative method for measuring the affinities of CAR-target
interactions based on the in-house developed flow cytometry-based TCR-ligand Kq-rate
assay'®*'%51% This method determines TCR/pMHC binding kinetics in a rapid flow cytometry-
based way and enables the monitoring of monomeric ligand dissociations under natural
conditions (e.g., cell surface distribution and expression of the respective receptor). Although
the kor-rate assay only measures the dissociation half-live and not the complete Kp-value, it
has been shown for TCRs that the kos-rate correlates with the functionality of the corresponding
T cell®®. Indeed, we determined different ko-rates but similar kon-rates for the tested CAR
clones and thus are confident to use the dissociation rate as an estimate for CAR affinity.
In brief, pMHC-molecules of interest are fluorescently labeled and multimerized via a Strep-
tag on a StrepTactin-backbone. Afterward, target cells expressing the corresponding receptor
are stained with the pMHC StrepTamer. Upon administration of D-biotin, the StrepTamer
complex is disrupted, leaving monomeric TCR:pMHC interactions on the cell surface. Due to
low affinities, pMHC molecules dissociate from the cognate TCR according to their binding
strength. Dissociation kinetics can be followed due to the decay of the pMHC fluorescent signal

over time by flow cytometry (Fig. 6A).
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We investigated two possible options to apply this technology to measure CAR affinities. The
first option (Fig. 6B) mimics the existing experimental setup by exchanging the target T cell
expressing the TCR of interest with the respective CAR and the recombinantly expressed
pMHC molecule with the soluble extracellular domain of CD19. In contrast, the second option
turns the system around using target B cells that endogenously express CD19 on the cell
surface and recombinantly expressed CAR scFvs as ligands (Fig. 6C). In order to provide
reversible StrepTamers for the measurement of the binding kinetics, either CD19-ecd or CAR
scFvs are recombinantly expressed as so-called FLEXamers, which contain a Strep-tag and a
Tub-tag sequence at their C-terminus. While the first one enables the multimerization on a
StrepTactin backbone, the latter is used for the stable conjugation of a fluorescent dye. Both

options were tested for their feasibility and reliability.
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Fig. 6 Experimental setup of flow cytometry-based kos-rate analysis of CD19-specific CARs

(A) T cells expressing the TCR of interest are stained with pMHC-StrepTamers comprising respective
recombinantly expressed pMHC molecules with a StrepTag and Atto-488 (called FLEXamers) at their
C-terminus and a StrepTactin backbone labeled with another fluorophore. After adding D-biotin, the
StrepTactin dissociates from the cell surface, leaving pMHC monomers on the cell surface. The
dissociation kinetics of pMHC molecules can be monitored as the decay of Atto488-dependent
fluorescence by flow cytometry. (B) CAR transduced T cells are stably labeled with a StrepTamer
consisting of fluorescently labeled soluble CD19-Atto488 FLEXamers and a StrepTactin backbone
conjugated to another fluorophore. The addition of D-biotin disrupts the StrepTamer, and CD19
monomers are left on the T cell surface. The monomeric dissociation (kof-rate) of CD19 can be
monitored as the decay of Atto488-dependent fluorescence by flow cytometry. (C) The second option is
to apply the kof-rate assay to CD19/CAR interactions. CD19* B cells are stably labeled with a multimer
consisting of scFv-Atto488 FLEXamers and StrepTactin backbone conjugated to another fluorophore.
The addition of D-biotin disrupts the StrepTamer, and CAR scFv monomers are left on the B cell surface.
The monomeric dissociation (kof-rate) of CAR scFvs can be monitored as the decay of Atto488-
dependent fluorescence by flow cytometry.
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4.2.1 Generation of recombinant CAR scFv FLEXamers

In order to perform flow cytometry-based kos-rate measurements of CAR-antigen interactions,
the extracellular domain of either a CAR (scFv) or CD19 had to be produced as a recombinant
soluble protein. CD19 belongs to the group of unstable and hard-to-express proteins, as it
easily aggregates in solution'®'% Therefore, we started with the generation of six different
CAR scFyvs for the first proof-of-principle experiments.

DNA strings of different CAR scFv FLEXamers were designed in silico by connecting a Twin-
Strep-tag and a Tub-tag at the C’-terminus of the corresponding scFv DNA sequence, which
is similar to the retroviral DNA constructs (Fig. 7A). While the Twin-Strep-tag is used for
StrepTactin-based purification and multimerization of the scFv, the Tub-tag is exploited to
covalently link a fluorescent dye on the protein. The three-dimensional structure of scFvs is
stabilized by disulfide bonds, which can only form correctly in a reducing milieu. Consequently,
the DNA strings were cloned into an acceptor vector containing a tetracycline (tet)-promoter
and the ompA signal sequence for periplasmic protein production in bacteria. ScFv
FLEXamers were expressed in E.coli bacteria by inducing the tet-promoter with
anhydrotetracycline (AHT), which starts the secretion of the protein into the bacteria periplasm
where it can adequately fold. After extraction and affinity purification via the Strep-tag, the
purity and size of the recombinant proteins were analyzed by SDS gel electrophoresis (Fig.
7B). A defined band was detected at the expected size of CAR scFvs containing a double-tag
(35 kDa) in all samples.

Moreover, purities were also high, as no contaminations or degradation products were
observed on the stained SDS gel. In the next step, CAR-FLEXamers were functionalized with
a fluorescent dye. The used chemo-enzymatic method is a two-step reaction. First, the tubulin-
tyrosine ligase (TTL) enzymatically catalyzes the activation of the C’-terminus of the FLEXamer
precursor. In a second step, the activated tag is functionalized with the Dibenzocyclooctin
(DBCO) conjugated Atto-488 dye via click-chemistry. The shift assay in Fig. 7C revealed a
high efficiency of the Tub-tag mediated conjugation of Atto488 to the six unfunctionalized scFv

proteins. Although experimental conditions have been optimized to protect the sensitive scFv
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proteins and to guarantee high functionalization efficacies (ref. Material and Methods), some
protein loss during the functionalization steps cannot be entirely prevented (e.g., scFv1).
However, it was possible to generate sufficient amounts of highly pure scFv-FLEXamers for

further experimental testing.
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Fig. 7 Generation of CAR scFv FLEXamers

(A) lllustration of the scFv FLEXamer DNA sequence compared to the CAR construct used for retroviral
transduction. Extracellular CAR scFvs were linked with a Twin-Strep-tag and a Tub-tag to generate
FLEXamers. (B) The purity and size of expressed and purified scFv FLEXamers were validated by SDS
gel electrophoresis. Proteins were detected via Coomassie staining. (C) Shift assay of unfunctionalized
scFvs and after functionalization with the Atto488-dye separated by SDS gel electrophoresis. B and C
depict exemplary six out of 40 scFv FLEXamers. In general, 300 pl of in average 1.0 pg/ul purified
recombinant scFvs and 50 pl of in average 0.4 pg/p functionalized scFvs were produced.

4.2.3 Flow cytometry-based koi-rate measurement with CAR scFv FLEXamers

After titrating the necessary amount of scFv FLEXamers to successfully generate scFv
StrepTamers (data not shown), several parameters of the flow-based kosrate assay were
optimized for the measurement of CAR-antigen interactions (e.g., temperature, volume,
duration of measurement). A detailed protocol on how to measure kox-rates of CD19-specific
CAR-T cells is described in the Material and Methods section.

All generated CAR scFvs used in this thesis target the B cell lineage protein CD19. Therefore,
endogenous B cells of freshly isolated peripheral blood mononuclear cells (PBMCs) from
healthy donors were used as target cells. PBMCs were stained ex vivo with the scFv

StrepTamers and a non-reversible CD20 mAb. Co-staining of the population of interest
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enabled continuous tracking of CAR dissociation kinetics from the target cells (CD20" target
population) without previous purification of the B cells.

In order to analyze CD19-CAR dissociation kinetics, fluorescent signals of the CAR scFvs and
the StrepTactin-APC backbone were followed over time (Fig. 8A). At the start of the analysis,
initial staining intensities of both fluorophores (APC and Atto488) were visible at a constant
level. Upon addition of D-biotin, the StrepTactin backbone detached from the cell surface, as
reflected by the fast drop of the APC fluorescence signal (Fig. 8A). After an initial de-
quenching, Atto488-conjugated scFvs dissociated according to the CAR binding strength.
We observed steep dissociation curves for JCAR021 and CAT scFvs, where the respective
monomers detached entirely from the cell surface within minutes after the addition of D-biotin
(Fig. 8A-B). On the contrary, JCARO17 and 4G7 revealed slower scFv dissociation curves, and
only small amounts of the corresponding scFv monomers were released from the cell surface
within 30 minutes. CAR scFv dissociation was quantified and expressed as half-lives, defined
by the kos-rate with: t12 = In 2/k.. Consequently, low half-lives of a binding interaction correlate
with high kor-rates, which entail high Kp-values and thus represent low affinities, given that the
association rate remains constant. As predicted, JCAR017 and 4G7 had long half-lives of 2970
s and 1782 s, respectively, and consequently possess strong affinities to CD19 (Fig. 8C). In
contrast, calculated half-lives of JCAR021 and CAT were low (167 s and 151 s, respectively),
describing them as weak CD19 binders.

Although only half-lives and not absolute Kp-values can be determined with this flow cytometry-
based method, relative differences in ko-rates of different CARs can be calculated. Comparing
the results of the SPR measurement with the calculated kos-rates measured by flow cytometry,
the data confirmed relative differences in the same range (Fig. 8D). While the SPR kof-rate of
JCARO021 was 37 times faster than JCARO17, their kof-rate values determined by flow
cytometry differed by a factor of 17. Besides, the kos-rates of CAT were 23 and 19 times higher
than JCARO17, quantified by the SPR and kos-rate assay, respectively. Additionally, it has been
shown that 4G7 is a strong binder of CD19 but slightly weaker than FMC63 (JCARO017) (Fig.

8C, 1B). Also, these findings could be confirmed by our ke+-rate assay. Although differences in
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relative kos-rates determined by either SPR or flow cytometry were observed, comparing the
two methods validated that the flow-based kos-rate measurement can be used as a suitable

and reliable tool to detect relative CAR affinity differences.
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Fig. 8 Flow cytometry-based kos-rate measurement of CAR affinity clones

(A) Representative flow cytometry plots of the dissociation of the StrepTactin-APC backbone or Atto488-
conjugated scFv after the addition of D-biotin monitored by flow cytometry for 30 minutes at 20°C. (B)
Curve fitting of the dissociation kinetics of different CAR affinity clones. Complete dissociation of the
StrepTactin backbone (red line) defines the starting point for fitting the scFv-Atto488 dissociation by the
exponential decay function (green line). (C) Half-lives (t12) are determined by flow cytometry-based ko-
rate measurements. For curve fitting of JCAR017 and 4G7 CARs, a baseline was collected from
samples incubated with D-biotin for an additional 4-5 h (n = 3-13). (D) Comparison of relative differences
of ko-rates analyzed by either flow cytometry (flow cyt.) or SPR measurement (n = 3-13).
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Processing and analyzing different CAR scFvs as separate samples are extremely labor- and
time-intensive, as one dissociation kinetic is followed for 30 minutes. Including washing and
adjustment steps between the samples, data acquisition of 40 different CAR-scFvs on a flow
cytometer would at least take 120 hours, including all necessary repetitions. One possibility to
perform the assay more efficiently is by analyzing several CAR scFvs simultaneously to reduce
the time needed for data acquisition strongly. An idea already proposed for measuring TCR
ko-rates utilizes an established color code based on fluorescently labeled CD45 mAbs, which
enables multiplexing of several samples for simultaneous processing and acquisition. CD45
also represents an optimal marker for multiplexing different CAR samples. It is expressed on
all target B cells but is not part of the B cell complex. Thereby additional staining should not
interfere with the scFv StrepTamer binding.

Combining four differently labeled CD45 mAbs allows the generation of 16 unique color codes,
which can be mixed before acquisition and thus drastically reduces measurement and analysis
time (Fig. 9). Besides, multiplexing of several probes also improves the overall assay quality,
as one standardized CAR scFv with an already known half-live can be included in each

measurement to serve as an internal control.
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Fig. 9 Multiplexing strategy to improve high-throughput of kot-rate measurements
De-multiplexing of the CD45 color barcode was used to parallel acquire 16 different CAR scFv
StrepTamers labeled with four different CD45 monoclonal antibodies by flow cytometry. Mixing several
samples before the final acquisition on a flow cytometer saves time and therefore enables a higher
throughput of the ko-rate measurement.

83



RESULTS

4.2.4 Flow-based kos-rates with soluble CD19

Binding strengths between receptors and their antigen can differ whether the receptor is
expressed on the cell surface or produced as a recombinant protein. Additionally, binding
kinetics measured by SPR spectroscopy only determine the affinity but not avidity. In contrast,
our flow cytometry-based kqs-rate measurement also considers necessary co-receptor help,
thereby allowing the investigation of receptor avidities. So far, it has not been described
whether CARs interact with other binding partners on the cell surface, which can influence the
binding process and kinetics. To study whether the choice of ligand and receptor influences
the measured CAR affinities, we also set up an alternative CAR kqf-rate assay where the ligand
was produced as a recombinant protein, and the cognate CAR was expressed in primary T
cells. Potentially, this alternative provides the opportunity to determine half-lives of a high
number of CAR constructs in a fast and easy realizable way, as the same batch of recombinant
CD19, instead of multiple individual scFvs, can be used for all experiments.

CD19 was declared a “hard-to-express” protein, as it is unstable and easily aggregates in

solution'®®

. As the stabilized version CD19-SF15 was not available, we were supported by our
collaboration partner, the AG Leonhardt from the Ludwig-Maximilians-University in Munich, to
produce the extracellular domain of CD19 (CD19-ecd) as a recombinant protein.

Two different CD19-ecd FLEXamers, containing a Strep-tag and Tub-tag at their C’-terminus,
were designed (Fig. 10A). One CD19 version was stabilized with an Fc-tag, enabling the
dimerization to build stable Fc-fusions, while the other CD19 version was solely expressed in
its monomeric form.

Our CAR constructs contain a Strep-tag in their extracellular hinge region, which has a high
binding affinity to StrepTactin. To avoid interference with the StrepTactin backbone of the
StrepTamer, we exchanged the Strep-tag hinge with an NMS-linker (WO 2016/042431) and
generated new CAR constructs (Fig. 10B).

First, proof-of-principle kos-rate experiments were performed with the high and low-affinity

CARs JCARO017 and JCARO021, as these two CARs have been intensely investigated before.

Both CAR constructs (Fig. 10B) were retrovirally introduced into PBMCs and stained with a
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non-reversible anti-EGFR antibody and a reversible StrepTamer consisting of a StrepTactin
backbone with the CD19-ecd FLEXamer as either an Fc-fusion protein or in its monomeric
form (Fig. 10A).

Stable fluorescent signals of the StrepTactin-APC backbone were observed among all four
conditions during the first 30 seconds of the measurement (Fig. 10C), confirming that both
soluble recombinant CD19 versions can bind their target on the cell surface. After the addition
of D-biotin, StrepTactin-APC dissociated quickly from the stained CAR-T cells resulting in a
de-quenching of Atto488 in all conditions. Comparable with the scFv FLEXamer ko#-rate, only
flat dissociation curves were detected with JCAR017 CAR-T cells regardless of the CD19 form
(Fig. 10C). In contrast, steep dissociation curves were observed with JCAR021 CAR-T cells.
However, overall half-lives of CAR-T cells measured with the CD19 Fc-fusion protein
(JCARO017: 9530 s; JCAR021: 1510 s) were much longer compared to half-lives of the
monomeric form of CD19 (JCARO017: 7190 s; JCARO021: 247 s) (Fig. 10D). Fc-tags represent
an elegant option to stabilize recombinant proteins. However, it is not possible to analyze
monomeric interactions, as one protein contains two binding sites for its target after fusion via
the Fc-tag as it results in stronger protein-protein interactions. As the affinity of the CD19-Fc
fusion protein was too high to calculate trustful half-lives, this option was not further pursued.
In contrast, the calculated kor-rates of JCAR017 and JCAR021 with the CD19 monomer were
comparable to those determined with the scFv FLEXamers. These results confirm again that
the flow cytometry-based koi.rate assay represents a valuable tool to test relative affinity
differences of CARs.

Together with our collaboration partner, we observed fast degradation of the produced CD19
monomer within 20-24 hours. Although this limitation pushed us to preferentially use the first
described flow-cytometry-based ko«-rate approach for further CAR testing, these experiments
validated the reliability of the flow-cytometry-based koi-rate assay for determining CAR binding

strengths, independent of the direction of the assay.
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Fig. 10Flow cytometry-based CAR kosi-rate assay with soluble CD19 protein

(A) lllustration of a recombinant CD19 FLEXamers conjugated to a fluorescent dye. The extracellular
domain (ecd) of CD19 is stabilized via an Fc-tag or expressed in its monomeric form. (B) JCAR017 and
JCARO021 CAR sequences were used for either functional assays containing a triple Strep-tag sequence
in the hinge or for ke-rates with an NMS linker as hinge domains. (C) Representative flow cytometry
plots monitoring the dissociation of APC-conjugated StrepTactin backbone and CD19-Atto488 after
adding D-biotin. (D) Half-lives (t12) of JCAR017 and JCARO21 were measured either with CD19 Fc-
fusion FLEXamers or monomeric CD19 FLEXamers by flow cytometry (n = 2-9). (E) Flow cytometry-
based koi+-rates of JCAR017 and JCAR021 were either calculated for measurements using monomeric
CD19 FLEXamers or CAR scFv FLEXamers (n = 3-13).

86



RESULTS

4.3 Alanine scanning of JCAR021 for the generation of low-affinity CARs

After establishing a relatively fast method for screening CAR affinities, we moved into the
generation of a library of CAR mutants, intending to further lower affinities down to the level of
TCRs. In order to generate CARs with affinities in the range of TCR avidities, we decided to
perform an alanine scanning of the heavy and light chain of JCAR021 - the anti-CD19 CAR
clone with the lowest binding strength towards CD19. So far, alanine scanning mutagenesis
has been extensively used to map the antigen-binding site of antibodies. With the help of site-
directed mutagenesis, each amino acid is individually replaced with an alanine, which enables
the identification of amino acids that are essential for antigen binding. For our purpose, we
mutated aromatic amino acids within the framework region of the scFv, as these positions are

essential for binding kinetics but should not disrupt target specificity'*.

4.3.1 Generation of CAR mutants and characterization of their surface expression

In order to design several JCARO021 affinity mutants, the framework regions of both the heavy
and light chains of the JCAR021 scFv were mutated by alanine scanning. Mainly the big
aromatic residues phenylalanine (F), tyrosine (Y), and tryptophan (W) were exchanged for
alanine (A) to achieve maximum conformational changes.

Twelve different single-point mutants were defined and introduced into the JCAR021 DNA
sequence (Fig. 11A). After retroviral transduction of the different constructs into ex vivo isolated
PBMCs, expression, and transduction profiles were determined by flow cytometry (Fig. 11B),
where JCARO017 and JCAR021 CAR-T cells were used as positive controls. The twelve
different JCAR021 mutants were divided into three different groups according to the quality of
CAR expression (Fig. 11B). The first group of CAR-T cells marked in green showed equally
high co-expression of EGFRt and STII, similar to the controls, while the other two groups
(orange and red) varied in their staining patterns. Expression of the CAR and EGFRt of CAR-
T cells assigned to the orange group was hindered by the amino acid exchange, represented

by low frequencies of EGFRt" and STII* cells.
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In contrast, amino acid exchanges of the four CAR-T cells belonging to the red group impaired
only the successful expression of the CAR on the cell surface, as the overall transduction
efficacy of EGFRt remained high. Receptor expression levels can highly influence the efficacy
of CAR-T cells. In order to correlate functional results solely on receptor affinity, only the six
JCARO021 mutants with successful STIl and EGFRt co-expression were chosen for further in

vitro testing.
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Fig. 11 Alanine scanning approach to generate low-affinity JCAR021 point mutants

(A) Exchange of single aromatic amino acids in the framework region of the heavy and light chain of the
extracellular domain of JCAR021 to generate affinity mutants with reduced binding strength but same
specificity. (B) Co-staining of EGFRt and Strep-tag in CAR-T cells expressing the mutant JCAR021
constructs. CAR-T cells were separated into three groups (green, orange, and red) according to their
transduction efficacies and CAR expression.
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4.3.2 In vitro testing of JCAR021 alanine mutants

In order to determine whether the mutations had an influence on the binding affinity of the
engineered CARs, flow-based kos-rate assays were performed. All necessary recombinant
scFv FLEXamers were cloned, expressed, purified, and conjugated to Atto488 as described
before and tested for their binding strengths to CD19. All mutant scFvs specifically bound
CD20" B cells, as highlighted by the high APC signals (Fig. 12A) before the addition of D-biotin.
However, none of the six tested CAR mutants showed decreased affinities compared to the
original JCARO021 (Fig. 12B).

Nevertheless, the six mutants with preserved surface expression were tested for their in vitro
functionality. CD19" and CD19 HEK target cells were co-incubated with either JCAR017,
JCARO021, or mutant CAR-T cells in different E:T ratios. The killing kinetics of the different
mutants were monitored in real-time with the help of the xCelligence system over 25 hours
(Fig. 12C). All CAR-T cell constructs efficiently killed CD19" target cells irrespective of their
mutation, while no unspecific killing of CD19™ HEK cells was detected. Also, killing kinetics
were similar, independent of the number of used CAR-T cells. CD19" target cells were
eradicated entirely within 5 hours of co-incubation with the different CAR-T cells in a 10:1 and
5:1 ratio, while it lasted 10 hours until all target cells were killed in the 1:1 group. No unspecific
killing of either CD19* or CD19 HEK cells was observed by the mock control group. As
expected, no differences regarding the in vitro functionality of the different mutant CAR-T cells
were detected. In summary, the alanine scanning approach was not successful in generating

JCARO021 mutants with lower binding affinities.
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Fig. 12In vitro functional testing and kos-rate measurement of JCAR021 alanine mutants

(A) Representative plots of dissociation kinetics of mutant JCAR021 alanine mutant scFvs measured
and analyzed by the flow cytometry-based koff-rate assay. Green lines represent fitted exponential
decay curves of the CAR scFv dissociation. (B) Half-lives of both JCAR021 and alanine mutants were
determined by flow cytometry-based ko-rate measurement (n =2). (C) xCelligence killing assay of
JCARO017, JCARO021, and six selected mutant CAR-T cells. CD19* and CD19 HEK target cells were co-
incubated with CAR-T cells in several effector-to-target ratios (10:1, 5:1, 1:1). Killing kinetics were
monitored over 25 hours and normalized to the time point before the addition of CAR-T cells (n = 3).

44 Generation of an anti-CD19 CAR affinity library

The alanine scanning approach did not help in generating CAR mutants with lower affinity.
Therefore, we decided to engineer a broader library of different CD19-targeting CAR-T cells
based on an in silico screening. The three-dimensional structure of protein-antigen interactions
plays an essential role in identifying the domains that are mainly involved in the binding of the

two partners and most suitable for mutations. Crystal structures of protein interactions are still
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the gold standard for evaluating different binding features. However, nowadays also, an
increasing number of machine learning algorithms can predict the influence of structural
changes on the overall binding of proteins based on the framework and CDR annotations.
Since no crystal structures of the interaction between CD19 and JCAR021 were available, we
used a tool called ABodyBuilder SAbPred’®' to model the extracellular domain of JCAR021 in
silico and applied it to the webserver mCSM-AB'®?, which can predict affinity changes due to
single amino acid exchanges of antibodies or scFvs. 231 different amino acid exchanges were
predicted to result in changes in the Gibbs free energy compared to the original JCAR021-
CD19 interaction. 32 new point mutants were selected, of which 19 amino acid exchanges
were located in the framework regions and 13 in the CDRs of the JCAR021 scFv (Tab. 2). Only
substitutions predicted to achieve the biggest differences in Gibbs free energy were chosen.
However, mutations in the CDRs were only considered if the exchanged amino acids carried

biochemical properties similar to the original to preserve the CAR’s specificity.
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Tab. 2 Selected single-point mutations on the structural basis of the scFv of JCAR021

aa substitution chain structural position properties score
M35A heavy framework nonpolar — nonpolar -1.3
H36A heavy framework basic - nonpolar 2.7
H36G heavy framework basic — nonpolar -2.6
H36P heavy framework basic — nonpolar 2.7
WA48E heavy framework aromatic — acidic -2.0
S50A heavy framework polar — nonpolar -2.1
A93W heavy framework nonpolar — aromatic 2.4
S108C heavy CDR polar — polar -1.9
F113A heavy CDR aromatic — nonpolar -3.1
F113L heavy CDR aromatic — nonpolar 2.7
F113P heavy CDR aromatic — nonpolar -2.9
W116E heavy framework aromatic —acidic -3.0
W116P heavy framework aromatic — nonpolar -1.6
S168C light framework polar — polar -1.6
S172A light framework polar — nonpolar =21
S172G light framework polar — nonpolar -2.2
Y174V light framework polar — nonpolar -3.0
Y174G light framework polar — nonpolar -3.1
L184D light framework nonpolar — acidic -3.9
L184E light framework nonpolar — acidic -3.8
M185A light framework nonpolar — nonpolar -1.5
K191C light framework basic — polar -2.3
K191M light framework basic — nonpolar -2.3
S227K light CDR polar — basic -2.4
A230M light CDR nonpolar — nonpolar -2.3
N234C light CDR polar — polar -1.1
S235C light CDR polar — polar -2.6
V236F light CDR nonpolar — aromatic -1.2
V236W light CDR nonpolar — aromatic -1.3
L237F light CDR nonpolar — aromatic -1.6
L237M light CDR nonpolar — nonpolar -1.1
L237W light CDR nonpolar - aromatic -2.0
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4.4.1. Evaluation of binding strengths of JCAR021 affinity mutants

The 32 selected mutations were introduced into the JCAR021 FLEXamer DNA sequence by
Q5-mutagenesis. Afterward, mutant scFv-FLEXamers were expressed, purified, and
functionalized with Atto488 fluorophores. Freshly isolated human PBMCs were stained ex vivo
with differently labeled human CD45 mAbs for multiplexing, human CD20 mAb for B cell
identification, and the respective CAR scFv StrepTamer. 26 out of 32 scFv StrepTamers
showed high fluorescent signals of the StrepTactin-APC backbone before the addition of D-
biotin (Fig. 13A), indicating that these CAR scFvs can still recognize cognate CD19 antigen.
Besides, clear dissociation curves of the corresponding CAR scFvs were observed, and
exponential decay curves were successfully fitted (Fig. 13A). In contrast, half-lives of six
mutant scFvs could not be determined. StrepTamers of the mutants H36P, F113P, W116E,
and Y174G showed no initial staining and, consequently, no dissociation of their scFv
FLEXamers (Fig. 13B), overall suggesting that the introduced amino acid exchanges had
significant influences on the protein structure and specificity. StrepTamers of the scFv mutant
W116P revealed a weak APC signal, while L184D showed strong APC fluorescent intensity
before the addition of D-biotin. However, fitting specific dissociation curves was not feasible in
both cases due to high background signals, potentially caused by the degraded scFv protein.
Furthermore, protein yields of these six scFvs were low, and several rounds of protein
expression were necessary to gain the necessary amount, which further corroborated potential

instability due to the mutations. Overall, we classified these six CARs as non-binders.
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Fig. 13Flow cytometry-based koff-rate analysis of JCAR021 point mutants

(A+B) CD19* B cells were stained with mutant JCAR021 scFv StrepTamers. Complete dissociation of
the StrepTactin backbone (red line) defines the start of the monomeric scFv-Atto488 dissociation.
Results of the fitting of exponential decay curves of the dissociation of scFv-Atto488 are illustrated in
green. Binding kinetics of (A) 26 JCAR021 point mutants were successfully fitted, while binding kinetics
of (B) 6 mutants were not analyzable.

Measurable half-lives of the different CAR scFvs ranged from 29.7 s to 196.7 s, with some
mutants (e.g., V236F, V236W, H36G) having over five times lower kqs-rates compared to the
original JCAR021 (Fig. 14A). Therefore, for the first time, we succeeded in generating
JCARO021 mutants with preserved specificity but lower affinity than the original CAR construct.
In order to examine whether the affinity of the mutants was even as low as naturally occurring
TCRs, reference values of CMV-specific TCRs (TCR 1.4, TCR 6.2, TCR 3.4, TCR 10.4) were
provided by Thomas Miller, a former PhD student in our working group. Flow cytometry-based
kof-rates of TCRs are generally determined at 4 °C since higher temperatures can lead to T
cell activation with the internalization of the TCR/ligand complex, which ultimately interferes
with the kqs-rate measurement. In contrast, the kos-rate approach to measure CAR/CD19
interactions was optimized to be routinely performed at 20 °C; otherwise, dissociations are
challenging to be determined due to the long kinetics. In order to compare CAR and TCR half-
lives, they must be determined at the same defined temperature. Therefore, CAR kqf-rates
were also measured at 4 °C, similar to the CMV-specific TCRs (Fig. 14B). In line with the data
evaluated at 20 °C, the measurement at 4 °C resulted in a broad range of mutant CAR half-
lives ranging from 249.4 s to 1593 s (Fig. 14B). Additionally, half-lives determined at 4 °C and

20 °C strongly correlated with each other (r* = 0.978), suggesting that results determined at
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both temperatures can be reliably used (Fig. 14C). Notably, half-lives of the CARs with the
lowest affinity, V236F, V236W, and H36G, were in the range of CMV-specific TCRs (Fig. 14D).
Taken together, we succeeded in the generation of a library of 26 new CD19-targeting CARs
with high specificities and affinities extending into the range of pMHC/TCR interactions, which

also confirmed the robustness of the in silico prediction.
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Fig. 14 Anti-CD19 JCARO021 affinity library

(A+B) Half-lives of the binding between CD19 and JCARO017, JCARO021, and mutant JCAR021 scFvs
were determined by flow cytometry-based kor-rate assay either at (A) 20 °C or (B) 4 °C (n = 1-13). CAR
scFvs are ordered according to their binding strength. (C) Correlation between flow cytometry-based
half-lives was determined at 4 °C or 20 °C. (D) Half-lives of naive CMV-specific TCRs (TCR 1.4, 6.2,
3.4, 10.4) received from Thomas Miller (PhD, AG Busch), three different JCAR021 mutants, and
JCARO021 determined at 4 °C (n = 3-6).
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4.3.2 Influence of point mutations on the receptor expression of low-affinity mutants

The influence of receptor affinity on downstream functionality and safety of the corresponding
engineered T cell can only be studied with CARs that are similarly expressed on the cell
surface. Therefore, as a first step, we again evaluated the quality of CAR mutant expression.
For that, the selected 32 amino acid exchanges were cloned into the JCAR021DNA string,
which is used for retroviral transduction by Q5-mutagenesis. Subsequently, freshly isolated
PBMCs were transduced with the newly generated CAR constructs and co-stained for EGFRt

and Strep-tag expression at least three days after viral genome editing (Fig. 15).
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Fig. 15Co-expression of JCAR021 CAR-T cell mutants after single amino acid exchanges
Representative flow cytometry plots of primary PBMCs retrovirally transduced with mutant CAR
constructs and co-stained for EGFRt and Strep-tag (STIl) expression three days after retroviral
transduction. CAR-T cells were categorized into three groups (green, orange, and red) according to their
CAR surface expression.

Comparable to the alanine scanning approach (Fig. 11B), JCAR021 mutants were assigned
to three different groups according to their CAR surface expression profile, represented by the
frequency of STII" of transduced (EGFRt") T cells (Fig. 16B). CAR-T cells belonging to the
green group showed a significant correlation between STII" and EGFRt" cells and possessed
at least 70 % double expression of the two markers. In contrast, CAR-T cells with only weak
or no CAR surface expression, despite comparable levels of overall transduced cells, were
categorized into the red group. All remaining CAR-T cells, with either transduction rates below
20 % or weak co-expression of the CAR and EGFRt, were allocated to the orange group. 21
of the 32 newly generated mutants were categorized into the green group, while 7 and 4 were
assigned to the orange and red groups, respectively (Fig. 15-16). Profound changes of the
scFv folding caused by the exchange of single amino acids can result in misfolding,
aggregation, and degradation, which ultimately results in missing expression of the CAR on

the surface or low transduction efficacies at all.
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Fig. 16 Transduction and CAR surface expression profiles of JCAR021 mutant CAR-T cells

(A) Frequencies of EGFRt* transduced T cells are ordered according to their kor-rates and CAR surface
expression profile with a 20 % transduction efficacy threshold. Data are expressed as mean+SD (n = 4-
5) (B) Frequencies of STII* cells of EGFRt* transduced T cells. CAR-T cells are ordered according to
their ko-rates and CAR surface expression profile. The threshold of positive CAR expression was set
at 70 %. Data are expressed as mean+SD (n = 4-5).

The results indicate a potential correlation between the stability of the recombinant CAR scFv
FLEXamer, successful StrepTamer staining of B cells, and the corresponding surface
expression in living T cells. Indeed, all six CAR scFvs without determinable kqs-rates and low
yields after expression as recombinant proteins (H36P, F113P, W116E, W116P, Y174G,
L184D) were not or only weakly expressed on the cell surface of engineered T cells and thus
belonged to the orange or red group (Fig. 17). On the contrary, some CARs that could not be
expressed on the T cell surface were successfully used to stain CD20*/CD19" B cells. In
general, the protein stability of a recombinant CAR scFvs could be used as the first prognosis
of successfully expressed CARs. However, the final effect of exchanging amino acids within
the CAR sequence needs to be tested individually for each position and combination of the

mutation.
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Fig. 17 Summary of properties of JCAR021 mutants

Summary of features of the 32 selected amino acid exchanges of the JCAR021 extracellular domain
when introduced into the recombinant protein or the CAR expressed on primary T cells. Colors indicate
whether the point mutation can provide the particular property (green), provides it only partially (orange),
or does not provide it (red).

4.3.3 In vitro characterization of low-affinity anti-CD19 CAR-T cells

The newly generated JCAR021 mutants only differ by one single amino acid but possess a
broad spectrum of affinities ranging from low binders comparable to naturally occurring TCRs
to strong binders as clinically approved CARs. Importantly, CAR surface expression was
maintained for most of the mutants. Therefore, they provide the opportunity to dissect the
relative contribution of the CAR binding strength on the corresponding downstream CAR-T cell

function and safety. Several in vitro functional assays were performed to investigate the
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influence of CAR affinity changes. We still included CARs that did not show surface expression
(orange + red group) to ensure that this phenotype is not due to impaired staining by
conformational changes of the extracellular binding part but rather due to the absence of the

receptor.

Nur77-Jurkat activation assay

In order to address the question of whether CAR-T cells can still be specifically activated
despite the exchange of selected amino acids, firstly, we performed a rapid screening using
the Nur77-Jurkat reporter cell line. Nur77 Jurkat cells were retrovirally transduced with the
different mutated CAR constructs and co-incubated with either CD19*/GFP™* Raji tumor cells
or medium as a background control. After 3 hours, EGFRt" cells were analyzed for their
tdTomato expression by flow cytometry (Fig. 18A). After co-incubation with CD19" target cells,
specific signaling was robustly detected among all Jurkat cells expressing either JCAR017,
JCARO021, or one of the green mutant CARs. Except for the low-affinity binders V236W and
V236F, all green mutants, independent of their affinity, were activated in all five to seven
biological replicates. As expected, Jurkat cells transduced with low or not expressed CARs
(orange + red groups) were only sporadically activated by the Raji tumor cells except for the
clone A93W (Fig. 18B).

In summary, the Nur77-Jurkat screening proves that all CAR-T cells that express their
receptors correctly were also specifically activated by their target cells. Consequently, we could
confirm that the absence of CAR expression was indicative of a suboptimal receptor
expression rather than a lack of detection after antibody staining. However, no conclusions on
subtle differences in functionality due to different affinities could be drawn due to the low

sensitivity of the test.
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Fig. 18 Nur77 Jurkat activation assay with mutant low-affinity CAR-T cells

(A) Representative flow cytometry plots of the expression of Nur77 transgene conjugated to tdTomato.
Depicted are selected CAR transduced Nur77 transgenic Jurkats of each CAR expression group after
either specific stimulation with CD19* Raiji cells or incubation in medium for three hours. (B) Numbers
of experiments in which at least 20 % of EGFRt* transduced Jurkat cells were activated over the
background. Results are calculated as frequencies of all performed experiments. Mutants of the
JCARO021 affinity library belonging to the green group are ordered with decreasing affinity. The highest
affinity CAR, JCARO017, is shown on the left, while the variant V236F bearing the lowest affinity is located
on the far right. Additionally, mutants are grouped into green, orange, and red as determined before (n
= 5-7 biological independent replicates with technical duplicates).

Specific cytokine release of low-affinity anti-CD19 CAR-T cells after stimulation

In order to investigate whether lower CAR affinities, in the context of faster kqs-rates, would
result in a different sensitivity of the corresponding CAR-T cell, we studied the cytokine
production of the generated CAR library after specific stimulation with target cells. Resting T
cells transduced with and without the different affinity CAR mutants were stimulated with
CD19%/GFP* Raji cells for four hours and analyzed for their specific release of IFN-y, TNF-q,
and IL-2 in an intracellular cytokine release assay. As negative and positive controls,
transduced cells were either incubated in medium or activated by PMA/lonomycin. All EGFRt"

CAR-T cells transduced with mutant CARs of the green group showed specific production of

IFN-y, TNF-qa, and IL-2 over background dependent on their E:T-ratio when co-incubated with
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CD19-expressing target cells (Fig. 19A). Interestingly, no affinity-dependent differences in the
frequencies of IFN-y and TNF-a producing EGFRt" CAR-T cells were observed, except for the
two low binding mutants V236W and V236F which possessed the fastest ko-rates. Indeed,
significantly fewer V236W and V236F CAR-T cells reacted to the CD19" Raji cells than in the
other groups. Besides, levels of IL-2 producing cells after stimulation varied among the
different samples, identifying IL-2 expression as an ineligible marker to evaluate CAR-T cell
functionality in vitro. However, as seen before for the production of IFN-y and TNF-a, V236W
and V236F were by far the two mutants with the lowest frequencies of IL-2 producing CAR-T
cells within the green group. As expected, CAR-T cells with insufficient receptor expression
showed strongly diminished frequencies of INF-y, TNF-a, and IL-2 producing cells in
comparison to JCAR021 (Fig. 19B). In fact, CAR-T cells transduced with the mutants W116E
and F113P of the orange group and H36P, Y174G, and L184D of the red group did not show
any cytokine release, while the rest of the mutant EGFRt" CAR-T cells were marginally above

background levels of INF-y, TNF-a and IL-2 producing cells.
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Fig. 19Intracellular cytokine release of low-affinity CAR-T cells

(A+B) Frequencies of EGFRt" CAR-T cells releasing either IFN-y, TNF-a, or IL-2 over background after
specific stimulation with CD19* Raji tumor cells for four hours. Two different effector-to-target ratios were
tested (1:1, 1:0.25). (A) Cytokine production of CAR-T cells expressing CARs belonging to the green
group and (B) expressing CAR mutants of the orange and red group. CAR-T cells of the green group
are ordered with decreasing affinity. Data are expressed as mean+SD of three biologically independent

experiments with technical triplicates.
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In vitro killing efficacy of low-affinity CAR-T cell mutants

To further characterize the anti-tumor activity of the 32 CD19-specific CAR mutants, the killing
kinetics of the corresponding CAR-T cells were monitored in real-time and analyzed with an
xCelligence killing assay. HEK cells engineered to overexpress CD19 and the original CD19
HEK cell line were used as target cells, while sorted EGFRt" primary T cells transduced with
the different CAR mutants of the library were used as effector cells. Non-transduced mock cells
served as negative controls. Cytotoxicity was finally quantified by calculating the area under
the growth curve (AUC) of the killing kinetic.

All CAR-T cells with successful CAR surface expression induced CD19-specific killing and no
significant differences in the killing kinetics among the CAR constructs were observed (Fig.
20A-C). Indeed, CAR-T cells of the green group, as well as JCAR017 and JCAR021 CAR-T
cells, completely eradicated CD19" target cells within eight hours after the addition of the
effector cells applied in a 1:1 or 4:1 ratio (Fig. 20A-B). Additionally, none of the tested CAR-T
cells influenced the growth of the CD19” HEK cells, demonstrating the antigen-specific nature
of the observed cytotoxicity (Fig. 20C). Similar results were obtained by applying the CAR-T
cells in an effector-to-target ratio of 1:1, albeit ten hours were necessary until the CD19" target
cells were killed (Fig. 20A). Accordingly, no significant differences in the determined AUC
values among the CAR-T cells were identified (Fig. 20D-E). It remains to elucidate whether
these short-term in vitro cytotoxicity assays are not sensitive enough to appreciate minor
differences or if the generated lower affinities are still capable of conferring adequate
functionality.

Furthermore, no unspecific lysis of CD19" HEK cells was observed by mock control T cells. In
contrast to the results of the green group, CAR-T cells transduced with the orange CAR
mutants only controlled the tumor growth but could not efficiently eliminate the target cells. The
only two exceptions were clones F113A and F113L, which showed successful killing of CD19*
HEK cells (Fig. 20A-B). Although none of the CAR-T cells of the red group, except the clone
A93W, controlled or eradicated the target cells during the monitored 24 hours, a minimal effect

was observed compared to mock control T cells. However, this slight difference is insufficient
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for any therapeutic application. These findings support that CARs of the red group are not

expressed on the cell surface due to the introduced amino acid exchange. For AO3W CAR-T

cells, the minimal CAR expression seems sufficient to provide at least some killing efficacy.
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Fig. 20xCelligence killing assay of low-affinity CAR-T cells

(A-C) Growth curves of (A) CD19" HEK target cells (E:T = 1:1), (B) CD19* HEK target cells (E:T = 4:1)
and (C) CD19 HEK target cells (E:T = 4:1) after the addition of sorted EGFRt" CAR-T cells determined
by impedance-based real-time xCelligence assay. CAR-T cells were assigned to the respective CAR
expression groups. Untransduced mock T cells from the same donor were used as a negative control.
Data are presented as mean+SD. (D+E) Calculation of the area under the growth curve (AUC) of CD19*
and CD19 HEK cells for 24 hours after applying EGFRt* CAR-T cells. (D) The killing potential of CAR-
T cells belonging to the green group or (E) orange and red group. Data are represented as mean+SD
(n = 3) and representative of two biologically independent experiments.

Similar results were obtained in a flow cytometry-based killing assay with naturally CD19-
expressing Raiji cells. Transduced CAR-T cells were co-incubated in an effector-to-target ratio
of 4:1 with CD19"/GFP* Raiji cells. After 48 hours, absolute numbers of remaining target cells
were determined by flow cytometry, and specific lysis was calculated relative to the mock
control. Raji target cells were distinguished from the effector cells due to their constant GFP
expression (Fig. 21A). The killing efficacies of CAR-T cells belonging to the green group were
similarly high as JCAR017 and JCARO021 killing efficacies (over 90 % of specific lysis).
Interestingly, significant differences were only detected for the mutants V236W and V236F,

which possessed the weakest binding strength towards CD19. In contrast to the xCelligence

assay, all CAR-T cells of the orange group could efficiently kill the Raji cells, except for the
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mutants W116E and W116P, which only moderately lysed the CD19" target cells. Comparable
to the xCelligence assay, none of the four red CAR-T cells caused any lysis of the tumor cells.
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Fig. 21Flow cytometry-based killing assay of low-affinity CAR-T cell mutants

(A) Representative flow cytometry plots of GFP* Raji tumor cells before and after co-incubation with
CAR-T cells for 48 hours in an effector-to-target ratio of 4:1. Colors illustrate to which expression group
the different CAR-T cells belong. (B+C) Specific lysis of CD19* Raiji tumor cells after co-incubation with
CAR-T cells belonging to the (B) green or (C) orange and red group for 48 hours normalized to the mock
control group. CAR-T cells of the green group are ordered with decreasing affinity. Data are expressed
as mean+SD of three biologically independent experiments with technical triplicates. Statistical testing
by one-way ANOVA, *p < 0.05 using JCAR021 as a reference control.

In summary, we generated a library of 32 JCAR021-derived CAR mutants containing single-
point mutations in their framework and CDR region, resulting in lower affinities than the original
construct, down to affinities even in the range of TCRs. Despite the exchange of amino acids,
21 CAR mutants were easy to transduce into primary human T cells and are successfully
expressed on the cell surface. In addition, the findings of the in vitro screening demonstrated
that all engineered anti-CD19 CAR-T cells with good receptor expression maintained a high

functional profile. Intriguingly, we observed a potential threshold of in vitro functionality within

the group of successfully expressed anti-CD19 CARs at half-lives of around 50 s, suggesting
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that in vitro functionality of CAR-T cells is highly robust within a broad range of binding
strengths but starts to be reduced with receptor affinities in the range of TCRs. Furthermore,
the findings of the in vitro screening demonstrated that direct staining of the CAR is essential
to verify successful receptor surface expression, as co-expressed markers are insufficient for
this purpose. Although connected by a T2A element, the use of co-expressed markers, in our
case EGFRt, was not sufficient to determine the receptor expression, as some mutations

interfered and thus influenced the expression of the CAR but not of the transduction marker.
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4.5 In vivo functionality of low-affinity CAR-T cells in a sub-optimal Raji tumor
model

Findings from the in vitro screening of the anti-CD19 CAR affinity library suggested that a
relatively broad window of reduced CAR affinities is tolerated in terms of the maintained
functionality of the corresponding CAR-T cells. The threshold of the CAR binding strength for
sufficient in vitro tumor clearance was identified at extremely fast kox-rates for CARs (t12 = 50
s at 20°C), which were comparable to values determined for highly functional TCRs. All T cells
transduced with receptors above this threshold showed similar cytotoxicity and cytokine
production after target-specific stimulation. In order to examine whether these results could be
confirmed in vivo, we investigated the anti-tumor efficacy, expansion, and engraftment
potential of CAR-T cells expressing receptors with different kow-rates in an
immunocompromised xenograft NSGS tumor model. JCARO17, JCARO021, and three
representative JCARO021 mutants belonging to the green group were selected. The three
chosen CAR mutants are equally distributed over the JCAR021-derived affinity library and
reflect the broad spectrum of accessible CAR binding strengths. While the CAR mutant V236W
possesses a Kos-rate below the suggested in vitro functionality threshold (t1. = at 43s; 22°C),
L237W has an affinity much stronger than the threshold but still weaker than JCAR021 (t12 =
at 64s; 22°C). In order to cover the overall library, the mutant M35A was additionally selected,
as its affinity is located at the border of in vitro functional and low functional CARs (t12 = at 96s;
22°C). In addition, untransduced mock T cells derived from the same healthy donor were used

to control for potential xenogeneic T cell responses.

4.5.1 Experimental setup of a suboptimal xenograft Raji tumor model

In order to study the anti-tumor efficacy of CAR-T cells with different receptor binding strengths,
a xenograft mouse model using CD19"/GFP™* Raji tumor cells, similar to the in vitro assays,
was established (Fig. 22A). These tumor cells had been modified to express both the firefly
luciferase (ffluc) and GFP, which allowed tracking of tumor growth by non-invasive serial

imaging by bioluminescence (BLI) and flow cytometry on blood specimens.
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Immunocompromised NSGS mice were inoculated intravenously (i.v.) with 0.5x10° CD19" Raji
tumor cells, followed by another i.v. injection of the respective CAR-T cells one week later.
Freshly isolated and activated PBMCs were retrovirally transduced with the different CAR
constructs, sorted for EGFRt" cells, and expanded for three weeks before they were adoptively
transferred into the tumor-bearing mice. Successful tumor engraftment before CAR-T cell
injection was tested by in vivo imaging (IVIS), after which tumor-bearing mice were equally
divided into groups of six to eight animals. The survival of the mice was followed for one month,
persistence and expansion of CAR-T cells were monitored by weekly blood staining, and tumor
growth was followed by in vivo imaging. After 28 days, CAR-T cell engraftment was determined
by flow cytometry analysis of blood, spleen, and bone marrow. Given the previously reported
high in vivo efficacy of JCAR017 (FMC63), we decided to test our CARs in a suboptimal tumor
setting, established by lowering the injected CAR-T cell dose to 4x10° EGFRt" CAR-T cells,
including 0.8x10° CD8* EGFRt" cells per mouse. In this way, we expected to emphasize
putative existing differences in CAR functionality.

All five CAR-T cell products showed transduction efficacies between 80-90 %, as indicated by
EGFRt and Strep-tag co-staining prior to CAR-T cell infusion (Fig. 22B-C). Also, the MFls of
EGFRt and STIl of the EGFRt" T cells were similar (Fig. 22D), indicating equal expression
levels of the CAR on the cell surface. Additionally, all EGFRt" CAR-T cell products were
composed of 18-20 % CD8" cells (Fig. 22E), expressed similar low levels of the activation
marker PD-1 (Fig. 22F), and showed a comparable ex vivo phenotype pattern (Fig. 22G).
Overall, we could not find major differences in the quality and composition of the generated

CAR-T cell products.
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Fig. 22Experimental set-up of a suboptimal Raji tumor model to test low-affinity CAR-T cells

(A) Schematic overview of the experimental setup of the in vivo functional testing of CAR-T cells with
different affinity in a suboptimal tumor Raji xenograft tumor model. (B) Representative flow cytometry
plots of CAR-T cell infusion products. Transduction efficacy and CAR surface expression were
determined by co-staining of EGFRt and Strep-tag (STII). (C) Transduction efficacies of the different
CAR-T cell products are represented by frequencies of EGFRY/STII double-positive cells. (D) EGFRt
and STIl mean fluorescent intensities (MFI) of EGFRt" CAR transduced T cells. (E) Frequencies of PD-
1 expressing cells of the transduced T cells composing the injection products. (F) Distribution of CD8*
and CD8 cells within the EGFRt* transduced CAR-T cell products. (G) The phenotypic pattern of the
five different CAR-T cell products.

4.5.2 In vivo cytotoxicity of low-affinity CAR-T cells

The survival of the tumor-bearing mice was followed for one month after CAR-T cell injection
(Fig. 23A). All mice treated with T cells expressing JCAR017 survived, as the tumor growth
was successfully controlled by the transferred CAR-T cells. As expected, control mice
receiving mock T cells had to be sacrificed due to a high tumor burden between days eleven

and twelve post T cell injection. Mice treated with the low-affinity CARs JCAR021, L237W and
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M35A showed significantly enhanced survival compared to the mock control group, but
surprisingly and in sharp contrast to the in vitro data, they did not adequately control tumor
growth as compared to high-affinity JCAR017 CAR-T cells. Indeed, some mice had to be
sacrificed before the planned endpoint. Finally, super-low-affinity V236W CAR-T cells had
almost no effect on the survival of the treated mice. In this group, all mice succumbed between
days 11 and 15 post CAR-T cell injection.

Furthermore, the tumor burden of the mice was routinely monitored by in vivo imaging (Fig.
23B). One day prior to CAR-T cell injection, similar bioluminescence signals of Raji tumor cells
were detected in all mice, mainly localized in the bone marrow and femurs (Fig. 23B). Seven
days after CAR-T cell injection, mice receiving mock T cells and CAR-T cells expressing the
V236W mutant showed rapidly disseminated tumor infiltration and high levels of
bioluminescence (Fig. 23B-D). The four other CAR-T cell groups could delay tumor growth,
albeit JCARO17 and JCARO021 CAR-T cells were more effective in inhibiting tumor progression
than L237W and M35A expressing CAR-T cells. Although the tumor was continuously growing
in all groups due to the relatively low dose of administered therapeutic T cells, a significantly
lower tumor burden was found in mice treated with high-affinity JCAR017 CAR-T cells
compared to the low-affinity ones on day 14 post CAR-T cell transfer. In general, low-affinity
CAR-T cells revealed high in vivo cytotoxic potentials, but, in contrast to the in vitro
experiments, their killing efficacy correlated closely with the affinity of the CAR. Indeed,
functional differences were already observed when comparing high-affinity JCAR017 and low-
affinity JCAR021 CAR-T cells. Further reducing the CAR affinity diminished the cytotoxic
potential of the corresponding CAR-T cells. Interestingly, we also identified a lower CAR affinity
threshold, similar to the determined in vitro affinity limit, below which CAR-T cells did not

improve the survival of the treated mice.
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Fig. 23/n vivo cytotoxicity of low-affinity CAR-T cells

(A) Kaplan Meier curve of mice treated with low-affinity CAR-T cells in a suboptimal tumor model
followed for 28 days after the CAR-T cell transfer. (B) Representative bioluminescence images of Raji-
bearing mice treated with different CAR-T cell products were followed weekly over one month. Only 3-
4 mice are depicted per group. (C) The tumor burden of Raji-ffluc tumor cells was quantified and
measured as the maximum photon per second per cm? per steradian of the whole body of the mouse.
Lines represent the mean+SD of average bioluminescence signals (n = 6-8) (D) Average radiance of
different groups on day 7 and day 14 post CAR-T cell transfer expressed as mean+SD (n = 6-8).
Statistical testing by one-way ANOVA, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
using the JCARO017 group as a reference control.

Findings of this first performed suboptimal tumor model were confirmed in a small repetition
experiment (n =3-4). One week after the inoculation of 0.5x10° CD19* Raji tumor cells, 0.8x10°
CD8" EGFRt" T cells, corresponding to a total number of 2x10° EGFRt" CAR-T cells, were
intravenously injected as bulk populations. CAR-T cells were not sorted prior to the transfer,
but transduction efficacies (Fig. 24A-B) and transgenic receptor expression levels (Fig. 24C)
were similar among CAR-T cells. Due to a higher but overall similar ratio of CD8" to CD8" cells
among the groups (Fig. 24D), a lower number of total CAR-T cells was injected compared to

the first experiment.

114



RESULTS

As observed before, all CAR-T cells, except for super-low-affinity V236W CAR-T cells,
improved the overall survival of the treated mice in comparison to the mock control group (Fig.
25E). However, the overall survival of the mice and the tumor progression depended on the
receptor affinity (Fig. 25F). While all mice treated with JCAR017 CAR-T cells survived the
observation period, some of the mice treated with lower affinity CAR-T cells had to be sacrificed
at later time points due to the development of a high tumor burden. Again, due to the use of a

suboptimal model, none of the constructs completely eradicated the tumor cells (Fig. 25E).
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Fig. 24Repetition of testing low-affinity CAR-T cells in a suboptimal tumor model

(A) Flow cytometry plots illustrating the co-staining of EGFRt and Strep-tag of the different CAR-T cell
products prior to the adoptive transfer into mice. (B) Transduction efficacies of injection CAR-T cells are
represented by frequencies of EGFRt/STII double-positive cells. (C) STIl mean fluorescent intensities
(MFI) of EGFRt* CAR-T cell products. (D) The ratio of CD8* and CD8 cells of infused EGFRt* CAR-T
cells. (E) Survival curves of mice treated with CAR-T cells expressing CARs with different affinities. Mice
were followed for 30 days. (F) The tumor burden of Raji-ffluc tumor cells was quantified and measured
as the maximum photon per second per cm? per steradian of the whole body of the mouse. Lines
represent mean+SD of average bioluminescence signals (n = 3-4). (G) Average radiance of different
CAR-T cell groups on day 7 and day 14 post CAR-T cell infusion (n = 3-4). Data expressed as mean+SD.
Statistical testing by one-way ANOVA, ns p > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using the
JCARO17 group as a reference control.
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The repetition experiment confirmed that low-affinity CAR-T cells with binding strengths above
a certain threshold have the potential to eradicate tumor cells in vivo. However, in contrast to
the in vitro experiments, low-affinity CAR-T cells cannot control high tumor burdens long-term.
Consequently, the findings suggest a correlation between CAR-T cell efficacy and receptor

affinity, at least in the performed suboptimal tumor model.

4.5.3 Expansion, persistence, and engraftment of low-affinity CAR-T cells

In order to examine why low-affinity CAR-T cells showed reduced in vivo cytotoxicity compared
to high-affinity JCARO17 CAR-T cells, we investigated the proliferative capacity and activation
of the different CAR-T cell groups in the first performed in vivo experiment.

Robust expansion of all EGFRt" CAR-T cell products in the circulation was observed from day
14 after CAR-T cell transfer onwards (Fig. 25A). Seven days after the adoptive transfer of
CAR-T cells, only very few EGFRt" cells were detected in the peripheral blood, with JCAR017
CAR-T cells revealing the highest numbers. One week later, a substantial expansion of all
EGFRt" CAR-T cells was detected, with significantly higher numbers of low-affinity CAR-T cells
circulating in the bloodstream than JCAR017 CAR-T cells. This difference was compensated
on day 21 post CAR-T cell injection when similarly high CAR-T cell numbers among the
different groups were observed. Interestingly, while lower affinities seemed to correlate with
the extent of CAR-T cell expansion on day 14, we detected a lower frequency of PD-1
expressing cells in mice treated with CAR-T cells of the groups M35A and V236W, indicating
a higher accumulation in the circulation but overall lower activation of low-affinity CAR-T cells
(Fig. 25B-C). Although this result appears contradictory, the number of circulating CAR-T cells

does not necessarily represent the accumulation of CAR-T cells at the tumor site.
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Fig. 25Expansion and activation levels of low-affinity CAR-T cells in a suboptimal tumor model

(A) Weekly blood analysis of individual mice receiving CAR-T cells. Absolute numbers of EGFRt* CAR-
T cells in 100 pl blood on day7 day 14 and day 21 after CAR-T cell transfer. Statistical testing by Kruskal-
Wallis test, ns p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001. Data expressed as mean+SD. (B)
Representative flow cytometry plots of circulating EGFRt" CAR-T cells expressing PD-1 on day 14 and
day 21 after CAR-T cell treatment. (C) Frequencies of PD-1* cells of EGFRt" transduced CAR-T cells
circulating in the blood on day 14 and day 21 post CAR-T cell injection. Data are expressed as mean+SD
(n = 6-8). Statistical testing by one-way ANOVA, ns p > 0.05, **p < 0.01, ***p < 0.001 using the JCAR017
group as a reference control.

Indeed, transferred hCD45" cells of all groups successfully engrafted into the secondary
lymphoid organs (bone marrow and spleen), as significantly higher absolute cell numbers were
identified in mice treated with CAR-T cells than mock T cells (Fig. 26A). However, flow
cytometry analysis of the bone marrow revealed significantly higher absolute numbers of
EGFRt" cells in the mouse group treated with high-affinity JCAR017 CAR-T cells compared to
groups treated with low-affinity CAR-T cells. Interestingly, in contrast to the stronger
accumulation of low-affinity CAR-T cells in the blood on day 14, lower numbers of CAR-T cells
were observed in the bone marrow (Fig. 26B-C). Additionally, no significant difference in CAR-
T cell engraftment was detected in the spleen, as systemically applied Raiji cells mainly
accumulate in the bone marrow of NSGS mice (Fig. 26B). Overall, all CAR-T cells could engraft
into the secondary lymphoid organs. However, the higher persistence of high-affinity CAR-T
cells in the bone marrow is potentially linked to enhanced tumor-specific stimulation and

expansion and could also explain the better anti-tumor activity compared to low-affinity CAR-

T cells.
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Fig. 26 Engraftment of CAR-T cells into lymphoid organs

(A) Weekly blood analysis of individual mice receiving CAR-T cells. Absolute numbers of transferred
human CD45* cells in bone marrow and spleen at the endpoint of the respective mouse. Data are
expressed as mean+SD (n = 6-8). (B) Absolute numbers of transferred EGFRt* CAR-T cells in bone
marrow and spleen at the endpoint of the respective mouse. Data are expressed as mean+SD (n = 6-
8). Statistical testing by one-way ANOVA for bone marrow samples and Kruskal-Wallis test for spleen
samples, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 using the JCARO017 group as a
reference control. (C) Representative flow cytometry plots illustrating the frequency of EGFRt* cells
among transferred hCD45" cells in the bone marrow at the endpoint of the experiment.

A more detailed analysis of EGFRt" CAR-T cells in blood, bone marrow, and spleen at the
endpoint demonstrated a clear correlation between the activation status of CAR-T cells and
their receptor affinity. While over 80 % of JCARO017, JCAR021, and L237W expressing CAR-
T cells in the bone marrow co-expressed the activation markers HLA-DR and PD-1, only 40 %
and 60 % of M35A and V236W CAR-T cells, respectively, were positive for these two markers
(Fig. 27A-B). Similar effects were also observed in the blood, where 60 % of the JCAR017,
JCARO021, and L237W CAR-T cells were double-positive, but only 30 % of CAR-T cells
expressing M35A and V236W were activated. Finally, frequencies of CAR-T cells expressing
the examined activation markers correlated with the affinity of the receptor in spleens of the
treated mice. These findings are in line with the slightly reduced activation levels of circulating
super-low-affinity M35A and V236W-expressing CAR-T cells and can partially explain the
overall higher number of high-affinity JCAR017 CAR-T cells found in the bone marrow.
Although slightly elevated frequencies of PD-1"/HLA-DR™ CAR-T cells were found in the blood
and spleen of mice treated with JCAR017 CAR-T cells compared to V236W CAR-T cells, these
frequencies were overall too low to represent high levels of exhaustion, and thus cell death

due to overstimulation (Fig. 27C). Therefore, the lower functionality of low-affinity CAR-T cells
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seems to be a combination of lower infiltration in the bone marrow together or even because

of a lower activation of the adoptively transferred cells.
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Fig. 27 Activation levels of low-affinity CAR-T cells in the secondary lymphoid organs

(A) Representative plots of co-expression of PD-1 and HLA-DR of EGFRt* transduced CAR-T cells in
the bone marrow analyzed by flow cytometry. (B) Frequencies of PD-1*/HLA-DR" cells of EGFRt* CAR-
T cells in either blood, bone marrow, or spleen at the endpoint. Statistical testing by one-way ANOVA,
**p £0.01, ***p < 0.0001 using the JCARO017 group as a reference control. Only significant differences
are depicted. (C) Frequencies of PD-1"/HLA-DR" cells of EGFRt* CAR-T cells either in blood, bone
marrow, or spleen at the endpoint of the experiment (n = 6-8). Data are expressed as mean+SD.
Statistical testing by one-way ANOVA, *p < 0.05, ***p <0.001, ****p < 0.0001 using the JCAR017 group
as a reference control.

4.5.4 Receptor downregulation and differentiation of low-affinity CAR-T cells

T cell activation is usually accompanied by downregulation of the specific receptor on the cell
surface and thus represents a relatively sensitive readout for antigen-specific receptor
engagement. While all transferred STII* cells were positive for the transduction marker EGFRt
(Fig. 28A), different CAR expression levels of EGFRt" cells were detected in the bone marrow
of the different groups (Fig. 28B-C). Frequencies of CAR-expressing cells of EGFRt" JCAR021
and L237W CAR-T cells were strongly reduced compared to EGFRt" JCAR017 CAR-T cells
(Fig. 28B), potentially due to a higher tumor burden and thus higher antigen load in these mice.
Also, the improved ability of serial triggering of the low-affinity CAR-T cells could explain the
observed more robust internalization of the CAR. Surprisingly, the two super-low-affinity CAR-
T cells M35A and V236W did not downregulate their CAR, which is in line with their diminished

activation levels. In addition, none of the transferred EGFRt" CAR-T cells in the spleen
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downregulated their CAR, as no or only low numbers of CD19" tumor cells accumulate at this
site.

Furthermore, parallel staining of the transduction marker EGFRt and the CAR via the Strep-
tag demonstrates that, although both receptors are connected via a T2A-element, they are not
always equally expressed on the cell surface. While mRNA levels should stay constant, the
protein expression can be different. Therefore, staining both markers or sorting the target
population before the adoptive transfer is essential to precisely monitor the CAR-T cell

population of interest.
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Fig. 28Receptor downregulation of retrovirally transduced low-affinity CAR-T cells in vivo

(A) Frequencies of EGFRt* cells of CAR-expressing T cells in the bone marrow and spleen at the
endpoint of the experiment. (n = 6-8). Data are expressed as mean+SD. Statistical testing by one-way
ANOVA, ns p > 0.05 using the JCARO017 group as a reference control. (B) Frequencies of CAR-
expressing (STII*) cells among the EGFRt* CAR-T cells in bone marrow and spleen at the endpoint.
Data are represented as mean+SD (n = 6-8). Statistical testing by one-way ANOVA, ns p > 0.05, ***p <
0.001, ****p < 0.0001 using the JCARO17 group as a reference control. Only significant statistics are
shown. (C) Representative flow cytometry plots of EGFRt" CAR-T cells in the bone marrow were
analyzed for CAR expression by STl staining.

Apart from the activation status and receptor downregulation, we also tested the
consequences of affinity reduction on the diversification of the transferred CAR-T cells in bone
marrow and spleen. The subset diversification of EGFRt" CAR-T cells was based on
expression levels of the phenotypic markers CD62L and CD45RA (Fig. 29A). The main
differences in the phenotypic composition of the different CAR-T cell groups were observed
depending on their receptor binding strength (Fig. 29B). The main population of JCAR017
CAR-T cells in the bone marrow, with 70 % of all EGFRt" cells, were effector memory T cells

(Tem; CD62L7/CD45RA"), while nearly 30 % differentiated into effector T cells (Te; CD62L"

ICD45RA") and 4 % of the population kept a central memory phenotype (Tecm;
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CD62L*/CD45RA"). In contrast, 60 % of the low-affinity CAR-T cells in the bone marrow fully
differentiated into effector T cells, and only 20 % had an effector memory phenotype.

Moreover, low-affinity CAR-T cells preserved a naive population (T.; CD62L*/CD45RAY),
underlining that they were not fully engaged and recruited into the tumor response.
Interestingly, the relative frequencies of this population increased with lower receptor affinity.
Even 40 % of the super-low-affinity CAR-T cells expressing V236W showed a naive
phenotype, again emphasizing the low activation of T cells expressing CARs with affinities
below a certain threshold. Such enormous differences between the CAR-T cell groups were
not observed in the spleen. Here, typical memory subset phenotypes made up the most
prominent subset of the EGFRt" CAR-T cells, with only low levels of effector phenotype CAR-
T cells among the different investigated groups. However, V236W CAR-T cells revealed the
least differentiated phenotype again. Overall, the weaker differentiation and higher frequency
of naive CAR-T cells support the finding that low-affinity CAR-T cells are not or are much less
engaged in the tumor response, which is in line with a lower PD-1 expression and a more

potent tumor progression in these mice.
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Fig. 29 Differentiation patterns of adoptively transferred CAR-T cells in secondary organs

(A) Representative flow cytometry plots illustrating the phenotypic distribution of EGFRt* CAR-T cells in
the bone marrow at the endpoint analyzed by staining for CD62L and CD45RA. (B) Phenotypic analysis
of transferred EGFRt* CAR-T cells by flow cytometry in bone marrow and spleen at the endpoint. T
(CD62L" CD45RA"), Tem (CD62L* CD45RA"), Tem (CD62L" CD45RA"), Terr (CD62L" CD45RA"). Data
are expressed as mean+SD.

In contrast to the unaffected in vitro functionality of low-affinity CAR-T cells, significant
differences in the cytotoxic expansion and engraftment potential of CAR-T cells possessing
different affinities were determined in vivo. While high and low-affinity CAR-T cells

demonstrated good in vivo functionality, as they were able to control the tumor growth
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compared to control mock T cells, we observed a clear positive correlation between higher
affinities and a more prolonged survival of the treated mice. Although reasonable tumor
response rates were detected for all of the tested low-affinity CAR-T cells, except the super-
low-affinity ones, high-affinity CAR-T cells were beneficial in this suboptimal tumor model. In
line with the in vitro findings, we identified the same lower limit of CAR affinity, which is
necessary to preserve the cytotoxic potential of the CAR-T cells.

Furthermore, the different CAR-T cell products showed specific activation, expansion, and
persistence but were still dependent on their receptor binding strength. Indeed, the strong
killing capacity of CAR-T cells expressing high-affinity JCARO17 can be explained by the
improved infiltration into the bone marrow, where CAR-T cells are highly activated due to the
remaining tumor burden. Also, JCAR021 and L237W CAR-T cells were strongly activated,
which was represented by a strong upregulation of PD-1 and HLA-DR and the internalization
of their CAR. However, their engraftment rate was clearly reduced, and thus these CAR-T cells
were not as efficient in controlling the tumor cells as the high-affinity ones. Finally, the low
cytotoxic potential of super-low affinity CAR-T cells resulted from reduced recruitment,
activation, and expansion at the relevant tumor site, as they did neither express high levels of
the activation markers nor downregulated their receptor as a sign of activation and preserved
a relatively high fraction of naive T cells.

Taken together, also CAR-T cells with reduced affinity are still functional in vivo, however,
killing efficiencies are decreased compared to high-affinity CAR-T cells, and thus sufficient

functionality cannot be guaranteed in high tumor burden settings.
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4.6 Analysis of CAR-related side effects in a humanized CRS mouse model

Successful CAR-T cell treatment should comprise a highly functional anti-tumor response on
the one hand together with low toxicities on the other hand. The tested low-affinity CAR-T cells
with binding strengths above a certain threshold still showed a certain extent of functionality in
vivo but also lower engraftment into the bone marrow. As these results suggested a reduced
initial expansion potential of low-affinity CAR-T cells, we hypothesized that the transfer of weak
binders could also result in milder toxicities than CAR-T cells with high receptor affinities. So
far, there are only limited possibilities to study the development of toxicities after the transfer
of CAR-T cells in pre-clinical in vivo models. In general, the adoptive transfer of human-
engineered cell products must be tested in immunocompromised mouse models to avoid
transplant rejection and xenoreactivity between graft and recipient T cells. However,
immunodeficient mice do not develop CAR-T cell-related side effects, as necessary bystander
cells, mainly monocytes, and macrophages, are missing. In order to close this gap, a few years
ago, an advanced humanized mouse model was developed to study Cytokine-Release-
Syndrome (CRS) after the adoptive transfer of CAR-T cell products®. We established this
advanced in vivo model at our institute and adapted it to use our available CD19"* Raji tumor
cell line to investigate the influence of receptor affinity on the development of CAR-T cell-
related side effects. In general, tumor cells are intravenously injected into humanized NSGS
mice, followed by the adoptive transfer of CAR-T cells. During the first week after CAR-T cell
injection, clinical signs of CRS, e.g., weight loss and intense release of cytokines into the
bloodstream, can be detected and analyzed. Additionally, the cytotoxic potential, expansion,
and engraftment of the transferred CAR-T cells can be studied in this advanced humanized in

vivo model.

4.6.1 Setup of a CRS mouse model to test low-affinity CAR-related side effects
In order to test whether the reduction of affinity has positive effects on CAR-T cell-related side
effects, four-week-old female NSGS mice were sublethally irradiated with 1.5 Gy and

intravenously inoculated with 0.01x10° CD34" human cord blood-derived hematopoietic stem
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cells (hHSCs) (Fig. 30A) with a purity of 76.3 % (Fig. 30B). No adverse events due to residual
hCD45" cells were observed during the weakly health monitoring (data not shown). Successful
humanization was confirmed eight weeks after the transfer of the hHSCs, as all mice revealed
high frequencies and absolute numbers of hCD45" cells in the blood (Fig. 30C-E). According
to the Jackson Laboratory, mice are regarded to be successfully humanized when the
frequencies of circulating human CD45" cells of all CD45" cells are higher than 20 %. However,
we usually used mice that reached humanization levels above 50 %. Most of the hCD45"
leukocytes were CD19" B cells, but mice also developed sufficiently high numbers of human
CD33" macrophages and CD14" monocytes, which are necessary to study the development
of CAR-T cell-related CRS (Fig. 30C-E). 0.5x10° CD19*/GFP* Raji-fluc tumor cells were
injected intravenously into successfully humanized mice, followed by adoptive transfer of 7x10°
EGFRt" CAR-T cells one week later (n = 8). As the number of mice was limited, we decided to
compare the safety profile of the clinically relevant high-affinity JCAR017 CAR-T cells with
CAR-T cells expressing the low-affinity JCAR021, which was identified as the most functional
low-affinity CAR.

Additionally, untransduced mock T cells from the same donor were used as a negative control
to check for allo- or xenoreactivity of the graft. The development of CAR-T cell-related CRS
was monitored by daily weight and temperature measurements, whereas serum collections
were used to analyze the cytokine production of the transferred cells during the first-week post
CAR-T cell injection. Tumor growth was tracked by weekly non-invasive in vivo imaging of the
mice, and CAR-T cell activation, expansion, and engraftment were evaluated during weekly
blood stainings and in secondary lymphoid organs (spleen and bone marrow) latest on day 35
post CAR-T cell transfer.

CAR-T cells were generated by retroviral transduction of freshly isolated PBMCs derived from
a healthy donor. To discriminate humanized CD45" cells and transferred CAR-T cells by flow
cytometry, blood donors were selected according to their HLA-A2 status. While donor hHSCs
were HLA-A2", CAR-T cells were produced from blood from an HLA-A2" donor. Overall, no

differences were observed between the two CAR-T cell products. 80 % of both CAR-T cell
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injection products were EGFRt and STII double-positive (Fig. 30F) and revealed similar
expression levels of the two markers after purity sorting (Fig. 30G-H). In addition, between 30-
40 % expressed PD-1" (Fig. 301) and only 10 % CD8" T cells were detected in the CAR-T cell

products (Fig. 30J) after ex vivo expansion.
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Fig. 30 Setup of a humanized CRS mouse model to study CAR-related side effects

(A) Schematic overview of the experimental setup of the humanized CRS mouse model. (B) Flow
cytometry plot of purified hHSCs stained for CD34* and CD45* to determine the purity of the injection
product. (C) Representative gating strategy to evaluate the humanization frequency and subpopulations
of the humanized mice. (D) Frequencies and absolute cell numbers (E) of humanized cells in 100 pl of
blood. (F) Transduction efficacies of the two CAR-T cell products are represented by frequencies of
EGFRt/STII double-positive cells. (G) EGFRt and (H) STII mean fluorescent intensities (MFI) of EGFRt*
CAR transduced T cells. (I) Frequencies of PD-1 expressing cells of the transduced injection product.
(J) Distribution of CD8" and CD8 cells within the EGFRt* transduced CAR-T cell product.
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4.6.2 Development of CRS after the adoptive transfer of low-affinity CAR-T cells

Once we set up the CRS mouse model, we followed the development of treatment-related side
effects after transferring high and low-affinity CAR-T cells. As expected, all CAR-T cell-treated
mice developed clinical symptoms of CRS, while no side effects were observed in mice treated
with mock control T cells. However, the grade of CRS was significantly lower in mice receiving
low-affinity CAR-T cells. Indeed, while the JCAR021 group showed only mild signs of CRS,
mice of the high-affinity JCARO17 group developed severe symptoms. Due to a substantial
weight loss and overall sickness, 25 % of the mice treated with JCARO017 CAR-T cells had to
be sacrificed on day three after CAR-T cell transfer (Fig. 31A). Although weight loss was
observed in all CAR-T cell treated mice, the ones belonging to the JCAR021 group lost not
more than 15 % of their starting weight and already started to recover three days after CAR-T
cell injection (Fig. 31B). In contrast, mice of the JCAR017 group lost over 20 % of their starting
weight within three days and suffered longer until their weight increased again. In the original
published CRS mouse model, elevated body temperature was identified as another clinical
sign of CRS. However, in our humanized model, we noticed even a decrease in body
temperature of all CAR-T cell-treated mice, which we associated with the substantial weight
loss (Fig. 31C). Differences in the temperature development between the two models could be
due to the different used tumor cell lines. Besides weight loss, the release of cytokines into the
circulation represents another major clinical sign of CRS. Therefore, cytokine levels were
measured in the serum of the mice on days 3 and 5 post CAR-T cell transfer (Fig. 31D).
Elevated levels of the investigated cytokines INF-y, TNF-a, IL-10, and IL-6, were found in both
CAR-T cell groups, while no cytokine production was observed in the mock group. Notably,
similar to the weight loss, JCAR021 CAR-T cells produced significantly lower amounts of
cytokines than JCAR017 CAR-T cells.

Taken together, we could confirm a clear connection between the development of CAR-T cell-
related toxicities and the affinity of the receptor. Consequently, a reduction of the CAR binding
strength can mitigate the grade of CAR-T cell-related side effects, thus indicating that using

low-affinity CAR-T cells could improve the safety of CAR-T cell therapy.
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Fig. 31CRS clinical symptoms after CAR-T cell transfer in a humanized mouse model

(A) Survival curve correlated to the development of CRS in mice during the first ten days after CAR-T
cell transfer. (B) Kinetics of the weight development during the first five days after the administration of
CAR-T cells. Weight loss was normalized to the starting weight before CAR-T cell injection. Data are
presented as mean+SD (n = 6-8). Statistical testing by two-way ANOVA, ns p > 0.05, ****p < 0.0001
using the JCARO017 group as a reference control. (C) Body temperature of mice treated with CAR-T cells
during the first five days after transfer. Temperatures are calculated as differences according to the
average body temperature of mice treated with mock CAR-T cells. Data are represented as mean+SD.
Statistical testing by two-way ANOVA, ns p > 0.05 using the JCAR017 group as a reference control. (D)
Concentrations of INF-y, TNF-a, IL-10, and IL-6 in the serum on day 3 and day 5 after CAR-T cell
transfer. Statistical testing by one-way ANOVA, ns p > 0.05, ***p < 0.001, ****p < 0.0001 using the
JCARO017 group as a reference control.

4.6.3 Cytotoxicity of CAR-T cells in a humanized mouse model

Besides the development of CRS, we also looked into the cytotoxic potential of CAR-T cells in
this model. However, in contrast to other non-humanized in vivo models, the only short-term
killing can be analyzed, as alloreactive effects can occur during later time points. Nevertheless,
an advantage of the humanized mouse model is that, additionally to the transferred tumor cells,
humanized B cells also represent a target and thus an additional readout for the killing efficacy
of anti-CD19 CAR-T cells.

As expected, both JCAR017 and JCAR021 CAR-T cells efficiently eradicated the B cells
circulating in the bloodstream (Fig. 32A-C), albeit a faster B cell clearance was observed for
high-affinity CAR-T cells. Indeed, B cells in mice treated with JCAR017 CAR-T cells were
already depleted by day seven after CAR-T cell transfer, while B cells were still detected in the

circulation of mice treated with JCAR021 CAR-T cells until day 10. Furthermore, absolute
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numbers of B cells were significantly reduced in the bone marrow and spleen of CAR-T cell-
treated mice compared to the mock control (Fig. 32D). However, JCAR017 CAR-T cells
showed a higher functionality again, as they completely eradicated all B cells, while residual
target cells were still detected in lymphoid organs of mice belonging to the JCAR021 group. It
should be taken into consideration that mice of the two CAR-T cell treated groups had different
endpoints; consequently, JCAR017 CAR-T cells had a longer time of activity.

Similar to the non-humanized xenograft model, extended survival of tumor-bearing mice was
observed in the low-affinity JCAR021 group compared to the control group (Fig. 32E).
Nevertheless, although JCAR021 CAR-T cells delayed the tumor growth shortly after their
injection, they failed to inhibit tumor progression (Fig. 32F-H). On the contrary, all mice treated
with JCARO017 CAR-T cells survived until the endpoint, and Raji tumor cells were completely
eradicated.

Overall, this humanized CRS mouse model could confirm the findings of the suboptimal
xenograft model. JCAR017 and JCAR021 CAR-T cells had an improved cytotoxic potential
compared to mock T cells, but only high-affinity CAR-T cells showed efficient tumor killing.
Consequently, we could demonstrate that the enormously improved safety of low-affinity CAR-

T cells comes at the price of reduced functionality.
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Fig. 32Cytotoxicity of low and high-affinity CAR-T cells in a humanized mouse model

(A) Representative flow cytometry plots illustrating the killing of CD19* B cells on the day of injection,
seven days, and twelve days after the T cell transfer. (B+C) Kinetics of CD19* B cells in the blood is
depicted as (B) frequencies and (C) absolute counts (n = 6-9). Data represents the mean+SD. Statistical
analysis by two-way ANOVA, **p < 0.01 using the JCARO017 group as a reference control. (D) Remaining
CD19* B cells at the endpoint of the mice in blood, bone marrow, and spleen (n = 6-9). Data expressed
as mean. (E) Survival curves of humanized mice treated with CAR-T cells expressing CARs with
different affinities. Mice were monitored for 28 days. (F) The tumor burden of Raji-ffluc tumor cells was
quantified and measured as the maximum photon per second per cm? per steradian of the whole body
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of the mouse. Lines represent mean+SD of average bioluminescence signals (n = 6-9). (G) Average
radiance of different CAR-T cell groups on day 7 and day 14 post CAR-T cell infusion. Statistical testing
by one-way ANOVA (day 7) using the JCAR017 group as a reference control and Unpaired t-test (day
14), ***p < 0.001, ****p < 0.0001. (H) Representative bioluminescence images of humanized Raji-
bearing mice treated with different CAR-T cell products followed weekly over one month.

4.6.4 CAR-T cell expansion and CAR downregulation in a humanized mouse model
The humanized mouse model mimics the clinical setting of systemic distribution of anti-CD19
CAR-T cell targets better than the xenograft model, as humanized mice also contain circulating
human B cells, which represent an additional target for the transferred CAR-T cells. Therefore,
we wanted to study how different CAR-T cells are influenced by the location of their target
cells. Significantly more EGFRt" CAR-T cells were detected in the high-affinity group on day
seven, which are responsible for the high amounts of released cytokines. Overall, JCAR017
CAR-T cells showed a fast expansion and contraction after a rapid elimination of B cells in the
blood. On the contrary, JCAR021 CAR-T cells showed less expansion, presumably explaining
why B cells were not fully eradicated within seven days. Also, no contraction was observed on
day 12 after CAR-T cell transfer, as absolute numbers of low-affinity CAR-T cells stayed high
in the blood.

Interestingly, also in this CRS mouse model, JCAR021 CAR-T cells strongly downregulated
their receptor, as around 70 - 80 % of the EGFRt" cells showed no CAR surface expression
on day seven and day 12 anymore (Fig. 33B-C), and overall CAR expression levels were
significantly reduced (Fig. 33D). As this phenomenon was not observed for JCAR017 CAR-T

cells, the difference between CAR-expressing T cells was even increased (Fig. 33E).
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Fig. 33CAR-T cell expansion and receptor expression levels in a CRS mouse model

(A) Weekly blood analysis of individual mice receiving CAR-T cells. Absolute numbers of EGFRt* CAR-
T cells in 100 pl blood on day7 and 12 after CAR-T cell transfer. Data are represented as mean+SD.
(B) Frequencies of CAR-expressing (STII*) cells among the EGFRt* CAR-T cells of the injection product
and in the blood on day seven and day twelve after CAR-T cell transfer. (C) Representative flow
cytometry plots of transferred hCD45"HLA-A2" CAR-T cells in the blood on days seven and twelve after
the T cell transfer. Co-expression of the receptors was analyzed for EGFRt and STII co-staining. (D)
STl mean fluorescent intensities (MFI) of EGFRt" CAR transduced T cells. (E) Absolute numbers of
STI* CAR-T cells in 100 pl blood on days 7 and 12 after CAR-T cell transfer. Overall data are
represented as mean+SD (n = 9). Statistical testing by Unpaired t-test, ns p > 0.05, *p < 0.05, **p < 0.01,
****p < 0.0001.

CAR-T cells expressing JCAR021 downregulated their receptor also in the bone marrow and
spleen (Fig. 34A-B). While already significantly higher numbers of transferred EGFRt" CAR-T
cells expressing JCAR017 were detected (Fig. 34C), the number of CAR™ high-affinity CAR-T
cells was nearly ten times higher than low-affinity CAR-T cells (Fig. 34D).

As discussed before, higher numbers of remaining B cells and tumor cells in the blood and
secondary lymphoid organs of mice treated with low-affinity CAR-T cells could lead to a more
extended activation of the low-affinity CAR-T cells and thus downregulation of the receptor on
the examined days. However, the observed internalization of the CAR of weak binders could
also represent an improved ability of low-affinity CAR-T cells to perform serial triggering similar

to TCRs. Whether this effect has positive long-term effects for adoptively transferred CAR-T

cells could not be determined in our model and thus needs further in-depth characterization.
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Fig. 34 CAR-T cell migration into organs and receptor downregulation in a CRS mouse model
(A) Representative flow cytometry plots of transferred hCD45*HLA-A2- CAR-T cells in the bone marrow
and spleen of CAR-T cell treated mice at the endpoint. Co-expression of the receptors was analyzed for
EGFRt and STII co-staining (n = 9). (B) Frequencies of CAR-expressing (STII*) cells among the EGFRt*
CAR-T cells in the bone marrow (bm) and spleen on the endpoints of the mice. Data are represented
as mean+SD. (C) Absolute numbers of EGFRt* CAR-T cells in the bone marrow (bm) and spleen on the
endpoints of the mice. Data are represented as mean+SD. (D) Absolute counts of STII* CAR-T cells in
the bone marrow (bm) and spleen on the endpoints of the mice. Data are represented as mean+SD.
Statistical testing by Unpaired t-test, ns p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.

In summary, we could clearly show that the reduction of CAR affinity successfully decreases
treatment-related side effects and thereby improves the safety of CAR-T cell therapy.
However, milder toxicities due to the use of low-affinity CAR-T cells also come at the price of
diminished CAR-T cell functionality, especially in settings with a high tumor burden. Therefore,

it is essential to find optimal solutions to maintain high killing efficiencies of high-affinity CAR-

T cells together with improved safety of the low-affinity counterpart.
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4.7 Cell dose-dependent development of CAR-T cell-related side effects

Adoptively transferred high-affinity CAR-T cells enormously expanded directly after
engagement with their target cells. During this process, they released vast amounts of
cytokines which in return reinforced the development of CRS. Due to the outstanding efficiency
of strong binders, we wanted to test whether low doses of high-affinity CAR-T cells would still

be efficient in clearing tumor cells but would also extenuate treatment-related toxicities.

4.7.1 Invivo setup to test cell dose-dependency of CAR-T cell-related toxicities

Four-week-old female NSGS mice were sublethally irradiated with 1.5 Gy and humanized with
0.02x10° purified CD34" hHSCs (Fig. 35A). The injected HLA-A2* stem cell product had a
purity of 84.8 % (Fig. 35B) and resulted in humanization levels of around 60 % eight weeks
after the injection. Mice developed high levels of B cells but also efficient numbers of
macrophages and monocytes (Fig. 35C-D). Mice with humanization levels over 50 % were
inoculated i.v. with 0.5x10® CD19* Raji-ffluc tumor cells, and one week later, i.v. injected with
either 8x10° (high dose) or 4x10° (low dose) CAR-T cells (n = 4-5). Again, the CAR constructs
JCARO017 and JCARO021 were used to compare different doses of low and high-affinity CAR-T
cells. Additionally, one group received a high dose of 16x10° untransduced mock T cells as a
control. Freshly isolated and activated PBMCs of a healthy HLA-A2™ donor were retrovirally
transduced with one of the two CAR constructs, and cells were ex vivo expanded for three
weeks. The transduction efficacies and receptor expression of the two CAR-T cell products
were similar, with frequencies of 49 % of EGFRt and STIl double-positive cells (Fig. 35E) and
similar MFIs of EGFRt and STII (Fig. 35F-G). Both engineered T cell products revealed similar
low PD-1 expression levels (Fig. 35H) and only 8 % of CD8" T cells (Fig. 35I). Mice were
followed for ten days post CAR-T cell transfer to analyze the development of CRS, CAR-T cell

expansion in the blood, and tumor growth by bioluminescence measurement.
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Fig. 35Setup of a humanized CRS mouse model to study CAR-T cell dose-dependent side effects
(A) Schematic overview of the experimental setup of the humanized CRS mouse model to test different
doses of high and low-affinity CAR-T cells to develop CRS. (B) Flow cytometry plot of purified hHSCs
stained for CD34* and CD45" to determine the purity of the injection product. (C) Frequencies and
absolute cell numbers (D) of humanized cells in 100 pl of blood. (E) Flow cytometry plots of the CAR-T
cell infusion products. Transduction efficacy and CAR surface expression were determined by co-
staining of EGFRt and Strep-tag (STII). (F) Transduction efficacies of the two CAR-T cell products are
represented by frequencies of EGFRt/STII double-positive cells. (G) EGFRt and (H) STII mean
fluorescent intensities (MFI) of EGFRt* CAR transduced T cells. (I) Frequencies of PD-1 expressing
cells of the transduced injection product. (J) Distribution of CD8* and CD8 cells within the EGFRt* CAR-
T cell product.

4.7.2 CAR-T cell dose-dependent development of CRS

Similar to the first humanized mouse experiment, all CAR-T cell-treated mice developed
clinical signs of CRS. However, mice treated with high doses of JCAR017 CAR-T cells showed
more severe symptoms than all other mice. While the high dose JCARO017 group lost nearly

20 % of their starting weight within three days, mice treated with high and low doses of
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JCARO021 CAR-T cells lost significantly less weight and started to recover already three days
post CAR-T cell transfer (Fig. 36A). As expected, the substantial weight loss of the JCAR017
high dose group was compensated by the transfer of lower doses of CAR-T cells expressing
JCARO017, which resulted in comparable weight kinetics to the two JCAR021 groups. Similar
results were obtained for the cytokine production after CAR-T cell transfer (Fig. 36B). Here,
the highest amounts of INF-y, IL-10, and IL-6 were produced after the injection of high doses
of JCAR017 CAR-T cells, while the cytokine levels on day three and day five after CAR-T cell
transfer were significantly reduced in the other groups. Again, the transfer of lower numbers of
JCARO017 CAR-T cells drastically reduced the release of all three cytokines, with levels nearly
comparable with the JCAR021 high dose group. Interestingly, while significantly lower levels
of INF-y and IL-10 were produced in the low dose JCAR021 group, no differences in the weight
kinetics after the transfer of high and low doses of JCAR021 CAR-T cells were observed.
Consequently, in addition to using CARs with lower affinity, the transfer of lower numbers of

high-affinity CAR-T cells could diminish the development of CAR-T cell-related toxicities.
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Fig. 36 Clinical symptoms of CRS after transfer of different doses of CAR-T cells

(A) Kinetics of the weight development during the first five days after the administration of CAR-T cells.
Weight loss was normalized to the starting weight before CAR-T cell injection. Data are presented as
mean+SD (n = 4-5). (B) Concentrations of INF-y, IL-10, and IL-6 in the serum on day 3 and day 5 after
CAR-T cell transfer. Statistical testing by one-way ANOVA, ns p > 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 using the JCARO017 high dose group as a reference control.
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4.7.3 Cytotoxic potential of low doses of CAR-T cells

In addition to the development of CRS, we also monitored the influence of lower doses of
transferred CAR-T cells on the cytotoxic potential. Human CD19* B cells in the blood, bone
marrow, and spleens of mice treated with CAR-T cells were completely eradicated (Fig. 37A-
B). While circulating B cells were not detected five days after the transfer of low and high doses
of JCAR017 CAR-T cells, both JCAR021 groups needed seven days to sufficiently deplete
their target. Additionally, a dose-dependent killing kinetic of circulating B cells was observed
with JCARO021 expressing CAR-T cells; this effect was not detected among the JCAR017
groups. In contrast to mice that were only treated with mock T cells and thus had to be
sacrificed on day eight after the transfer due to their high tumor burden, all other mice survived
until the endpoint (Fig. 37C). High doses of JCAR017 CAR-T cells immediately eradicated all
tumor cells, and no bioluminescent signal was measured ten days post CAR-T cell transfer. A
similar efficient killing was observed in mice treated with lower doses of JCAR017 CAR-T cells
despite an initial tumor growth. In contrast, JCAR021 CAR-T cells reacted slower and started
to counteract tumor growth only from day seven partially.

Overall, high doses were more efficient in tumor killing than lower doses and high-affinity
JCARO017 CAR-T showed faster killing kinetics than JCAR021 CAR-T cells. In summary, either
JCARO017 or JCARO021 expressing CAR-T cells could clearly control the tumor growth;

however, the transfer of high doses was still superior to low doses.
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Fig. 37 Remaining cytotoxic potential of low doses of CAR-T cells in a humanized mouse model
(A) Kinetics of HLA-A2- CD19" B cells in the blood depicted as frequencies (n = 4-5). Data represents
the mean+SD. Statistical testing by mixed-effect analysis, *p < 0.05. (B) Remaining CD19* B cells at the
endpoint of the mice in bone marrow and spleen (n = 4-5). Data expressed as mean. (C) Survival curves
of humanized mice treated with CAR-T cells expressing CARs with different affinities. Mice were
monitored for ten days. (D) The tumor burden of Raji-ffluc tumor cells was quantified and measured as
the maximum photon per second per cm? per steradian of the whole body of the mouse. Lines represent
the mean+SD of average bioluminescence signals (n = 4-5). (E) Average radiance of different CAR-T
cell groups on days 7 and 10 post CAR-T cell infusion. Statistical testing by Kruskal-Wallis test, ns p >
0.05, *p < 0.05, **p <0.01, ***p < 0.001. (H) Representative bioluminescence images of humanized Raji-
bearing mice treated with different CAR-T cell products one day before, on day seven, and on day 10
after CAR-T cell transfer.

4.7.4 CAR-T cell expansion and receptor downregulation
Higher numbers of circulating EGFRt" CAR-T cells in the high dose groups compared to the
low dose groups represented the main reason for an increased killing capability, but also for

the development of unwanted, more severe side effects (Fig. 38A). In line, also the faster killing
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efficacy and higher release of cytokines of high-affinity CAR-T cells can be explained by an
initial increased number of EGFRt" cells in the blood. Especially during the first five to seven
days, significantly higher numbers of EGFRt" CAR-T cells were detected in the JCAR017 high
dose group compared to the other groups. Although a substantial expansion of the JCAR021
CAR-T cells was observed between day seven and day ten, the initial expansion rate of low
doses of JCAR017 CAR-T cells was even stronger. However, on day ten, low-affinity CAR-T
cell numbers enormously increased and reached similar levels as CAR-T cells of the low-dose
JCARO017 group. Consequently, low-affinity CAR-T cells can strongly expand after antigen
encounter but need longer to reach similar overall numbers, which would explain the delayed
anti-tumor efficacy. Besides, downregulation of the CAR was only observed in the two low-
affinity CAR groups (Fig. 38 B) mainly on days five and seven after T cell transfer, potentially
due to the delayed response and higher remaining target B cells in the blood on these two
days. Consequently, the overall difference in total numbers of CAR-expressing T cells between

the JCARO17 and JCARO021 groups was even pronounced on these two days (Fig. 38C).
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Fig. 38CAR-T cell expansion and receptor downregulation of low CAR-T cell doses

(A) Blood analysis of individual mice receiving CAR-T cells on days five, seven, and ten after T cell
transfer. Absolute numbers of EGFRt* CAR-T cells in 100 pl of blood. Data are presented as mean+SD.
(B) Frequencies of CAR-expressing (STII*) cells among the EGFRt" CAR-T cells. Data are presented
as mean+SD. (C) Absolute numbers of STII* CAR-T cells in 100 pl of blood. Data are represented as
mean+SD (n = 4-5). Statistical analysis by one-way ANOVA, ns p > 0.05, *p £ 0.05, **p £ 0.01, ***p <
0.0001 using the JCARO017 high dose group as a reference control.
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This experiment could show that besides the affinity of the CAR, also the initial CAR-T cell
dose plays an essential role in the development of CAR-T cell-related side effects. While low-
affinity CAR-T cells have a high safety profile, also the transfer of low doses of high-affinity
CAR-T cells can enormously improve the safety profile. However, as both concepts also have
a reduced cytotoxic potential, it can be challenging to transfer these approaches into the clinical
setting. Especially for high tumor burden settings, it would be not trivial to find the correct dose
of high or low-affinity CAR-T cells that provides a good balance between safety and efficacy.
It is still unclear whether low-affinity CAR-T cells could fully control high tumor burdens, while
high-affinity CAR-T cells bear the risk of developing severe side effects. As decisive tumor
clearance and low toxicities represent the most critical parameters for successful CAR-T cell
therapy, new options that are easy to realize in the clinical setting are necessary to optimize

CAR-T cell products.
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4.8 Mixing of CAR affinities to generate the optimal CAR-T cell product

The insufficient killing efficacy of otherwise safe low-affinity CAR-T cell products could be
improved by mixing them with low amounts of high-affinity CAR-T cells before the adoptive
transfer into the patient. Thereby, the overall toxicity of the CAR-T cell product should stay low,
as the separate transfer of either high doses of low-affinity CAR-T cells or low doses of high-
affinity CAR-T cells resulted in the development of mild side effects in comparison to high
doses of high-affinity CAR-T cells only. Additionally, the low number of high-affinity CAR-T
cells would support the low-affinity CAR-T cells in depleting the tumor cells directly after the
transfer until low-affinity CAR-T cells have expanded to sufficient levels.

In order to test whether the combination of low and high-affinity CAR-T cells would represent
a solution to optimal balance efficacy and safety of CAR-T cell products, we tested different
mixtures of CAR-T cells expressing either JCAR017 or JCAR021 in an immunocompromised
xenograft mouse model (Fig. 39A). NSGS mice were intravenously inoculated with 0.5x10°
CD19" Raji tumor cells, followed by the intravenous injection of different CAR-T cell mixtures
one week later. CAR-T cells were generated by retroviral transduction of freshly isolated
PBMCs with the two CAR constructs and ex vivo expanded for three weeks. Directly before
the injection, different ratios of JCAR017 and JCAR021 CAR-T cells were mixed. However,
the number of the transferred bulk population was calculated to transfer 1.6x10° EGFRt*CD8"*
CAR-T cells per mouse. Bulk populations consisting of either 1.6x10° EGFRt*CD8" JCAR021
or 0.8x10° EGFRt'CD8* JCAR017 CAR-T cells were used as references for the suboptimal
tumor model. The survival of the mice was tracked for four weeks after the CAR-T cell transfer.
In order to distinguish the two types of transferred CAR-T cells in one mouse, the JCAR017
construct for retroviral transduction was extended with an additional sequence, which codes
for the fluorescent protein Ametrine. The transgene was separated upstream of the EGFRt by
an in-frame T2A ribosomal skipping sequence to enable the co-expression of the fluorescent
protein together with the CAR and EGFRt. Transduction efficacies of JCAR017 and JCAR021

CAR-T cells were 71.5 % and 54.5 %, respectively (Fig. 39B+C).
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Fig. 39 Experimental setup and CAR-T cell infusion product of the CAR-T cell mixing approach
(A) Schematic overview of the experimental setup of the in vivo functional testing of mixed affinity CAR-
T cell products in a sub-optimal Raji xenograft tumor model. CAR-T cells with low and high affinities
were generated by retroviral transduction of human PBMCs. 0.5x10° CD19" Raiji tumor cells were i.v.
injected into immunocompromised NSGS mice (n = 4-5 mice). After one week, a bulk population of
1.6x10° CD8*EGFRt" CAR-T cells was adoptively transferred into tumor-bearing mice. Before the
transfer, different frequencies of high-affinity JCAR017 and low-affinity JCAR021 CAR-T cells were
mixed. Survival of mice was followed for 30 days, and CAR-T cell expansion and persistence were
analyzed during weekly blood stainings and in spleen and bone marrow at the endpoint of the
experiment. (B) Representative flow cytometry plots of low and high-affinity CAR-T cell infusion products
before the mixing. Transduction efficacy and CAR surface expression were determined by co-staining
of EGFRt and Strep-tag (STII). (C) Transduction efficacies of the two original CAR-T cell products are
represented by frequencies of EGFR/STII double-positive cells before the mixing. (D) Distribution of
CD8" and CD8" cells within the unmixed EGFRt* CAR-T cell products. (E) Flow cytometry plots of the
different injected CAR-T cell mixtures. Frequencies of JCARO17-Ametrine are calculated from the
CDS8*EGFRt* population.

Similar to the previous in vivo experiments, CAR-T cells expressing JCAR021 improved the
survival of tumor-bearing mice significantly compared to the transfer of mock T cells (Fig. 40).
However, as expected, due to the chosen suboptimal xenograft tumor model, some mice had
to be sacrificed before the endpoint due to their high tumor burden. Remarkably, the addition

of small numbers of JCAR017 CAR-T cells improved the survival of the treated mice. The
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spike-in of 6% of JCARO017 CAR-T cells already sufficed to save nearly all mice, and none of
the mice in groups with higher JCAR017 frequencies had to be sacrificed. Here, it is essential
to notice that the numbers of transferred JCAR017 CAR-T cells alone would not have been
able to eradicate the tumor cells. Unfortunately, due to technical problems with the imaging
system, no meaningful in vivo imaging data of the tumor development could be produced
during the experiment. Therefore, the kinetics of tumor clearance and the efficacy of the CAR-
T cell products could not be assessed. Nevertheless, the experiment demonstrates the
significant advantage of adding small numbers of high-affinity CAR-T cells into the low-affinity

CAR-T cell product to improve its killing capability.
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Fig. 40 Survival of tumor-bearing mice treated with mixed affinity CAR-T cell products
Survival curves of mice treated with combined CAR-T cells expressing JCAR017 or JCARO021 in different
frequencies. Mice were followed for 30 days.

Overall, this mixing experiment provides proof of principle that combined CAR-T cell products
with different affinities and a defined ratio might provide an optimal balance of high efficacy
and probably also low toxicity for CAR-T cell therapy. Comparable to the natural immune
response, not one specific receptor type can maximally optimize the complex immune
response. However, the interaction of CAR-T cells with different receptor affinities is probably
key to improving CAR-T cell therapy to be implementable in diverse clinical situations with high

functionality and high safety.
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4.9 CRISPR/Cas9 engineering of CAR-T cells

Another possibility to improve CAR-T cell functionality is the direct genetic knockout (KO) of
checkpoint inhibitors like PD-1 in the T cell product. While a systemic blockade of PD-1 has
become a central mechanism for immunotherapies, selective ablation of PD-1 expression on
the CAR-T cell product by CRISPR/Cas9 represents an elegant way to circumvent severe
toxicities due to loss of peripheral tolerance. Especially the long-term effects of PD-1 disruption
on CAR-T cell functionality have not intensively been investigated but are essential for clinical
usage.

In order to test the effect of PD-1 KO during constant antigen-specific triggering, we assessed
the T cell functionality in a model of CAR-T cell transfer targeting mouse CD19* B cells'®. This
model represents the clinical situation in which CAR-T cells are constantly stimulated by newly
generated CD19" B cells. Therefore, long-lasting B cell aplasia is a good marker for the
recruitment of highly functional CAR-T cells.

PD-1 KO CAR-T cells were generated by combining the Cas9 ribonucleoprotein (RNP) gene
editing protocol with viral transduction of the chimeric antigen receptor. Therefore, primary
murine in vitro stimulated T cells were nucleofected with RNPs targeting Pdcd1 followed by
retroviral transduction of the anti-CD19 CAR. Two days after the engineering of the CAR-T cell
products, 70 % of the cell population showed efficient Pdcd?1 gene disruption (Fig. 41A).
Additionally, 70 % of the cells were successfully transduced with the CAR, which could be
determined by co-expression of EGFRt (Fig. 41B).

The long-term functionality of PD-1-depleted CAR-T cells was tracked for over 390 days, which
represented the longest in vivo follow-up of CAR-T cells that has been described to date. Two
mouse groups were injected with CAR-T cells containing either PD-1 non-edited or ablated
CAR-T cells, while two other groups received mock T cells or PD-1-depleted T cells without a
CAR.

Independent of their PD-1 expression, CAR-T cells showed effective B cell killing throughout
the observation period. In contrast, no significant effect on B cells was observed in the two

control groups. However, two mice of the CAR group had a transient B cell recovery, which
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was resolved over time. In the CAR group with the PD-1 KO, one mouse had a slight B cell
reappearance at the last analyzed time point (Fig. 41C+D).

Overall, this experiment could show that the genetic depletion of the immune checkpoint
inhibitor PD-1 does not significantly impair effective B cell aplasia until day 390 after CAR-T

cell transfer.
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Fig. 41Long-term functionality of PD-1 KO CAR-T cells over 390 d'®°

(A) Splenocytes were edited for PD-1 KO and anti-CD19 CAR expression and transferred into C57BL/6
mice (n=6). NGS analysis of Pdcd1 disruption of all four infusion products [mock (gray), PD-1 KO (blue),
CAR (yellow), PD-1 KO CAR (red)]. (B) Transduction efficacies measured by flow cytometry as a
percentage of co-expressed EGFRt* of living lymphocytes (C) Representative flow cytometry plots of B
cell frequencies in the peripheral blood after CAR-T cell injection. (D) Monthly blood analysis of B cells,
depicted as CD19" cells of living lymphocytes. Figure adapted from Détsch et al., PNAS, 2023.
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5 Discussion

Immunotherapy with genetically engineered anti-CD19 CAR-T cells has revolutionized the
treatment of patients with hematological B cell malignancies. Due to its clinical success for the
treatment of otherwise therapy-refractory patients, CD19-targeting CAR-T cell therapy reached
a major milestone in 2017 for being the first genetically engineered cell product to receive FDA
approval, followed by EMA approval just one year later. Until today four anti-CD19 and two
BCMA-targeting CAR-T cell products have been approved and marketed for the treatment of
patients with certain relapsed or refractory high-grade hematological diseases, clearly
demonstrating the high potential of this new form of therapy. However, despite impressive
overall response and initial remission rates, CAR-T cell therapies are still in their infancy and
need further improvement. The effectiveness of CAR-T cell transfer is diminished over time by
a high number of relapses due to antigen loss of the tumor cells or by the intrinsic failure of
long-term persistence of CAR-T cells®®. Consequently, the initial response rate of 80-90 %
drops to a five-year survival rate of only 40 %"*. In addition, also the costs of CAR-T cell
manufacturing are still enormously high and limit large-scale applicability. Therefore, so far,
CAR-T cell therapy has only been approved as a second-line treatment for patients who are
not responding to conventional cancer therapy. Furthermore, patients receiving CAR-T cells
still face a high prevalence of severe and often even life-threatening toxicities. In up to one-
third of the patients, the transfer of CAR-T cells still leads to CRS and ICANS®, which are
associated with the induction of a potent immune effector response independent of the CAR-
T cell target. Although different treatment options like the administration of immunoglobulins
and anti-IL-6 antibodies, as well as safety strategies to remove the transferred T cells in case
of severe adverse events, have been proposed®, they only mitigate the consequences but do
not resolve the reasons for the development of side effects, and also bear the risk to
prematurely terminate the therapy. Therefore, there is a major need to improve CAR-T cell
therapy further. A potentially important parameter might be the ‘CAR affinity’ for its cognate
target, for which perhaps an optimal balance between long-term functionality and safety can

be identified. In order to optimize artificial CAR-T cells, it is worth having a closer look at natural
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T cell responses, as they have evolved to effectively protect against viruses and other
pathogens without inducing substantial toxicities. A major difference between currently
clinically used CAR-T cells and natural T cell responses is the affinity of the antigen-targeting
receptor, which is much lower for TCRs than for artificial CARs. Thus, we asked with this thesis
work whether an optimal affinity window of CARs exists and whether the reduction of CAR
affinity could improve the balance between sufficient functionality and higher safety of the
corresponding CAR-T cell product. Furthermore, T cell immunity evolved to recruit polyclonal
TCR repertoires with a broad range of affinities. Therefore, we hypothesized that mimicking a
natural immune response by simultaneously transferring high and low-affinity CAR-T cells
would be beneficial for CAR-T cell therapy and could lay the foundation for a whole new

generation of therapeutic CAR-T cell products.

5.1  Evaluation of CAR affinities

A TCR determines the identity of the corresponding T cell and thus can be described as its
fingerprint. The affinity of a given TCR for cognate epitope/MHC complexes represents the
best measure for the functionality of the T cell, as substantial evidence indicates a correlation
between TCR affinity and functionality. This correlation also holds true for synthetic CARs.
Although CAR affinity directly influences the functionality of engineered T cells, the actual
effect of high and low affinity, especially in the range of TCR binding strengths, on CAR-T cell
functionality has not been studied in detail yet. In order to evaluate the role of CAR binding
strengths, we firstly analyzed four available and clinically relevant CAR clones with described
high and low affinities, except for JCAR021. Secondly, we designed a broad library with over
40 new anti-CD19 CAR constructs derived from JCAR021 and predicted to show lower
affinities, aiming to further lower CAR affinities down to the TCR range. As a first step, we
needed to establish a robust and time-efficient tool to precisely determine CAR antigen-binding
strengths and classify known and newly generated CARs according to their affinity.

To date, SPR spectroscopy still represents the gold standard for the affinity measurement of

protein-protein interactions. Therefore, we applied it to measure the binding kinetics of three
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anti-CD19 CAR clones (JCARO017, JCARO021, CAT). Besides confirming existing data
(JCARO017 and CAT being of high and low affinity, respectively), we found that their different
binding strengths were mainly due to differences in their dissociation rates. Unlike TCRs, no
co-receptors are involved in the antigen-binding of CARs, and thus the SPR read-out might be
even more reliable for these artificial receptors. However, SPR represents a rather time-, cost-
and labour-intensive method and thus is not suitable for screening and measuring many
receptors as needed for our approach.

Accordingly, we established an alternative method to analyze the affinity of CARs based on
our in-house developed flow cytometry-based TCR-ligand kos-rate assay (Fig. 6). This
approach has the advantage of monitoring monomeric ligand dissociation under natural

conditions'6416%

and thus also considers receptor conformations on the cell surface and
potential co-receptor help. Although only kes-rates, but not kon-rates, and thus Kp-values of the
receptor antigen-binding, can be determined with this method, it still represents a good
prediction of the overall binding strength of CARs. On one side, it has been shown that the T
cell functionality mainly correlates with the dissociation constant of the TCR:pMHC binding.
On the other side, we identified the off-rates of the three tested CAR clones as the responsible
characteristic for the observed differences in their binding strength. Therefore, we decided to
use the off-rates of the CARs as the parameter for screening our large library.

After several technical optimization steps, we adapted the flow-cytometry-based kor-rate assay
to use it as a reproducible and efficient tool to determine the binding kinetics of CARs.
Interestingly, using either recombinantly expressed scFvs, or soluble monomeric CD19-ecd
did not influence the analyzed half-lives of CAR:CD19 interactions, as we obtained comparable
absolute measurements (Fig. 10E). These results nicely validate our assay and indicate that
CARs are indeed not dependent on any co-receptor help like it is typical for TCRs; thus,

shuttling between receptor and ligand as surface-expressed of soluble protein did not influence

the outcome of the kor-rate assay.
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Importantly, permanently dimerized agents to determine CAR binding kinetics should be
avoided. Although the produced Fc-fusion of CD19 represented an elegant way to stabilize
this hard-to-produce protein, the determined CAR half-lives were enormously prolonged due
to dimeric instead of monomeric interactions of CARs and the CD19 ligand. Consequently, the
dissociation was not representing a one-to-one receptor binding kinetic, and the interaction
half-lives were too long to be precisely determined with our method. Notably, the new version
of stabilized CD19 monomers will help in the future to further increase the throughput of our
assay as only a single CD19 monomer product rather than individual scFvs would need to be
recombinantly expressed'®.

Comparisons of the relative kos-rate values analyzed by SPR or our in-house approach
validated the newly established method as a valuable tool for measuring relative CAR binding
strengths (Fig. 8D). However, absolute numbers of dissociation values are difficult to compare,
as they are influenced by different experimental temperatures and the quality of the
recombinant protein or cell surface expression. Slight differences in relative correlations
between low and high-affinity CARs were due to the long binding half-live of JCAR017, which
was above the upper sensitivity limit of the kor-rate assay for the analyzed time. The exact
determination of kes-rates for strong binders would need further optimization, e.g., longer
acquisition times. Nevertheless, as the main application of the newly set-up kos-rate assay was
to screen low-affinity CAR kinetics, this limitation did not influence our desired resolution.
Neither the SPR measurement nor the flow-cytometry-based kqs-rate assay with recombinant
scFv proteins fully recapitulate the binding of membrane-bound CARs and CD19 on the
individual cells, as it does not take into account the physiological antigen density, cell adhesion
molecules, and conformational changes during the binding. The recently marketed z-Movi®
Cell Avidity Analyzer by LUMICKS represents a newly developed method to measure CAR-T
cell avidities between two living cells, which might be a technology providing additional

quantitative information on binding strength that helps to predict CAR-T cell function.
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5.2 Generation of an anti-CD19 CAR affinity library

Different CD19-specific CAR scFvs have been tested in several clinical trials. While most of
them were based on CARs possessing very high affinities towards their target, the group of
Persis Amrolia recently performed a clinical study of adoptively transferred CAR-T cells
expressing a low-affinity CAR called CAT in pediatric patients with ALL'®. They reported high
anti-tumor efficacies without the induction of severe CRS compared to published studies using
high-affinity FMC63 CAR-T cells, but further investigations are needed to truly link the results
to differences in CAR-T cell affinity. CAT CAR-T cells target the same epitope as the CAR-T
cell product Tisagenlecleucel. However, the CAT CAR is under the control of a different
promoter, potentially leading to higher CAR expression contributing to the observed
differences. In addition, CAT CAR-T cells were manufactured differently; indeed, the used
protocols generated T cell products with a mostly naive and central memory phenotype, which
could affect expansion, persistence, and efficacy independent from CAR affinity. In addition,
patients treated with low-affinity CAR-T cells in this particular trial were characterized by low
leukemic burdens, which per se associate with a decreased likelihood of developing adverse
events®™. Admittedly, it can be challenging to perform parallel clinical studies; however, a direct
comparison of high and low-affinity CAR-T cells, at least in preclinical models, is necessary to
demonstrate more directly and conclusively if and how differences in CAR affinity affect in vivo
performance, especially concerning efficacy and safety.

Next to these first clinical results, other groups have started studying the quality of low-affinity
CAR-T cells in vitro and in vivo. In order to investigate the impact of CAR affinity on the
outcome of the treatment of solid tumors, He and colleagues have tested, for example, two
human glypican-3 (hGPC3)-specific CAR clones with 17-fold affinity differences in a xenograft
model®'. They found that T cells engineered with the low-affinity CAR were less prone to
apoptosis upon target recognition and more resistant to exhaustion with more durable effector
functions. However, the two tested CAR clones target different epitopes, which could

significantly influence underlying reasons for observed differences beyond CAR affinity.
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Additionally, affinity differences between the two CARs were only determined for the CAR-
derived antibodies and not the respective scFvs.

Furthermore, CD123-specific CAR mutants targeting AML blasts and leukemic stem cells with
10- and 100-fold lower affinities than the wildtype CAR were designed by single residue
substitutions based on a computational structural biology tool. Two CAR mutants with different
association rates but similar predicted antigen-binding epitopes were compared with the
original CD123-specific CAR. However, a defined lytic and activation antigen threshold in vitro
was mainly affected by lower CAR surface expression, independent of the affinity’®?. These
results align with our in vitro findings, where CAR-T cell functionality above a certain threshold
was mainly influenced by the CAR surface expression and not significantly affected by the
receptor binding strength. Another study characterized four melanoma tumor-associated
antigen Tyr-HLA-A2-specific CARs with affinities of the scFvs in the range of 4 to 400 nM?%,
A collection of B cell hybridomas, which target the Tyr HLA-A2 TAA, was generated to design
CARs with varying affinities based on the derived antibodies. In this study, a window of antigen
density and a window of CAR affinities that yield maximal responses were detected. However,
the exact binding epitopes of the generated CARs had not been determined, making it
challenging to fully connect the observed results with differences in CAR affinity.

In order to circumvent the described technical limitations, we started with four different clinically
relevant CAR clones with clinical relevance, and we carefully analyzed their binding kinetics
and antigen-binding epitopes. Analyses of standardized SPR measurements revealed distinct
kinetic profiles of the JCAR017, JCARO021, and CAT scFvs (Fig. 1C-D). The next-generation
humanized JCAR021 was identified as a low-affinity CAR with 37-fold lower binding strength
than the clinically used high-affinity JCARO17 and an even slightly weaker binding strength
than the low-affinity CAT scFv (Fig. 1D). Similar kon-rates among the three constructs
demonstrated that the affinity differences are mainly based on differences in the dissociation
rate, which in the case of JCAR021 and CAT is only a matter of seconds. Furthermore, we
identified an identical CD19 binding epitope of JCAR017, JCAR021, and CAT by SPR-based

epitope mapping (Fig. 1E), suggesting that differences in synapse widths are unlikely to
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contribute to potential differences in the CAR-T cell response. Taken together, the same
binding epitope but different overall Kps of the three tested CARs gave us the unique
opportunity to specifically study the impact of receptor affinity on CAR-T cell functionality.

Although few studies have started addressing the influence of CAR affinity on the mediated T
cell functionality, none of the investigated binding domains possessed affinities in the TCR
range. In order to generate such super-low affinity CARs down in the range of typical for TCRs,
we mutated the humanized JCAR021 scFv, as it revealed the lowest binding half-live in the
SPR analysis (Fig. 1D). Although alanine scanning represents a commonly used engineering
tool to define essential residues in the binding site of proteins and change their binding

strengths?**

, we did not succeed in the generation of low-affinity CAR mutants by exchanging
single aromatic amino acids in the framework region of the scFv with alanine. All mutated CAR
constructs were either not stably expressed on the T cell surface (Fig. 11B) or showed binding
kinetics similar to JCAR021, as determined by our in-house flow cytometry-based kqs-rate
assay (Fig. 12 A).

Nevertheless, this first trial highlighted the importance of determining CAR surface expression
of engineered T cells by direct antibody staining. We could demonstrate that the expression of
a transduction marker, even connected via a T2A-element in the CAR DNA sequence, does
not always guarantee a proper surface expression of the CAR (Fig. 11B). The introduction of
point mutations can lead to misfolding and degradation of the transgenic receptor without
influencing the expression of the transduction marker, which consequently impairs an equal
co-expression of the two proteins. Still, once the proper expression of the CAR of interest is
validated, the use of transduction markers facilitates the monitoring of transgenic T cells, as

receptor downregulation may occur after T cell activation?°52%

, especially after integrating the
receptor into the endogenous locus by CRISPR/Cas9 engineering*?. Reasons for the unequal
surface expression of receptors connected via T2A elements have not been determined yet,

but further analysis of MRNA and protein levels via gPCR or western blot will help understand

the underlying mechanisms.
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In contrast to the alanine scanning approach, we succeeded in generating 32 mutants of
JCARO021 with different binding strengths by using an in silico algorithm'" to predict and select
single amino acid exchanges in the extracellular binding domain (Fig. 14A). Nearly all selected
scFv mutants of the educated guess maintained their specificity towards CD19, and most
preserved sufficient surface expression. Moreover, we obtained a decreasing range of affinities
down to the range of TCRs.

Overall, we could exploit four different CAR clones with high and medium affinities that only
differ in their kos-rates and still target the same CD19-epitope. Additionally, we successfully
engineered a broad CAR affinity library with CAR mutants showing efficient cell surface
expression and affinities even in the range of TCRs (Fig. 14D). Therefore, we had the
necessary tool to investigate the impact of weak CAR binders on the mediated CAR-T cell

function and safety in a controlled manner.

5.3 Correlation of CAR affinity and functionality

Binding kinetics of receptor-ligand interactions mainly influence the functional potency of the
respective T cell. While higher TCR affinities result in stronger cellular responses'®, enhanced
TCR affinities above the physiological threshold have been demonstrated to lead to a plateau
or even decrease in the T cell functionality'®®2%’. Additionally, while half-lives above the optimal
interaction time decrease the efficacy of TCR serial engagement®®®, too short half-lives prevent
sufficient T cell activation'®. These observations indicate the existence of a window of optimal
half-lives for TCR-ligand interactions; whether such an ‘optimal window’ also exists for CARs

has not been investigated far.

5.3.1 In vitro functionality of low-affinity CAR-T cells

Similar on-rates and binding epitopes of the tested CAR variants gave us the unique
opportunity to specifically study the impact of receptor affinity on CAR-T cell functionality. We
started with testing the sensitivity of the corresponding CAR-T cells via intracellular cytokine

staining and the anti-tumor cytotoxicity in vitro. Although the affinities of CAT and JCAR021
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were already 20 — 40 times lower than the affinity of JCARO017, no significant differences in the
in vitro functionality of the corresponding CAR-T cells were noticed (Fig. 2-3). Not only the
killing efficacies and kinetics but also the specific cytokine production after antigen stimulation
were almost identical among the different CAR-T cell products.

Regarding the generated JCAR021-derived mutants, firstly, we observed that the efficient CAR
surface expression is a primary determining factor for successful CAR-T cell functionality.
Indeed, impaired CAR surface expression (orange and red expression groups) limited or
completely abrogated T cell functionality. By comparing engineered T cells with successful
CAR expression (green group), mutant CAR-T cells with affinities in the high nanomolar and
micromolar range showed a similar capacity to produce cytokines in response to antigen-
presenting tumor cells, except for “super-low-affinity” CARs (variants V236W and V236F)
ranging in the affinity landscape of natural TCRs (Fig. 19). Only T cells equipped with CARs
showing the fastest measured half-lives within our affinity library revealed a reduction in T cell
activation in terms of frequency of cytokine-releasing cells. In line with these results, we also
observed comparable killing capacity or kinetics for most CAR mutants but a diminished in
vitro cytotoxicity of CAR-T cells expressing super-low affinity receptors (Fig. 20-21).

Overall, no significant functional differences of high, middle, and low-affinity CAR-T cells
expressing CARs with half-lives above the determined threshold (ti> measured by flow-
cytometry-based koi-rate assay= at 43s; 22°C) were observed. CAR-T cells expressing CARs
with affinities below this lower limit showed a slightly impaired in vitro functionality. However,
these first findings are insufficient to draw conclusive statements on a lower overall potency of
the corresponding CAR-T cells. Therefore, further in vivo analyses were necessary to address
whether the in vitro results can predict in vivo efficacy and functionality. As the subsequent in
vivo studies revealed significant differences in CAR-T cells expressing either JCAR017 or
JCARO021, we had to learn that the array of in vitro assays used in this study to determine CAR-
T cell functionality and safety (which are commonly used methods) has no predictive value for

in vivo functionality.
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5.3.2 In vivo killing capacity of low-affinity CAR-T cells

In order to evaluate the influence of CAR affinity on CAR-T cell functionality in vivo, we tested
five CARs spanning the entire affinity library in an immunocompromised xenograft model.
Additionally, we monitored the cytotoxic potential of JCAR021 and JCARO17 expressing CAR-
T cells in a humanized tumor model. In both models, surprisingly, the low-affinity JCAR021
CAR-T cells only partially controlled tumor growth, whereas potent anti-tumor activity was
observed for the high-affinity JCAR017 CAR-T cells, as expected. A further decrease in affinity,
represented by the JCAR021 mutants, resulted in even lower functionality. Here, the tumor
growth was only partially delayed. Overall, the reduction of tumor burden and the consequent
survival of the treated mice positively correlated with an increased CAR affinity. These affinity-
dependent differences were not observed in vitro, potentially due to the low sensitivity of these
assays. However, we identified the same lower limit of CAR affinity to guarantee sufficient
CAR-T cell activation and tumor-killing in vitro and in vivo, as super-low-affinity CAR-T cells
could not control Raji tumor growth at all (Fig. 23). Notably, this bottom limit differs highly from
the optimal affinity range of TCRs, potentially due to the artificial signaling cascade of CARs.
In line with our data, it has been shown for ROR-1 specific CAR-T cells that higher CAR
affinities are associated with increased T cell functions and in vivo efficacy'’, even if the
different used scFvs of this study exhibited different epitope specificities. Also, engineered T
cells expressing high-affinity MART-1 and NY-ESO-1 TCRs within the physiological range
improved overall response rates in the clinical setting’®. Importantly, we identified a lower
affinity threshold for detectable CAR-T cell in vivo efficacy; thereby, the threshold seems to be
substantially higher than the described threshold for TCR functionality.

A limitation of our setting is that our engineered anti-CD19 CAR affinity library was designed
to investigate CAR-T cells with affinities in the TCR range with binding strengths >10° M. Only
one high-affinity CAR in the nanomolar range (JCAR017) was used as a control. Therefore,
no conclusions can be drawn about the potential upper limit of the affinity window of CAR-T
cells targeting CD19. For ERB2-specific scFvs in the affinity range of 107 to 10™"" M, a threshold

of 108 M has been identified above which CAR-T cell functionality does not improve
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anymore®®. CAR-T cells targeting CD20 with extra high affinities showed less proliferation
than affinity-reduced CAR-T cells?'°. Consequently, also for CARs, similar to TCRs, an optimal
affinity window seems to exist but within an overall higher affinity range, potentially due to the
artificial structure of the CAR. In order to close the missing gap, anti-CD19 CARs with affinities

between 10 and 10° M and above 10° M must be designed and tested.

5.3.3 Dynamics of CAR-T cell activation

There are multiple phases of CAR-T cell kinetics. Patient-derived data suggest that anti-CD19
CAR-T cells rapidly proliferate upon antigen recognition®'!, which is followed by a contraction
phase and persistence after tissue infiltration. Each phase reflects an essential part of CAR-T
cell efficacy. While a rapid and high expansion of CAR-T cells is necessary for tumor clearance
and thus is regarded as a positive sign for a clinical response?'?, durable responses usually
require long-term CAR-T cell persistence of a small pool of memory CAR-T cells?'3.

Faster expansion of high-affinity JCAR017 CAR-T cells was detected in both in vivo models
applied in our studies. While CAR-T cells expressing low-affinity receptors also proliferated in
vivo, their expansion seemed to be somewhat delayed. Compared to their low-affinity
counterparts, the more substantial initial expansion of high-affinity CAR-T cells got along with
a faster and stronger tumor clearance and B cell depletion, which correlates with an improved
clinical benefit.

While a trend of contraction was observed for JCAR017 CAR-T cells in the blood of humanized
mice, the adoptively transferred cells persisted well in the non-humanized model, perhaps also
supported by remaining tumor cells in this model (Fig. 25). Higher levels of transferred CAR-T
cells were detected in the blood of humanized mice compared to non-humanized mice, most
likely due to the presence and constitutively new generation of CD19" B cells as additional
CAR-T cell targets (Fig. 33A).

In great contrast to cell numbers detected in the circulation and spleen, a higher accumulation

of JCAR017 CAR-T cells was observed in the bone marrow, representing the central location

of tumor cells in the used experimental tumor model. In line with these data, significantly
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reduced numbers of “super-low-affinity” CAR-T cells accumulated at the tumor site.
Consequently, increased numbers of tissue-infiltrating CAR-T cells at the tumor site correlate
with a higher CAR affinity and thus represent another potential reason for the improved killing
efficacy of high-affinity CAR-T cells.

Besides lower expansion and infiltration, low-affinity CAR-T cells also showed lower activation
levels, as determined by PD-1 and HLA-DR expression (Fig. 27). While prolonged antigen
exposure and high expression of activation markers such as PD-1 are critical features of
exhaustion®, functional T cell responses after acute stimulation have also been shown to

express these receptors transiently®'*

. As all adoptively transferred CAR-T cells co-expressed
high levels of HLA-DR, PD-1 expression indicated activation rather than exhaustion in our
experiments. In line with lower activation levels, we also observed lower frequencies of
differentiated effector cells in the bone marrow of low-affinity CAR-T cells compared to the
JCARO17-engineered T cells. Intriguingly, the extent of differentiation strictly correlated with
CAR affinity, as a substantial fraction of transferred cells preserved a non-differentiated naive
phenotype in CAR-T cells expressing “super-low-affinity” CARs (Fig. 29).

Altogether, the stronger expansion, activation, and differentiation potential of high-affinity CAR-

T cells indicate that high-affinity CAR-T cells are more engaged in the tumor response,

consequently leading to improved anti-tumor cytotoxicity.

5.3.4 Regulation of CAR surface expression

Another feature we observed for low-affinity CAR-T cells is a more extensive downregulation
of the receptor upon specific antigen encounter in vivo (Fig. 28). While all retrovirally
transduced CAR-T cells revealed similar CAR expression before their adoptive transfer, low-
affinity CAR-T cells such as JCAR021 downregulated CAR surface expression during the peak
of expansion and highest antigen load. TCR internalization is a characteristic of serial
triggering and productive receptor engagement upon activation'’®. In contrast to fast TCR
interaction times within seconds, high-affinity CAR binding usually takes minutes to hours,

limiting serial triggering. We observed antigen-induced CAR internalization only for low-affinity
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CAR-T cells. For high-affinity JCAR017 CARs, no significant downregulation in different tumor
settings was detected. Also, for “super-low-affinity” CAR-T cells, no down-regulation of surface
expression was noticed, potentially due to too short interaction times to trigger sufficient
activation and receptor internalization. Indeed it has been shown previously that excessively
long half-lives impair serial engagement of TCRs, but also that a sufficiently long half-live is
necessary to enable receptor-based signaling®.

Low-affinity CARs might have additional advantages that could not be investigated with our in
vivo models. It has been reported that CAR-T cells and affinity-enhanced TCRs require at least
100-fold higher antigen densities than naturally occurring TCRs to become activated
productively'’>?'5. As prolonged half-live interactions cannot support efficient serial triggering,
they could prevent sufficient T cell activation in case of low antigen density. Therefore, impaired
serial triggering of high-affinity CAR-T cells might become problematic in the case of a low
antigen density of the targeted tumor cells due to the lower CAR-T cell sensitivity. Tumor cells
can escape the CAR-T cells by downregulating the CAR-targeted antigen. This potential
advantage of low-affinity CAR-T cells was apparently not relevant in the used xenograft Raji
tumor model, as these tumor cells express very high levels of CD19, leading to simultaneous
binding of CARs and thus diminishes the need for serial triggering. In order to better
understand whether low-affinity CAR-T cells have an advantage in low-antigen settings, tumor
cell lines expressing different CD19 densities on their cell surface should be tested in future
experiments.

CAR downregulation could also prevent activation-induced cell death, which has been
associated with sustained CAR signaling. Especially high-affinity CAR-T cells are more prone
to exhaustion due to the strong signaling via their receptors. Consequently, longer persistence
of weak CAR or TCR binders has already been demonstrated by their lower susceptibility to
become exhausted or senescent after antigen encounter'®32¢,

Therefore, serial triggering might be an advantage for not only improved anti-tumor activity but
also an advantage for sustainable T cell fitness. The suboptimal in vivo xenograft models used

for our studies rely on a fast initial tumor clearance, and only short-term responses are reliably
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analyzable in this experimental setting. Therefore, the potential beneficial effect of reducing
ongoing signaling in the presence of large tumor burdens by low-affinity CAR-T cells could not
be investigated in this model. Such potential beneficial effects must be analyzed in long-term
in vivo models, e.g., syngeneic models. Similarly, the overall long-term functionality of CAR-T
cells could be better investigated in syngeneic in vivo experiments. In the humanized mouse
model, low-affinity JCAR021 CAR-T cells started with a delayed killing of the tumor cells;
however, due to the short observation period, we could not analyze whether full tumor

clearance could be achieved.

5.4 Safety profile of low and high-affinity CAR-T cells

Although high-affinity CAR-T cells exhibit the strongest short-term killing efficacy, this does not
necessarily mean that they represent the best engineered T cell product for clinical
applications. For optimal clinical functionality, CAR-T cells must also provide an optimal
balance between therapeutic efficacy and safety.

We investigated the role of CAR-T cell-related side effects in an elegant pre-clinical CRS
mouse model, which was established by the team of Monica Casucci and Attilio Bondanza®.
Briefly, NSGS mice are humanized with humane hematopoietic stem cells to create an
environment similar to the human immune system, as especially monocytes and macrophages
are necessary for the development of CAR-T cell-related side effects. Due to the use of highly
aggressive Raji tumor cells and the potential development of xenoreactivity in humanized mice,
the CRS mouse model can only be used to determine short-term effects. However, as CRS-
mediated clinical side effects also usually develop shortly after the adoptive transfer of the
CAR-T cells, the results from the humanized model are still likely to reflect a setting close to
the clinical situation. An alternative model proposed by Sadelain and collegues®, in which high
doses of CAR-T cells are transferred into immunocompromised mice, does not provide
syngeneic interactions of CAR-T cells with other components of the (innate) immune system

and thus only partially enables the investigation of CAR-T cell-related toxicities.
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As expected, we could demonstrate that low-affinity CAR-T cells significantly reduce CAR-T
cell-induced toxicities, determined by weight loss and cytokine release (Fig. 31). Also, a first
clinical study using low-affinity CAT CAR-T cells showed milder mediated side effects

compared to clinical studies using high-affinity CAR-T cells'®

. As discussed before, the good
safety profile of CAT CAR-T cells observed in this clinical trial could have also been mediated
by the low tumor burden of treated patients. In our experiments, we could not recapitulate a
more substantial expansion and killing efficacy with low-affinity CAR-T cells in an affinity range
similar to CAT CAR-T cells. In order to further investigate these differences, CAR-T cells
expressing either CAT or JCARO021 should be directly compared in the same in vivo model.
However, also other groups have generated preclinical data indicating that low-affinity CAR-T
cells provide better safety but have reduced functionality®*. Whether “super-low-affinity” CAR-
T cells can further reduce side effects has not been addressed in our study. The low anti-tumor
functionality of these CAR-T cells would make them also weak candidates for clinical use.

As an alternative to the adoptive transfer of weaker CAR binders, we demonstrated that the
adoptive transfer of lower doses of high-affinity CAR-T cells could also mitigate the
development of severe side effects (Fig. 36) as absolute levels of secreted cytokines were
diminished. An optimally low dose can be identified via titration, where functionality and tumor
control of high affinity CAR-T cells is still fully preserved, although overall response kinetics
are somehow delayed (Fig. 37). Dose-escalation clinical studies have shown that anti-tumor
responses can be achieved with lower CAR-T cell doses than the dosages used for the
currently FDA/EMA-approved products and that reduced levels of transferred CAR-T cells can
diminish the risk of severe toxicities'”’. Interestingly, also mathematical models have been
developed to predict the minimum amount of transferred CAR-T cells to provide effective tumor
killing?'2. However, further clinical trials are necessary to test the validity of these predictions
in real-life settings. In addition, since tumor burden and antigen loads can vary dramatically
between individual patients, it will be extremely difficult - if not impossible — to determine
optimal dosages of high-affinity CAR-T cells prior to therapy. Overall, our studies demonstrate

that CAR-T cells expressing low-affinity receptors are safer than similar doses of high-affinity
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CAR-T cells but are disadvantageous in settings of aggressive tumors due to their lower
functionality. While low-affinity CAR-T cells avoid rapid activation and proliferation and thereby
reduce the risk of severe CRS, high-affinity CAR-T cells are more potent in eradicating tumor
cells but bear a high risk for significant toxicities. Therefore, both high and low-affinity CARs

are characterized by features that are unfavorable for clinical applications.

5.5 Balanced efficacy and safety profile of mixed affinity CAR-T cell products
Similar to our in vivo screening of the CAR affinity library, a recent study by a different group
demonstrated that the transfer of low-affinity Her2-specific CAR-T cells is characterized by
high safety but only modest anti-tumor activity in sarcoma patients®. In addition, finding the
best balance between safety and efficacy by transferring individualized numbers of high-affinity
CAR-T cells depending on the tumor burden represents neither a clinically feasible nor
practicable approach. These findings highlight the need for improved approaches to generate
long-term efficient and highly safe CAR-T cell products.

The natural immune system consists of a heterogeneous repertoire of TCRs with different
affinities for the same antigen, and polyclonal populations with variable TCR affinities are
initially recruited into protective immune T cell response as demonstrated, for example, for the
immune control of many different virus infections. While high avidity TCRs dominate primary
and recall response over time, low avidity TCRs seem essential for ensuring long-term
immunity in specific situations like chronic stimulation, where high-affinity TCRs have been
shown to be more susceptible to exhaustion'8216,

Based on these fundamental aspects of T cell immunity, we postulated that mimicking
polyclonality by providing high and low affinity components within the same CAR-T cell product
could be an attractive strategy to improve adoptive cell therapy by assuring high safety as well
as preserving high efficacy. Indeed, we could demonstrate that the simultaneous transfer of
high numbers of low-affinity CAR-T cells supplemented with low numbers of high-affinity CAR-
T cells guarantees reliable survival of the treated mice (Fig. 40). Notably, while low-affinity

CAR-T cells alone could not rescue all mice, the addition of small amounts of high-affinity CAR-
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T cells, which are inefficient for controlling the tumor when applied alone, significantly improved
the in vivo functionality of the transferred CAR-T cell product. Transferring CAR-T cell
populations, of which only 10 % express a high-affinity CAR, already improved the survival of
the treated mice. As neither high numbers of low-affinity CAR-T cells nor low numbers of high-
affinity CAR-T cells alone were sufficient to control tumor load, the simultaneous transfer of
high and low-affinity CAR-T cells seems to provide the perfect balance of safety and clinical
efficacy independent of tumor burden. Whether the simultaneous transfer of CAR-T cells with
different affinities results in high protective and long-term persistent CAR-T cells to avoid tumor
relapses still needs to be further investigated.

An alternative approach to the single treatment with a mixture of high and low-affinity CAR T
cells could be the sequential administration of CARs with different affinities?'”. Here, the initial
tumor load may be reduced by first transferring high numbers of low-affinity CAR-T cells,
followed by a second application of high-affinity CAR-T cells to ensure efficient clearance and
maintenance of the tumor depletion. Our data demonstrate that larger tumor masses can
already be reduced — although not completely cleared - by the treatment with high numbers of
low-affinity CAR-T cells without significant risk for CRS. Later application of high-affinity CAR-
T cells would be expected to hit only a smaller tumor burden, which has already been shown
clinically to lead only to mild side effects. However, it will be difficult to determine the right
amount and time point for the second high-affinity CAR-T cells application, which might vary
between individuals. In addition, it is unclear whether patients need to be pre-conditioned with
lymphopenia-inducing drugs before the second CAR-T cell transfer, which is currently standard
for CAR-T cell therapies. Since preconditioning will also affect the in vivo functionality of the
previously applied low-affinity CAR T-cells, this strategy is probably too complex to be realized.
In addition, the manufacturing of two separate CAR T cell products might further raise the costs
for this already quite expensive therapy. Therefore, the simultaneous application approach, as
described for the first time in this thesis work, might represent the best compromise to optimize

future CAR-T cell therapy.
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5.6 Limitations of this Ph.D. thesis

Although the Cytokine-Release-Syndrome represents one of the most severe acute side
effects that can be life-threatening for patients, other CAR-T cell-related toxicities are still
influencing patients’ lives. While this work mainly focused on the development of acute adverse
events, the influence of CAR affinity on other clinically relevant side effects should be
addressed. While no appropriate in vivo mouse model is available to investigate the
occurrence of Neurotoxicity, highly relevant CAR-T cell-associated long-term side effects like
cytopenia could be studied in a syngeneic mouse model. Although the murine immune system
is still intact in immunocompetent mice, no sign of CRS or Neurotoxicity was reported in these
mice, making this model irrelevant for studying acute CAR-T cell-related effects. However,
long-term side effects like hematologic malignancies could be investigated more efficiently in
immunocompetent than immunocompromised in vivo models.

In one of our recent publications'®, we showed that murine anti-CD19 CAR-T cells maintain
long-term functionality even 390 days after their adoptive transfer. Combining this long-term in
vivo CAR-T cell model, which also requires pre-conditioning, one of the risk factors for
cytopenia, and different affinity CAR-T cell products would allow a better understanding and
investigation of late occurring side effects. Besides, missing data about the long-term
functionality of low-affinity CAR-T cells could be generated, and the possible advantage of
different CAR-T cells after tumor relapse by re-transfer of tumor cells could be mimicked. The
Raji model used throughout this work represents the most commonly used in vivo model for
testing anti-CD19 CAR-T cells. However, as the tumor cell line is highly aggressive, only
complete tumor eradication within some days could be followed. Therefore, long-term effects
like CAR-T cell exhaustion during a prolonged killing time comparable with chronic stimulation
could not be investigated in immunocompromised models.

Another CD19-expressing tumor cell line would be Nalm-6 tumor cells. Although they are not
as aggressive as Raji tumors, they would only expand the tracking window for one to two more

weeks, and mice often tend to relapse after CAR-T cell transfer in this mouse model.
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Overall, the syngeneic mouse model represents a solution to study many more features of low-
affinity CAR-T cells; however, importantly, the homology of the human and murine CD19
antigen is only 66 % (UniProt). Consequently, anti-CD19 CAR-T cells cannot bind to murine
CD19; which means that the whole CAR affinity library would have to be newly generated and
designed with CARs having affinities in the same range as the engineered human anti-CD19
CARs presented in this Ph.D. thesis but which bind to the murine homolog.

Another exciting research aspect would be the influence of low- and high-affinity CAR-T cells
also against solid tumors. So far, CAR-T cells have not been efficient in tumor clearance due
to the highly immunosuppressive tumor microenvironment. In order to better understand which
impact CAR receptor affinity tuning would have on the functionality, persistence, and
engraftment in these settings, CAR constructs targeting solid tumor markers like ROR1 or
MUC1 should be used and tested in solid tumor models. One way to not build up a whole new
library but still get a first impression of the role of the influence of affinity would be to change
the injection route of tumor cells from intravenous injection to subcutaneous injection, thereby
mimicking a solid tumor mass. By including a second CAR-T cell target, we could show that
the approach and results of low-affinity CAR-T cells would not be restricted to CD19 as a target
antigen.

One aspect that would complete the investigation of an even broader affinity range represents
the engineering of CARs with affinities with even higher affinities than the clinically used
JCARO017 and between JCARO021 and JCARO017. As other groups had already reported the
effect of super-high affinity CAR-T cells in the picomolar range and also down to high
nanomolar ranges, we were more interested in CAR affinities comparable to TCR-like binding

strengths.
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6 Conclusion

With this thesis work, we investigated the impact of CAR binding affinity on the functional
efficacy and toxicity potential of the corresponding CAR-T cells.

Based on an in silico screening approach, we engineered a broad library of high-quality CAR-
T cells with high to low binding strengths to CD19, which gave us the unique opportunity to
specifically study the impact of receptor affinity on CAR-T cell functionality. The developed
flow-cytometry-based kos-rate assay represents a new tool to fast and reliably determine the
affinity of low-affinity CARs. The established in vitro and in vivo screening platform
subsequently enabled us to test how CAR affinity affects the functionality and safety of
adoptive cell therapy (Fig.42).

With these tools, we could demonstrate a direct correlation between CAR-T cell functionality
and efficacy, as well as an inverse correlation of toxicity (CRS) with increasing CAR affinity.
Moreover, we identified a lower limit of CAR affinity necessary to provide functionality, which
was still significantly higher than the affinity range of TCRs, further corroborating the lower
sensitivity of CARs compared to natural TCRs. As functionality and safety are essential for an
optimal CAR-T cell product, these data emphasize the enormous challenge of identifying a
single CAR-T cell affinity that provides the highest levels of efficacy and safety for a large group
of patients. The optimal affinity of a single CAR-T cell product depends on many variables,
e.g., tumor burden, antigen load, and specific target. As a potential solution to this problem,
our data suggest that the simultaneous transfer of low- and high-affinity CAR-T cells might
provide an optimal product for CAR-T cell therapy. Indeed, while initial antigen load might be
reduced through relative domination of safe low-affinity receptors, low numbers of transferred
high-affinity receptors would selectively expand and ensure robust long-term tumor control
without the development of severe side effects. Still, further work is needed to investigate the
effect of constant stimulation, low antigen expression, and long-term functionality of therapies
with mixed CAR-T cell products. Nevertheless, we believe that this newly developed approach
might be of general relevance for adoptive T cell therapies and provides a relatively simple

strategy to improve next-generation CAR-T cell products.
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Fig. 42CAR affinity screening platform

lllustration of a CAR screening approach to study the influence of CAR affinity on functionality and safety
of the associated CAR-T cell. A CAR library containing 32 JCAR021 CAR mutants with predicted lower
affinity is tested for their binding strength towards CD19. In vitro and in vivo functionality are studied and
correlated with the measured affinities of the CAR-T cells. Advanced humanized mouse models are
used to investigate the role of affinity in the safety of CAR-T cell products.
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LIST OF ABBREVIATIONS

List of abbreviations

ACT Adoptive T cell therapy

Amp Ampicillin

B-ALL B-cell acute lymphoblastic leukemia
BLI Bioluminescence imaging

BBB Blood-brain barrier

CAR Chimeric antigen receptor

CDR Complementarity-determining region
CFU Colony forming unit

CRS Cytokine Release Syndrome

CTL Cytotoxic lymphocyte

DBCO Dibenzocyclooctin

ddH20 Double distilled water

DLBCL Diffuse large B cell ymphoma

DNA Deoxyribonucleic acid

ECD Extracellular domain

E. coli Escherichia coli

EGFRt Truncated version of the human epidermal growth factor receptor
EMA European Medicines Agency

E:T ratio Effector to target ratio

FACS Fluorescence-activated cell sorting
FCS Fetal calf serum

ffluc Firefly luciferase

FDA US Food & Drug Administration
GFP Green fluorescent protein

GvHD Graft-versus-host disease

hHSC Human hematopoietic stem cell
HSCT Hematopoietic stem cell transplantation
IFN-y Interferon gamma

IL Interleukin

i.p. Intraperitoneal

V. Intravenous

IVIS® In-vivo imaging system

ka Association rate/On rate
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KD

kd

LB
mAb
MFI
MHC
MOI
NSG-SGM3
OD600
PBMC
PCR
PD-1
pMHC
RNA
RT
scFv
SPR
SA

ST
STH
t1/2
TAA
TCR
tdTomato
TIL
TNF-a
TTL
ucCB

Dissociation equilibrium constant (also: kon)
Dissociation rate/Off rate (also: koff)
Lysogeny broth

Monoclonal antibody

Median fluorescence intensity

Maijor Histocompatibility Complex

Multiplicity of infection

LIST OF ABBREVIATIONS

NOD-scid IL2ZRgammanull with 3 human transgenes (SCF, GM-CSF, IL-3)

Optical density
Peripheral blood mononuclear cells

Polymerase chain reaction

Programmed cell death protein 1

Peptide major histocompatibility complex
Ribonucleic acid

Room Temperature

Single chain variable fragment

Surface plasmon resonance

Streptavidin
StrepTactin
Strep-tagll
Half-life

Tumor associated antigen

T cell receptor

Tandem dimer Tomato
Tumor-infiltrating lymphocyte
Tumor necrosis factor alpha
Tubulin tyrosine ligase

Umbilical cord blood
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