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ABSTRACT

The purpose of this study is to mine CAR-T patents and therapies under development, to design a landscape
of the sector and to understand key therapy segments and their current trends. The study analyzed the
entire market, consisting of 1624 patent families and 509 biologics under development, to depict an
overview of the CAR-T therapies and their state of the art. Our results showed cutting-edge inventions,
the major players, the dynamics of cooperation among institutions, the progress of the therapies’ generation
over the years and future innovation pathways. CAR-T therapies are transforming the current scenario for
cancer treatment, and this study reveals the picture of what we can likely expect ahead in order to assist
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scientists at the academy and industry to improve their research strategies.

1. Introduction

Chimeric antigen receptor (CAR) T cell therapy is an innovative
and revolutionary type of immunotherapy for cancer treatment,
in which patient’s T cells are isolated, genetically engineered,
expanded, and then infused back into patients where they con-
tinue to expand and destroy cancer cells." This field was launched
in 1989, when Zelig Eshhar, an Israeli immunologist from The
Weizmann Institute of Science, created the engineered recombi-
nant receptor molecule known as a chimeric antigen receptor
(CAR).>* This was the proof of concept that allowed for the
generation of genetically engineered patient-derived T cells target-
ing a specific antigen, independently of MHC-TCR interaction. In
the 1990s, researchers began to use these genetically engineered
T cells to ht cancer.*”

CAR specificity comes from the extracellular domain, derived
from the antigen-binding site of a monoclonal antibody. A single-
chain variable fragment is generated by linking the variable region
heavy and light chains. A flexible peptide linker is included, and
this extracellular domain is fused to an intracellular domain via
a transmembrane sequence.”’” The intracellular domain is
designed to recapitulate the normal series of events by which
T cells are activated. In addition, the incorporation of costimula-
tory signals to the CAR makes CAR-T cells less susceptible to
negative regulation by the host cells, which occurs in normal
immune responses against cancer. Therefore, a CAR construct
reprograms T cells into “killer cells”, targeting a specific cancer
antigen and these cells can persist in the patient’s body for years
helping immune surveillance.®’

The process of modifying the intracellular domain to increase
effectiveness led to the development of first-, second-, third-, and,
recently, fourth-generation CARs. First-generation CARs con-
sisted of only the TCR complex CD3-zeta chain domain and
antigen recognition domains.>> The use of first-generation
CARs was explored in clinical trials that included patients with
several types of cancers. These studies, however, showed only
modest efficacy mainly due to insufficient T-cell persistence in -
vivo.!! Subsequently, second-generation CARs were developed,
which incorporated costimulatory domains, such as CD28 or
4-1BB (CD137), thus increasing CAR-T cell survival and prolif-
eration, ultimately leading to improved antitumor efficacy.”**
Third-generation CARs combine the CD3-zeta domain with
more than two costimulatory domains; nonetheless, its superiority
over second-generation CARs has not yet been completely
demonstrated.” Finally, the fourth CAR generation, still in its
early development, incorporates other genes to empower the
antitumor activity of CAR-T cells'® (Table 1). Recently, other
genetic modifications (i.e. receptor design or different vectors
used for gene delivery) have been evaluated in pre-clinical
(in vitro or in vivo biological testing) and clinical trial."

On August 30, 2017, a historic milestone was achieved
when CAR-T cell therapy was officially approved by the
FDA, announcing a new era of cancer treatment. The
Novartis CAR-T cell product, tisagenlecleucel (Kymriah®),
was approved for children, young adults aged 25, and under
who relapsed or were not responding to conventional therapy
for acute lymphoblastic leukemia (ALL). Subsequently, on
October 18, 2017, the FDA approved axicabtagene ciloleucel
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Table 1. The evolution of CARs' design.

CAR-T

generation Description

First The first-generation has a modular design, including a specific
cancer-targeting antibody outside the cell, a transmembrane
component, and an intracellular costimulatory signaling
domain (i.e. CD3z) that amplifies the activation of the CAR
T cells."?

Second Second-generation CARs contain an extra intra cellular
costimulatory domain (i.e. CD28, 41-BB, CD27, or OX-40).>">'*

Third Third-generation CARs have two costimulatory domains within
the cells.”®

Fourth Fourth-generation CARs incorporate other genes to empower

the antitumor activity of CAR-T cells. They are second-
generation CARs with the addition of gene cassettes for
cytokines or other genes that are controlled through antigen
binding to the CARs.'®

(Yescarta®), for patients with relapsed or refractory diffuse
large B cell lymphoma (DLBCL) and other rare large B-cell
lymphomas. Recently, The European Commission (EC) has
also approved both products.

Based on this initial success, currently, CAR-T cell thera-
pies are being developed and tested for other hematologic
neoplasms and for many different solid tumors. Figure 1
shows a timeline of CAR-T cell therapy development, high-
lighting the main milestones.

The intense development of new CAR-T therapies is
marked by an active use of the intellectual property rights
by the companies along with robust R&D investments.
Herein, we provide the patent and clinical landscape of
CAR-T technologies with the current scenario of clinical
trials, the cutting-edge CAR-related inventions, the main
players and how they interact with each other to develop
new technologies. This study also depicts a snapshot of the
CAR-T cell therapies motivated by their applications and their
intrinsic development. Finally, we provide a technological
route showing the emerging trends in the face of current
R&D challenges. The Derwent Innovation database, from
Clarivate Analytics, was used to search specifically for Car-T
cell patents and for CAR-T Cell therapies that are under
development and for lead compounds; we used the Integrity
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Database from Clarivate Analytics (described in the supple-
mentary material).

2. Evaluation of the global CAR-T cell therapy patent
landscape

CAR-T cell patents were selected from the Derwent Innovation
Database (Clarivate Analytics), a complete patent database
delivering access to globally trusted documents from more
than 40 jurisdictions and includes expert English translations
of patent content. For this propose, we used a subject-specific
search query (Supplementary material). We identified 1624
patent families worldwide in regard to the application years
ranging from 1998 to 2017. Since CAR-T cell therapy is a rising
trend in biotechnology, most of these patents have not reached
clinical trials yet, as they represent early-stage technologies.
The patent application process is usually prior to the pre-
clinical phase, so, some of the technologies selected have
a true potential to reach the market if they perform well in
clinical trials. Most of the selected patents deal with different
aspects of CAR-T cell technology, including usage, preparation
methods and composition of matter. The top CAR-T inventor
is Carl June, the pioneer researcher in the field of immunother-
apy (Figure S1). June appears in first place with 69 patents
followed by Martin Pulé, the founder of Autolus
Therapeutics, with 57 patents. Regarding the main assignees,
The University of Pennsylvania appears in first place with 144
patents, followed by NIH (represented by the US Depart of
Health and Human Services) with 83 patents, and Novartis and
Memorial Sloan-Kettering Cancer Center in third place with 74
patents each (Figure 1A). Among the top 20 assignees, only two
do not demonstrate any cooperation, which is measured by co-
ownership of patents, Shanghai UniCAR Therapy Co Ltd and
Achillion Pharm. In contrast, the leading top four assignees of
CAR-T cell patents showed rates of cooperation of up to 40%,
which means that an intensive collaborative effort to generate
new technologies is somehow important in this domain.
Novartis has only five proprietary patents and 93% of its
CAR-T patent portfolio are in cooperation (Figure 2B).

FDA approval of
CD19 (Kite and
Novartis)

CAR-T cell therapy
achieves 89% response
rate in ALL and complete
responses in B-ALL)

> 300 CAR-T
cell trials
registered on

2013

2003
First generation of Validation of
CAR (CD3 zeta-based) CD19 as a target

EMA approval of
CD19 (Kite and
Novartis)

generation of
CARs (Trucks)

First application to
the FDA for CD19
CAR Therapy

Figure 1. Timeline of CAR-T cell therapy development and progress. The main milestones from the first design of genetically modified T cells with a chimeric antigen
receptor (CAR) to the first products approved by FDA and EMA are represented in the timeline.
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Figure 2. The top patent assignees and priority countries related to CAR-T cell technology. (a) Top 15 assignees in terms of a number of patent families split by the
proprietary technology as single assignee and co-assignee (in cooperation), showing that most of the companies establish partnerships that resulted in patent
application. (b) Number of patent applications per priority country. PCT Patents are represented as WO and patent applied to the European office, as EP.

Collaboration between universities, companies, and hospitals
in the field of immunology is not very frequent, because their
interests are different. Campos E. et al. showed that the major-
ity of patent applications in immunology are applied for by
only one entity."” However, CAR-T cell treatment is a complex
process and requires a great level of collaboration between
doctors, health centers and manufacturers and the patents
reveal this high rate of cooperation. We also analyzed the
countries where CAR-T cell patent applications were first
filed (Figure 2B). The geographical distribution according to
the priority countries showed that the largest concentration of
patents comes from the United States and China. Although
both countries are actively developing new technologies and
clinical trials, the United States stands out by presenting nearly
three times more patent applications than China.

Innovative CAR-T cell therapies are strongly dependent on
cooperation among institutions, as mentioned before. In order to
clarify how cooperation occurs, a network using patent informa-
tion from assignees was generated (Figure 3). Overall, the assignees
that compose the largest component of the network show five
different clusters, the biggest cluster has the US Depart of Health
and Human Services, the University of Pennsylvania and the
General Hospital as central actors. The connections among differ-
ent partners are not so intensive since assignees have an average of
two partners (average degree = 2.6) resulting in an average of
around seven shared patents (average weighted degree = 7.18).
The most influential players according to the eigenvector centrality
(EC) are the US. Depart. Of Health and Human Services (EC = 1)
and the University of Pennsylvania (EC = 0.86). Among the
interactions, Sloan Kettering has an important role within the
network since it forms a cooperation bridging two influential
players, the US Depart. Of Health and Human Services, and the
General Hospital, this is the link with the highest betweenness.

Lately, the intensive research and investment efforts to discover
new CAR-T therapies make the sector one of the most dynamic.
From 2005 to 2009, only a few CAR-T cell patents were filed, most
of them revealing the CAR concept and the first steps of its clinical

applications. Since 2012, however, the number of patent filings
has been growing quickly, which has led to an increase in the
number of registered clinical trials (2014 to 2018) (Figure 4). The
clinical translation process has also been accelerating along with
therapy with CAR-T cells. This process begins with pre-clinical
development and then goes onto increasingly complex and
demanding phases of clinical trials. Invariably, in addition to the
expertise of researchers, a robust research infrastructure and sig-
nificant funds are needed for the clinical application of new
cellular technologies. In the case of CAR-T cell therapy, clinical
studies in children and adults with acute lymphoblastic leukemia
(ALL) have shown impressive initial response rates, ranging from
70% to 90%, showing the great efficiency of treatment.'® What is
more, good results have been achieved for B-cell non-Hodgkin’s
lymphoma (NHL), especially for aggressive B-cell lymphomas.
Single-center and multicenter clinical trials with CAR T-cell ther-
apy anti-CD19 have shown long-term remissions in poor-risk
diffuse large B-cell lymphoma (DLBCL)."

3. Preclinical studies and clinical trials of CAR-T cell
therapy: current scenario

To identify major trends in the discovery and development of
novel “CAR-T candidate drugs”, we have analyzed available data
from the Integrity database (Clarivate Analytics, USA)
(Supplementary information). On September 15, 2018, there
were 679 candidate drugs registered, which were subdivided into
groups according to their development status and main target
antigen explored (Figure 5A and B). The majority of them, repre-
senting 40%, are in biological testing phase, i.e. the earliest stage of
development. Candidate drugs at this stage include products from
patents and studies reporting preliminary pharmacology data
(in vitro testing). Progressing to a later phase occurs only if there
is information published (annual reports or clinical data) indicat-
ing that they have progressed. A high percentage of the studies is
in the pre-clinical development phase (in vivo testing), 34%. Phase
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Figure 3. Cooperation network among assignees of CAR-T cell technologies. Information of co-assignment patents was used as a proxy to build the network.
Different colors and the node’s size represent the communities and numbers of different partners, respectively.
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Figure 4. Number of patent applications and clinical trials being conducted over the years.

I and Phase I/II represent 14% and 9% of the studies reported,
respectively (Table S1).

The most studied target antigen is the CD19 (32%, 218
candidate drugs), a cell surface protein restricted to B cells

and B cell precursors, which is also expressed on the surface
of malignant B-cells in patients with B-cell leukemias or
lymphomas."***" Following CD19 antigen, the other two
closely studied targets are the B cell maturation antigen
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Figure 5. (a) Development status and (b) main target antigen explored in the CAR-T drugs. Analysis performed with data available in the Integrity database (Clarivate

Analytics, USA) on September 15, 2018.

(BCMA) (7%, 48 candidate drugs) and epidermal growth
factor receptor (EGFR/HER) (7% 47 candidate drugs).
BCMA is a target related to plasma cell cancers and has
been used to treat myeloma patients. EGFR is used for solid
tumors, such as childhood sarcoma, kidney cancer, and neu-
roblastoma. We also analyzed the characteristics of CAR
constructs that are under preclinical and clinical investigation.
Among the 679 candidate drugs, 435 describe the CAR gen-
eration that is being used (Figure 6A and Table S1). Of these,
the majority are from second generation, which have only one
co-stimulatory signal (72%). The third generation appears
in second place (19.5%) followed by first (6.7%) and
fourth (2%).

The majority of CARs in clinical late phase (Phase I/II and II)
are also from the second generation (Figure 6A). The current two
FDA-approved CAR-T products, Kymriah® (Novartis) and
Yescarta® (Kite Pharma), are also second-generation products
and target CD19+ cancer B cells.

Four clinical trials at Phase I/II are being conducted with
CAR-T cells containing a third-generation construct (Chinese
PLA General Hospital, Janssen/Nanjing Legend, Autolus/
UCLB, and Uppsala University). Three of them contain the
co-stimulatory molecules CD28 and CD137 and one CD28
and OX-40. In addition, three trials (Phase I/II) use a fourth-
generation CAR. These CARs have incorporated as an addi-
tional element, an inducible caspase-9 gene, which can lead to
the self-destruction of CAR-T cells by apoptosis, thus increas-
ing the safety of the clinical trials.

In late-phase Phase II, besides the trials using thesecond
generation, there is one first-generation CAR (Great Ormond
Street Hospital Child NHS/UCL). In this trial an anti-CD19
CAR construct is used to transduce Epstein-Barr virus (EBV)-
specific cytotoxic T lymphocytes (CTL) for treatment of
pediatric ALL. The group uses a first-generation CD19CAR,
relying on the endogenous T-cell receptor for proliferation.*

The late-phase trials (Phase I/II and II) are being conducted by
academic institutions and pharmaceutical companies (Figure 6A),
with a close collaboration between them. Fred Hutchinson Cancer
Research Center and Juno Therapeutics are involved in
three second-generation CAR-T trials each. Celgene, Chinese
PLA General Hospital and Shanghai Genechem are involved in
two second-generation CAR-T trials each. Academic institutions,
either alone or in collaboration with industry players, have

demonstrated a critical role in the target discovery, design, and
development of novel CAR-T therapies. This strong collaboration
between clinical and basic scientists is crucial to move forward the
proof-of-concept stage through to the translational stage toward
clinical implementation.

Most clinical studies in progress use autologous CAR-T
cells. Nevertheless, recently allogeneic CAR-T cells have
appeared as an attractive approach to allow for a greater
number of patients to have access to CAR-T cell therapies.
Since CAR-T cell therapies are autologous cellular products,
customized for each patient, to enable successful clinical pro-
gression, “ready-to-use” allogeneic universal cellular products
should be developed. In this context, Cellectis S.A. and Celyad
S.A., two biopharmaceutical companies focusing on the devel-
opment of CAR-T therapies, have invested in allogeneic CAR-
T therapies. Cellectis has developed universal CARs (UCAR),
with the first clinical trial using UCRA19 starting in Europe in
June 2016 and in the U.S. in 2017. More recently, Cellectis
received FDA approval for Phase 1 clinical trial for UCAR-
T22, Cellectis’ second controlled TALEN® gene-edited pro-
duct candidate for the treatment of B-cell acute lymphoblastic
leukemia (B-ALL) in adult patients (http://www.cellectis.com/
en/products/ucarts). This year, the FDA also accepted Celyad
IND (CYAD-101) the first non-gene-edited allogeneic CAR
engineered to express the chimeric antigen receptor NKG2D,
a receptor expressed in natural killer (NK) cells that binds to
eight distinct ligands expressed on tumor cells (https://www.
celyad.com).

Clinical trials represent a critical step for the translation of
newly developed therapies to clinical practice. By
September 2018, 11 years after the first clinical study with
the new experimental drug (IND) had been registered, 261
clinical trials were being conducted employing 180 candidate
drugs, according to Integrity. Just from January 2018 to
September 2018, 28 new CAR-T cell clinical trials were regis-
tered in the same database, which reflects the enormous
activity of academy and industry in this area. Among the
ongoing trials the vast majority are being conducted in the
USA (122 clinical trials) and China (115 clinical trials) (Figure
6B), corroborating with the data of patent applications per
priority country. As previously mentioned, the USA and
China are also the countries that register most patents in
this area.
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Figure 6. (a) Generation of CAR constructs that are under pre-clinical and clinical investigation. (b) Number of clinical studies being conducted worldwide. Analysis
performed with data available in the Integrity database (Thomson Reuters, USA) on September 15, 2018.

As previously emphasized, cooperation is fundamental to
implement CAR-T cell therapies in the clinic. Therefore, we
also analyzed the cooperation networks of the 679 candidate
drugs under development. Thus, we generated a network
including assignees and the related candidate drugs under
development (Supplementary Information Figure 2). The
University of Pennsylvania, Baylor College of Medicine
(BCM) and Memorial Sloan-Kettering Cancer Center
(MSKCC) were highlighted in the network due to the volume
of CAR-T candidate drugs under development. From these,
155 are co-developed by two or more institutions, a rate of
37%. The two main interconnected components of the

cooperation network have 53 institutions (nodes) and 77
collaborations among them (edges) (Figure 7).

The University of Pennsylvania and Novartis entered into
a collaboration in 2012 to develop and commercialize CAR-T
therapies. This successful collaboration resulted in the first
therapy based on gene transfer approved by the FDA.>> The
collaboration between NCI (National Cancer Institute/NIH)
and Kite allowed for the translation of NCI CAR-T, developed
in the mid- to late-2000s, into the clinic, being the second
CAR-T Cell Therapy approved by the FDA.>* Figure 5 also
highlights a close collaboration between BCM, MD Anderson
Cancer Center and ZIOPHARM Oncology for the
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by the metrics of modularity.

development of non-viral adoptive cellular cancer immu-
notherapies. BCM has also collaborated with Bellicum,
which exclusively licensed the worldwide rights to the inven-
tion CaspaCIDe® platform from BCM. The invention relates
to the on-demand in vivo elimination of therapeutic cells,
such as CAR-T, which have been modified to express the
iCasp9 protein which is responsive to rimiducid, enabling
the elimination of the cells. MSKCC has a close interaction
with Juno, BlueBird, and Eureka Therapeutics focusing on
CAR-T research for Myelo6ma. These collaborations mainly
take place between universities and industry experts looking
to conduct well-designed research to generate high-value
patents that can be used in clinical trials and lead to an
efficient treatment.

4. Patent technological route

In order to identify emerging technologies among the 1624
patents, we used the technological route (TR) methodology pre-
viously described.?® Thus, we use the backward citation data from
all the CAR-T cell patents to map the technological route and
identify emerging technologies. The resulting technological route
includes 19 patents and the arrow directions show the relationship
between citing patent and cited patent (Figure 8). The route
reveals some interesting information about three trends in CAR-
T inventions. The oldest patents in the TR deal with technologies
describing the mechanism and concepts of CAR-T cells, repre-
sented by the eight patents at the end of TR, further enabled the
emergence of the highly cited patent US7446190B2, which

describes the engineering of chimeric T cell receptors. This tech-
nology is the basis for the evolution of the most cited patent
W0O2012079000A1, which is essential for the emergence of ther-
apeutic applications for the treatment of cancer, especially lym-
phocytic leukemia and lymphomas. As the route continues to
more recent patents, five PCT patents (Patent Cooperation
Treaty) with applications in 2017, are at the top of the route,
relating to improving CAR-T therapies which show promising
trends: WO2017015427A1 describes a new method for improving
T cell expansion; W02017040930A2 describes biomarkers for
predicting the patient’s risk of developing cytokine release syn-
drome (CRS); WO02017149515A1 developed CAR-T cells with
multiple CAR molecules with enhanced efficacy and which
avoid off-target toxicities; WO2017165683A1 relates to composi-
tions and methods for using a PD-L1 blocking mini-antibody as
a strategy to enhance CAR-T cell killing; and the patent
WO2017181119A2 is related to enabling selective expression of
a desired protein of interest and controlling CAR expression.
Clearly, the route shows five potential strategies to improve
CAR-T cell efficacy and safety, including (1) enhancing the expan-
sion and functional capacity of ex vivo-expanded, (2) new strate-
gies to manage CRS to avoid or alleviate this adverse event; (3)
multiple CAR molecules with enhanced efficacy and which avoid
off-target toxicities; (4) strengthening the potency of CAR-T cells,
modulation of the immunosuppressive tumor microenvironment
with immune-checkpoint blockade (PD-L1 blocking mini-
antibody); and (5) Functional control of the intensity or toxicity
of T-cell activation including of a “switch-on or switch-oft” pos-
sibility in CAR design.
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Although this therapy is already on the market, further
investigations still need to be performed so as to safely target
tumor antigen, optimize cell manufacturing, outline optimal
combinatorial strategies to improve therapeutic treatment and
control CAR-T cells in vivo and also for the development of
strategies to predict CRS.

It should be noted that initially there was a diversity of actors
participating in the development of CAR-T technologies that are
in the main TR, especially Georgetown University, Sloan
Kettering Inst Cancer and Cantab Pharma. However, in 2012,
the University of Pennsylvania developed a new product that
would change cancer treatment with the patent
WO02012079000A1, and from 2015 there has been an expansion
of the players with the entry of Novartis in cooperation with the
University of Pennsylvania, who have begun to determine the
direction of the development of this technology. It can be inferred
that the University of Pennsylvania during its drug discovery
process sought partners in the business environment to continue
the development of its candidates, and Novartis was more effec-
tive in perceiving this as a strategic opportunity for cooperation in
order to gain a competitive advantage against the other players.
Additional information about the patents composing the TR are
shown in Supplementary material.

5. Limitations of this study

This study has some limitations due to the scope of the search
query terms used and the availability of information, if we consider
that this is a dynamic and rapidly evolving technological field. Our
analyses are based on patent classifications. These classifications
depend on public reporting of information which varies in quality

and timing between academia and industries from different geo-
graphic locations, with the possibility that some groups did not
fully report their status for competitive reasons or over the report
to attract more funding. Another limitation is the classification of
clinical studies, some groups may use the terms ‘Phase I’, Phase I/
II, Phase II, Phase II/III rather loosely and not according to
regulatory standards, in part to attract more attention and finan-
cing as it is a very competitive field. In addition, the type of analysis
performed in this study is not able to evaluate patent quality, so
many patents may have limited or low value. This aspect cannot be
reflected in the quantification of patents — where a strong patent
can surpass more than 100 weak patents. It is also important to
state that our analysis is tracking published patent applications and
not issued patents, and only some unknown % of filed applications
will result in issued patents with specific claims protecting the
product. We believe that the limitations are minimized by our
group having a deep understanding of the technical field and also
having professional patent research skills to optimize search
queries that maximize the integrity of the analyses presented in
this study.

6. Conclusions

CAR-T cell therapy is an innovative therapy, resulting from more
than 30 years of intense research, employing knowledge about
immune system cells, tumor immunology, cellular signaling,
genetic engineering, antibody structure and a wide understanding
of neoplasia conditions. In the past few years, CAR-T cells have
revolutionized the cancer treatment scenario achieving remission
rates never reached before, including complete remissions in
clinical trials for B cell malignancies. Even though CAR-T-based
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approaches have demonstrated impressive efficacies, they still
require further optimization to achieve similar effects with solid
tumors.

This work showed the intense collaboration between aca-
demic institutions and biotechnology companies, demonstrat-
ing a milestone in this sector. In addition, collaboration has
enabled many advances that have made CAR-T cell therapy
faster, cheaper and more efficient.

The increasing number of patent applications and, conse-
quently, the increasing number of ongoing clinical trials will
allow for substantial advances in the coming years. The biggest
challenge that CAR-T cell therapies will face in the next decade is
how to make them accessible to a larger number of patients.
Currently, only two products are available in the market and
they have high prices (Kymriah® US$475,000 and Yescarta® US
$373,000).

CD19 is still the most studied target, and despite the success of
the clinical studies, many challenges remain to improve outcomes.
In this study, we showed the path of technological trends that
includes patents with greater future exploratory potential. The
most recent patents in the technological route indicate exciting
new developments that will improve five major R&D challenges
that companies are starting to address: i) new methods for CAR-T
in vitro expansion, ii) methods to predict CRS, the most prevalent
adverse effect following infusion of CAR-T cells, iii) development
of CAR-T cells that recognize multi-antigen signatures, which will
dramatically improve tumor recognition specificity, iv) creation of
CAR-T cells that are active in an immunosuppressive microenvir-
onment with an immune-checkpoint blockade, such as PD-L1
blocking mini-antibody, which can be very useful for solid tumors
and, finally, v) development of methods to control CAR-T cell
activity in vivo.

Tracking emerging technologies can help in the choice of
promising R&D projects and in making strategic decisions
about technology exploration and further licensing. The pre-
sent study demonstrates patents with greater future explora-
tory potential but does not rule out the uncertainty of
technological changes. In addition, this study can contribute
to decision-making in strategic research planning by govern-
ment, academia, and industry, providing technological trends
of CAR-T cell therapy.
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