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CART cell therapy is a major innovation in the treatment of B-cell malig-
nancies. Prospective clinical evaluation within large, risk-stratified inter-
national multi-center studies is needed to establish its value beyond the
salvage of refractory disease. To perform these trials, the academic com-
munity needs access to safe and effective uniform CAR T cell products
across international borders. Novel automation technologies enable de-
centralized manufacturing of highly standardized CAR T cell products in
academic GMP facilities experienced with the production of patient-indi-
vidual cell therapies. Academic cell manufacturing in addition to products
from pharmaceutical companies will allow the informed dissemination of
CART cell therapy to patients who benefit from this modality. It will feed
back into further preclinical improvements, enable clinical researchers to
define the optimum position of CAR T cell therapy within multimodal
therapies, and help advance this approach to treat other cancers in both
children and adults.
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The development of effective ther-
apies for childhood leukemia is a
major success story in medicine.
The key to long-term remission
and cure was the introduction of

combination chemotherapies and
their systematic improvement in
[1-4].
Risk-stratified large national and

randomized clinical trials

international multi-center trials
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today are the standard of care in
pediatric hematology and oncolo-
gy [5]. A firsT cell therapy was in-
troduced into leukemia therapy in
the 1960s in the form of allogeneic
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hematopoietic stem cell trans-
plantation (HSCT) [6,7]. The val-
ue of HSCT in pediatric patients
has been systematically evaluated
in both acute myeloid leukemia
(AML) and acute lymphoblastic
leukemia (ALL) in academic mul-
ticenter trials, and was found to
add substantial benefit for high-risk
populations of patients [8,9]. De-
spite these advances, a significant
proportion of patients with acute
leukemia fail current therapies in-
cluding HSCT, and relapse after
transplant remains largely incurable
[10]. Moreover, HSCT still has a
high risk of treatment-related mor-
tality and long-term morbidities,
caused by organ toxicities from the
conditioning regimen and by acute
and chronic allogeneic immune re-
sponses. Together, these limit both
the duration and the quality of life
in many survivors. Additional mo-
dalities are clearly needed to further
improve leukemia therapy.

Targeted immunotherapies or im-
munotoxins directed against B lin-
eage antigens have shown high po-
tential to eliminate chemorefractory
disease. The first-in-class bispecific
T-cell engager blinatumomab binds
CD19 on leukemic cells and CD3
on T cells, leading to T-cell activa-
tion and target cytolysis [11]. Blina-
tumomab as a single agent is potent
to induce remissions in patients with
refractory CD19-positive leukemias.
In a pediatric Phase 2 study, 39%
(27 of 70) of patients treated with
blinatumomab at the recommended
dose achieved complete remissions,
of which 52% had an MRD-nega-
tive response [12]. Blinatumomab
has been approved for the treatment
of relapsed and refractory precursor
B-cell ALL in adults and more re-
cently in children [12,13].
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Another off-the-shelf agent di-
rected at a B lineage antigen is the
CD22-specific immunotoxin inotu-
zumab-ozagamicin. Engagement of
CD22 on the cell surface leads to in-
ternalization and release of the toxic
component, calicheamicin, which
induces cell death by breaking dou-
ble-stranded DNA [14]. Based on a
randomized study demonstrating a
significantly higher rate of complete
remissions in patients with refrac-
tory ALL treated with this agent
compared to standard therapy, the
agent was approved for adult ALL
[15]. Inotuzumab-ozagamicin is still
undergoing early-phase clinical in-
vestigation in pediatric patients.

Patient-individual cellular ther-
apy with CD19-specific chimeric
antigen-receptor (CAR) gene-mod-
ified T cells has emerged as an ad-
ditional treatment modality for
patients with refractory B-cell ma-
lignancies, with impressive clinical
benefit in both ALL and non-Hod-
gkin lymphomas. The principle of
CARTT cell therapy was established
by academic researchers, starting
with Zelig Eshhar’s observation in
the late 1980s that CARs can acti-
vate T cells [16]. CARs consist of
the antigen-binding domain of a
monoclonal antibody linked to co-
stimulatory and T-cell receptor-de-
rived signaling domains. CAR genes
are introduced into T cells by viral
gene transfer ex vivo, followed by
adoptive transfer to the patient (Fig-
ure 1). Upon engagement of the tar-
get antigen on the cell surface, CAR
gene-modified T cells receive potent
activation stimuli leading to target
cytolysis, cytokine release and clon-
al proliferation [17]. The majority of
CAR'T cell therapeutics developed
to date target the B lineage antigen
CD19. Lymphodepleting chemo-
therapy followed by administration
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—» FIGURE 1
CART cell therapy.
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Treatment with CAR T cells involves manufacturing of an apheresis product from the patient, manufacturing of a CAR T cell product,
preconditioning chemotherapy and administration of CAR T cells, usually as a single infusion.

T cell
expansion

&

of autologous CD19-specific CAR
T cells can induce complete remis-
sions in situations where cytotoxic
agents, HSCT and even CD19-tar-
geted immunotherapy with blina-
tumomab have failed [12,13,18-23].
Some CART cell products can gen-
erate long-term remissions lasting
for more than 12 months in a sig-
nificant proportion of patients [19].
Even though follow-up data is still

limited, there is reason to believe
that CAR T cell therapy can cure at
least some patients with previously
incurable leukemia or lymphoma.
Acute off-target toxicities of
CD19 CART cell therapy include
cytokine release syndrome (CRS)
and neurotoxicity. Secretion of high
levels of inflammatory cytokines
in response to T-cell activation by
CARs causes endothelial activation,
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leading to hemodynamic instabil-
ity, capillary leak and coagulopa-
thy [24]. CRS can be successfully
managed with the IL-6 receptor
antagonist tocilizumab [23]. Neu-
rotoxicity becomes manifest as an
encephalopathy-like syndrome with
headaches, hallucinations, seizures,
and behavioral abnormalities. It is
often associated with CRS and is
explained by a breakdown of the
blood—brain barrier by enhanced
endothelial permeability and entry
of high levels of cytokines into the
central nervous system [25]. Rare
fatal toxicities have been reported,
all in adult patients and associated
with high CAR T cell doses and/
or high disease burden [18,26-28].
An expected consequence of the
on-target/off-tumor  toxicity  of
CD19-specific CAR T cells against
normal B cells and their CD19-ex-
pressing precursors is hypogamma-
globulinemia by B-cell aplasia. It
persists as long as functional CAR
T cells are detectable in the blood
[20,23] and can be effectively man-
aged by regular parenteral substitu-
tion of immunoglobulins.
Treatment  benefit  of  two
CD19-specific CAR T cell products
compared to a historical controls has
led to marketing authorization both
in North America and in Europe,
including a pediatric indication. Ti-
sagenlecleucel was approved for the
treatment of patients with recurrent
and/or refractory ALL up to the age
of 25 years and adult patients with
recurrent and/or refractory diffuse
large B-cell lymphoma (DLBCL),
and axicabtagene ciloleucel for the
use in adult patients with recurrent
and/or refractory DLBCL or prima-
ry mediastinal B-cell lymphoma.
The academic community is now
confronted with the task of estab-
lishing the value of this promising

DOI: 10.18609/cgti.2019.002

new treatment modality by intro-
ducing CAR T cell therapy into
the current complex treatment al-
gorithms. Now that CAR T cell
immunotherapy has been approved
for patients with refractory disease,
we must explore its potential for
adding efficacy to or even replacing
other therapies such as HSCT and
cytotoxic drug treatment. Indeed, if
CART cell therapy is safe and suc-
cessful in high-risk leukemia, then
we will need to evaluate CAR T cell
therapy even as frontline treatment
and for standard-risk disease. Due
to the high complexity and cost of
CAR T cell therapy as well as the
acute toxicities and potential late
effects, for example sustained B-cell
depletion and hypogammaglobulin-
emia when CD19 is used as target,
superiority will have to be clearly
demonstrated. Pediatric B-cell can-
cers are rare diseases [29], and their
state-of-the art treatment is com-
plex. Thus, the optimal role of CAR
T cell therapy can only be assessed
in multi-center trials performed in
national and international consortia
that allow randomization of large
numbers of patients. An essential
prerequisite for such studies is to
make the new agent available to pa-
tients and academic investigators.
Securing reliable and affordable
access to CAR T cell products that
fulfill the highest quality standards
is a critical next step for advancing
treatment of B-cell cancers.

A first example of a cell therapy
effectively introduced into mul-
timodal treatment algorithms in
childhood leukemias is HSCT. Ad-
vancing cell therapy by HSCT from
its introduction in the 1960s [6,7] to
the therapeutic standard it has be-
come today has taken many years of
refinement and optimization. Prog-
ress has been driven by the concerted




action of the academic hematology
and transfusion medicine commu-
nity and led to significant reduction
of transplant-associated lethality in
both pediatric and adult patients
over the past 20 years [30,31]. Har-
monization of transplantation pro-
cedures in pediatric leukemia pa-
tients was achieved by performing
HSCT within large prospective in-
ternational multi-center trials [31],
which have now started addressing
randomized research questions [32].
Although transplants and even ad-
vanced HSCT products such as
grafts depleted of selective cell pop-
ulations are far less complex cell
products than CAR T cells, experi-
ence from HSCT is transferrable in
several aspects. One of the greatest
challenges in extending the para-
digm of multi-center clinical trials
to HSCT has been the variability
of the biological product. Hemato-
poietic stem cell products are living
therapeutics varying in donor iden-
tity, origin from blood or bone mar-
row, and cell composition. While
CAR T cell manufacturing adds a
new dimension of cell engineering
since it requires introduction of a
gene for safe and reliable expression,
interindividual variability is a shared
feature between the two types of cell
products. Moreover, both products
must be manufactured separately
for each individual patient accord-
ing to good manufacturing practice
(GMP) in authorized manufactur-
ing centers to comply with phar-
maceutical quality standards and
to ensure adequate levels of safety
for human use. For transplants,
these standards have been success-
fully established in the academic
setting to the degree that beyond
unmanipulated hematopoietic stem
cell grafts, academic centers now
produce more and more complex

individualized cell products. Pos-
itive selection of CD34+ hemato-
poietic stem cells or depletion of
selective immune cell populations,
such as CD3+ T cells or T-cell re-
ceptor a/f+ T cells and CD19+
B cells, allows HLA barriers to be
overcome for transplantation even
from HLA haploidentical donors
[33-35]. Other types of cells, such
as mesenchymal stem cells, are now
being evaluated in clinical trials to
prevent and treat graft-versus-host
disease (GVHD) [36]. Moreover,
T-cell products are manufactured
from stem cell donors to treat im-
pending relapse with unmodified
donor lymphocyte infusions, or
viral complications in patients post
HSCT by ex vivo antigen selection
of virus-specific T cells [37,38].

In contrast to HSCT and antivi-
ral adoptive T-cell therapy, in which
the products and the procedures
are both institution based, access
to CAR T cells currently follows a
pharmaceutical model (Figure 2A).
The hospital obtains a patient-in-
dividual leukapheresis product and
sends it to a company, which uses
this product to manufacture the
gene-engineered CAR T cell prod-
uct and return it to the hospital to
be administered to the patient. This
model has several flaws. Disease con-
trol until the CAR T cell product is
available requires antiproliferative
chemotherapy, so-called bridging
therapy, which may by unsuccessful
in aggressive disease refractory to
cytotoxic agents, resulting in rapicl
progression and death or adverse
events precluding infusion. Proto-
cols used in previous studies have
limited the use of alternative anti-
leukemic agents to be used in this
situation, for example have exclud-
ed treatment with CD19-targeted
agents such as blinatumomab [19]
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—» FIGURE 2

Leukapheresis

Leukapheresis

lymphodepletive preconditioning therapy.

Two models of CAR T cell manufacturing for advanced-phase clinical trials.

Centralized cell
manufacturing by
pharmaceutical
companies

-
“ e

T cell
activation

Viral gene T cell
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(A) Pharmaceutical cell production. Following T-cell apheresis at the local hospital, the product is sent to the pharmaceutical company
for centralized CAR T cell manufacturing, then transferred to the hospital for performing preconditioning chemotherapy and CART cell
administration. (B) Decentralized academic cell production: CAR T cell products are generated by in-house manufacturing in accredited
academic facilities at the local hospital according to an established standard procedure, then transferred to the patient following

Lymphodepleting
chemotherapy &
CART cell infusion
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chemotherapy &
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for concerns that pretreatment with
CD19-targeted agents could favor
antigen-negative escape. As a con-
sequence, manufacturing failures,
which occur in a significant pro-
portion of patients [19], may pre-
vent the patient from receiving a
treatment capable of extending sur-
vival and enhancing the quality of
life even if ultimately non-curative.
Examples of long-term respond-

ers to CD19-specific CAR T cell

DOI: 10.18609/cgti.2019.002

therapy post blinatumomab now
argue against a significant negative
effect of the T-cell engager on sub-
sequent CAR T cells targeting the
same antigen [21,23], and ongoing
treatment protocols have started
allowing B-cell targeted agents for
more effective bridging therapy to
CART cells.

Times between apheresis and
administration of a product manu-
factured outside the hospital can be




extended beyond manufacturing by
long shipping distances and inter-
national borders complicating de-
livery. The manufacturing process
often lacks transparency, which is
needed for the local management
of the patient and to respond to the
questions and needs of the families
during the time in which the prod-
uct is being manufactured. Impor-
tantly, studies to establish the value
of industrially manufactured CAR
T cells used in academic multi-cen-
ter trials will require close cooper-
ation between companies and ac-
ademic investigators, and logistic
solutions that allow distribution of
centrally prepared CAR T cell prod-
ucts across international borders.
Last, but by no means least, the
high cost of the currently approved
pharmaceutical products togeth-
er with the cost of prior treatment
and of toxicity management will
profoundly limit broad application
and systematic evaluation of the ul-
timate place of CAR T cell therapy
in cancer therapy.

A way out of these limitations
is to enable and expand additional
decentralized in-house manufac-
turing and distribution of CAR
T cells by experienced academic
facilities who can comply with es-
tablished and uniform GMP stan-
dard operation procedures (Figure
2B). Compared to bone marrow
and peripheral-blood derived stem
cell products and even antigen-se-
lected virus-specific T cells, CAR
T cell manufacturing adds sever-
al additional levels of complexity
[39]. Most importantly, safe and ef-
fective gene transfer is an essential
part of the process. T cells must be
isolated from the peripheral blood
leukapheresis  product, activated,
genetically engineered to express
the CAR construct, expanded and

formulated into the final product.
Standard GMP manufacturing of
CART cells involves multiple ma-
nipulation steps requiring highly
skilled and experienced staff in a
cleanroom environment. To min-
imize the risks, labor intensity and
cost and to improve the robustness
and scalability of CAR T cell man-
ufacturing, technological advances
need to be developed that automate
and simplify the procedure [40], al-
lowing decentralized manufacturers
to produce large numbers of highly
equivalent products at affordable
prices.

Because of their inherent biol-
ogy, cell products generated from
individual humans can never reach
the level of inter-product compara-
bility of classical drugs. Each autol-
ogous CAR T cell product derives
from a highly diverse human T-cell
repertoire, which has been shaped
by a variable history of antigen ex-
posures and, in leukemia patients,
has further been affected by pre-
treatment with cytotoxic agents
and immunosuppressive therapies.
To reduce this heterogeneity and
increase product harmonization
it may be necessary to combine
uniform manufacturing standards
with plans to conduct apheresis for
future CAR T cell therapy at de-
fined timepoints in treatment pro-
tocols. Following assessment of the
safety and efficacy of CAR T cell
products manufactured according
to standardized procedures at qual-
ified individual sites in Phase 1/2
clinical trials, they can be used in
academia-initiated advanced-Phase
clinical multi-center trials. The tri-
als will establish the value of CAR
T cell therapy in comparison with
alternative agents and with HSCT
and define their optimal position
in existing treatment algorithms.
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In addition to the central patient
registration and analysis of all rel-
evant clinical parameters that these
studies provide, they must be ac-
companied by an immune mon-
itoring program that maximizes
the gain of information and allows
the critical hurdles for the produc-
tion of optimal cell products and
their clinical use to be identified.
Such programs are well established
in the academic reference labora-
tory facilities integrated into cur-
rent multi-center trials. Academ-
ic multi-center trials also are an
optimal platform for establishing
uniform regulation to assure the
highest standards of quality in the
care of the patients receiving CAR
T cell therapy.

Beyond B-cell cancers, technolo-
gies for decentralized academic cell
manufacturing will also facilitate
for the academic investigators to ad-
vance the technology towards solid
tumors where CAR T cell therapy
so far has been less effective. Strat-
egies are needed that enable T-cell
trafficking into the solid tumor
microenvironment, enhance local
T-cell proliferation and persistence
and overcome the protective tumor
microenvironment of solid tumors.
Moreover, adequate antigens must
be identified and novel generations
of CARs established that avoid
both on-target toxicity to healthy
cells and overcome heterogeneity
of expression of targets on subpop-
ulations of cancer cells. Approaches
targeting single antigens may not
be sufficient for durable long-term
antitumor responses. Instead, nov-
el T cell engineering strategies are
needed to enhance potency and se-
lectivity, for example CARs that rec-
ognize an expression pattern unique
to tumor site rather than an individ-
ual antigen [41].
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Successful research in this area
will have to coordinately consider
all aspects of cancer and immune
biology. Even optimized CAR tar-
geting strategies are highly unlikely
to make an impact in solid cancers
on their own. Cotargeting inhib-
itory pathways such as PD-1 [42]
or engineering CAR T cells for
locoregional production of inter-
leukin (IL-)18 [43-45] may help
to enhance the function of CAR
T cells in solid tumors. Also in solid
tumors, cell therapy will have to be
embedded into multimodal treat-
ment protocols to study the benefit
for patient subgroups in large com-
parative clinical trials. These studies
will continue to be performed by
academic study groups of the scien-
tific community within their estab-
lished infrastructure [46].

While initial CAR T cell trials
were academia-driven and indus-
try has relied on academic research
for acquiring pivotal knowledge in
the manufacture of individualized
cell-based gene therapy products it
then had a significant role to devel-
op CAR T cell technology to first
approval. Even commercial man-
ufacturers with large budgets and
investment are facing challenges in
the production of patient-individu-
al CAR T cell products. To enable
cell manufacturing in the academ-
ic setting, closed-system and auto-
mation technologies for cell man-
ufacturing are needed, along with
standard processes and components
for distributed manufacture and
quality control. Support from in-
dustry will substantially contribute
to the success of investigator-initiat-
ed clinical trials evaluating cellular
therapeutics. Alongside distributed
academic small-scale manufactur-
ing, commercial CAR T cell prod-
ucts manufactured at large central
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sites may be well suited for larger
scale treatments in more common
diseases or to supply access when
their application broadens toward
frontline care.

Finally, all stakeholders are aware
of the fact that CAR T cells are only
one manifestation of the developing
area of cellular therapy, and others
such as transgenic T-cell receptor
modified cells will follow soon.
Reminiscent of HSCT it will again
need the concerted activity of the
academic community in hematolo-
gy, oncology and transfusion med-
icine together with industry and
regulating authorities to bring this
modality to full fruition.
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