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Broadly-applicable imaging
platforms are necessary for optimizing
cell therapies in solid tumors

D Morrow, M Srinivas, C Mann, A Ussi &
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The introduction of immunotherapy, particularly immune cell therapies,
have transformed the therapeutic landscape in recent years. Cell ther-
apies are now finally reaching patients in growing numbers, with many
more set to come through the pipeline in the next few years. In 2017,
Novartis's Kymriah® received FDA approval for patients up to 25 years
with acute lymphoblastic leukemia (ALL) that has either relapsed or is
refractory. This approval followed the near extraordinary results of the
case of Emily Whitehead, a 7-year-old girl who had been fighting ALL for
more than a year, whose cancer went in to remission following treatment.
Emily is now 6 years cancer-free. In the months that followed Kymriah's®
approval, two other gene therapies joined the market: Yescarta®, a CAR
T-cell therapy marketed by Gilead to treat certain types of large B-cell
lymphoma; and Luxturna®, Spark Therapeutics’ gene therapy for a rare
form of inherited vision loss. Although these three therapies would be
the first, they will certainly not be the last, with over 900 cell and gene
therapy-related clinical trials in planning phase or ongoing, according to
www.ClinicalTrials.gov. Following the success of Kymriah®, all eyes now
turn towards large patient groups with solid tumor cancers and whether
the success of CAR-Ts can be reproduced in these patients. However,
solid tumors represent a much greater challenge. These tumors incor-
porate mechanisms designed to keep T cells out, due to the tumor mi-
croenvironment where any cell and gene therapy would need to incor-
porate a strategy to overcome the tumor’s blocking mechanism. To date,
a strategy for this simply does not exist, and before any such strategy
can be comprehensively evaluated in vivo, a means to track these cells in
situ and subsequently monitor their success is fundamental. This strategy
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could develop a first in class prognostic indicator that can follow the lo-
calization or proliferation of these cells. Stratifying responders versus
non-responders for cell therapies could be achieved at the clinic through
effective cell tracking as the healthcare industry now embraces the clear
clinical benefits of the personalized medicine approach. For the clinician
and scientist to understand these cell therapies in greater detail, we need
to measure the function and behavior of these cells when delivered to
the patient. What are the cells doing? Where do they go after being ad-
ministered to the patient? This commentary piece focuses on the press-
ing need to develop a broadly applicable platform that incorporates in
vivo imaging and modelling for the optimization of cell therapies, that
can be integrated in existing cell therapy supply chains. This platform
requires a collaboration of the imager, the preclinical scientist, the regu-
lator, manufacturer and the clinician to make it functional for optimizing
the cell therapies in solid tumors. If successful, the platform should be
robust enough to be rolled out at any clinical site and be adaptable to
any cell therapy type.
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THE CHALLENGES OF
NOVEL CELL THERAPIES
FOR SOLID TUMORS

Cell therapies, in general, enter a
‘black box’ once they are transferred
to the patient. It is extremely difli-
cult to obtain direct information on
their viability, localization, numbers
and functionality in a longitudinal
and kinetic manner. This is in ad-
dition to several unknowns in their
fundamental mechanism of action,
and the effect of combinatorial treat-
ments. Firstly, lec’s address 1) CART
cell biodistribution. T-cell therapies
are typically delivered intravenous-
ly, and sometimes in more than one
infusion. The cells distribute rapidly
through the bloodstream, reaching
tumor sites and more often than not,
irrelevant sites [1]. This can lead to
off-tumor on-target or off-target ef-
fects which is a major safety issue for
patients [2], even resulting in death
[3]. Current gold standards to assess
cell biodistribution preclinically in-
volve time-consuming necropsy and

histopathological staining of slic-
es of a small fraction of the tumor
tissue, which is prone to sampling
error in addition to standard qPCR.
Flow cytometry and biolumines-
cence imaging with luciferase as a
reporter gene are also commonly
used [4]. The former, however, suf-
fers the limitation of being quanti-
tative only on blood samples or at
the time of necropsy, while biolumi-
nescence imaging is not applicable
to humans. Therefore, developing
a rapid and quantitative preclinical
technique for screening cell bio-
distribution and survival would be
highly useful. While some studies
have used SPECT with radioactive
Indium tracers to localize trans-
planted T cells [5], CAR T cells have
so far only been rarely imaged, and
typically by the use of PET reporter
genes [6]. While this is a very specific
technique, it has some drawbacks: it
exposes therapeutic cells to radioac-
tivity, which can lead to undesirable
effects; the reporter gene can become
immunogenic; quantification of cell
numbers remains complicated due
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to variability of tracer uptake in
vivo; regulatory clearance must be
obtained for each radiotracer; clini-
cal applicability would be limited to
the larger centers that can generate
the specialized radiotracers. In pre-
clinical systems, bioluminescence
imaging with luciferase as a report-
er gene is more commonly used [7].
Generally, no single imaging modal-
ity to date can satisfy all the require-
ments for the types of information
needed. Secondly, what about 2) cell
numbers at the tumor? The numbers
of therapeutic cells that reach the tu-
mor(s) [8], their kinetics, dose(s) and
delivery, to obtain clinically relevant
responses are a major determinant of
potential success. T-cell infiltration
to tumors can be a key limiting fac-
tor for the success of immunothera-
py [9]. A direct quantitative assess-
ment of the cells reaching the tumor
would therefore provide a significant
advantage to the field. Currently,
the best solution for this would be
either a radiotracer or an emerging
technique like 19F MRI, which is
also quantitative. Radiolabels are
less suitable due to their shorter
half-lives and radioactivity [10] bur-
den, which many clinical centers are
not equipped to handle effectively.
Even with newer tracers based on
longer-lived isotopes, such as zirco-
nium-89 (around 3 days half-life),
this is still insufficient time, as cells
are typically generated and labelled
off=site before being frozen for stor-
age and transport to the clinical site;
in addition to higher costs, adminis-
trative and safety burden, and ‘has-
sle’ in dealing with radioactivity. In
addition, many of the CAR T cells
will also take several days to weeks
to expand and proliferate once
clones are activated from encounter-
ing the target receptor Approaches
such as 19F MRI would allow for

quantification without the limita-
tions of ionizing radiation, although
the technique is less well-established
and less sensitive. While there is a
clear link between the number of
therapeutic cells that reach the site
and efficacy, another essential fac-
tor is their functional status, which
includes 3) the proliferation of T
cells at the tumor site. Functional T
cells are expected to proliferate rap-
idly upon encountering the antigen
that they have been programmed to
recognize. This is a key premise of
CAR T cell therapy [11]. Thus, we
need to be able to assess T-cell pro-
liferation at the site. /n vivo assess-
ment of proliferation is extremely
difficult. So far, there have been only
two publications using non-inva-
sive, clinically-applicable or clinical
techniques, both from the co-author
of this commentary piece [12]. First,
19F MRI was used to assess anti-
gen-specific T-cell recruitment to a
relevant draining lymph node in a
quantitative manner over a 3-week
period in mice, taking proliferation
into account. The second used 18F
PET with an injectable PET trac-
er (FLT) to assess tumor-specific
T-cell proliferation in lymph nodes
in melanoma patients. Assessment
of proliferation of T cells at a tumor
site is complicated by the fact that
tumor cells will also be dividing in
an unpredictable manner. As a re-
sult, novel combination strategies
such as utilizing an internal label in
the T cells (e.g., 19F nanoparticles)
[13,14] and an injectable PET trac-
er for proliferation could be a suc-
cessful approach. Both the 19F and
18F signals are quantitative, leading
to metrics for each patient. The re-
lationship between the two values,
actual T-cell numbers, and actual
T-cell proliferation is expected to
be complex and heavily interlinked.
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Therefore, as part of such a platform,
modelling would be integral to un-
derstand this relationship, to devel-
op a single indicator from all these
data as a measure of T-cell activity
in a patient. Finally, 4) tumor infil-
tration — whether the T cells are able
to penetrate the tumor or whether
they remain localized to the tumor
periphery [15] is another essential
determinant of CAR T cell thera-
py success. Different tumor types
can also present barriers of different
degrees. This can readily be studied
in preclinical models using histolo-
gy on extracted tumors or biopsies.
In humans, non-invasive imaging
would be much more feasible. Read-
ily available MRI provides excellent
soft tissue contrast, allowing visu-
alization of the tumor. In addition,
more sophisticated techniques such
as tumor blood flow, the presence of
a necrotic core, volume, and other
multiparametric MRI  techniques
can be assessed using standard clin-
ical workflows. These can be com-
bined with specific 19F MRI of the
labelled T cells to assess localization
with the tumor. Understanding the
challenges that cell therapies face in
solid tumors has fueled the develop-
ment of novel imaging approaches
to track immune cells 7z vivo and in
the patient in clinical trials [16]. Un-
derstanding the dosage required to
elicit the prescribed response is also
key as we want to limit over dosing
and possible toxicity resulting from
cytokine release syndrome or sim-
ply not dosing high enough to be
effective. Multiple imaging modali-
ties are being investigated by many
groups worldwide, but to succeed,
a broadly applicable platform that
can be rolled out at multiple clini-
cal sites, displaying ease of use and
integration into existing cell therapy
supply chains must be considered.

NON-INVASIVE IMAGING
SOLUTIONS

One potential solution currently
under development is to apply a
customizable imaging agent with
multimodal imaging capabilities
together with computer modelling
to provide an early stage prognos-
tic indicator for each patient that
can be applicable to clinical CAR
T therapy. A multimodal imaging
agent would allow the use of differ-
ent imaging techniques, and thus
the acquisition of different kinds
of information as needed. Further-
more, because the same agent could
be used for different modalities,
the regulatory burden would be re-
duced. This will also greatly reduce
cost and enhance commercial via-
bility. However, the multimodality
must not come at the cost of per-
formance for any single modality.
One example is the agent developed
by Cenya Imaging that is currently
already produced at GMP-grade for
clinical cell tracking of therapeutic
dendritic cells (DCs) in melanoma
patients. The nanoparticle agent
is visible in 19F MRI, ultrasound,
photoacoustics and fluorescence
imaging; a mix of established and
emerging imaging modalities, both
clinical and preclinical. Preliminary
analyses suggest that these nanopar-
ticles could be approved as a generic
‘cell labelling’ agent for ex vivo cell
labelling before iz vivo transfer of
the cells. The nanoparticles con-
sist of a perfluorocarbon (PFC)
entrapped in poly (lactic- co -gly-
colic) acid (PLGA). The choice of
PFC, diameter, additional content
(fluorescent dye, drug), and surface
charge or coating (targeting ligand)
can be varied. The nanoparticles are
suitable for 19F MRI, fluorescence,
ultrasound and  photoacoustic




imaging; variations of the GMP-
grade particle will be tested in the
preclinical studies as needed at
GLP-grade, such as surface func-
tionalization and radiolabeling.
Multimodal imaging approaches
such as this are key as they can be
utilized for the tracking of many
types of immune cells allowing the
platform to be adaptable to differ-
ent cell therapies at different clini-
cal sites utilizing standard imaging
equipment.

THE NEED FOR THE RIGHT
PRECLINICAL MODELS

To optimize therapeutic efficacy, in-
depth, quantitative and qualitative
knowledge of the T-cell distribution
within the targeted tumor lesion,
and of the number of cells needed
to evoke a therapeutic response, is
required. A strong preclinical arm
to the platform is essential to di-
rectly enumerate tumor accumu-
lation and amplification in various
preclinical models and to correlate
it with ‘pre-conditioning’ regimens
including tumor debulking. The re-
sults from such preclinical research
enables a better understanding on
T-cell-tumor dynamics, generates
suitable indicators of T-cell efficacy,
and provides input for innovative
clinical studies. Physiologically rel-
evant murine models of solid tu-
mors have to be adopted. The right
preclinical model to elucidate the
mechanism of cell therapies, howev-
er, remains a major challenge in the
advanced therapies space and rep-
resents one of the major bottlenecks
in the cell therapy development
pipeline. The availability of the
‘right’ preclinical models can help
validate the potency for example of
19F-labeled T cells and solve present

bottlenecks to effective therapeutic
responses. A system that is capable
of correlating iz vivo animal results
with iz vivo clinical results is of high
interest. Given that (i) most/all ani-
mal models are considered to not be
relevant species for PK and toxicol-
ogy assessments, especially for CAR
T cells; and (ii) that human clinical
biodistribution using many tech-
niques applied to animals is not fea-
sible (i.e., necropsy, luciferase mark-
ing, etc.). There is an important
potential knowledge gap in the field
that imaging techniques could vast-
ly improve. For example, physiolog-
ical differences between tissues and
differences in target gene expression
(e.g., CD19, CD30, etc.) and oth-
er gene expression may mean that
biodistribution in animals does not
predict what occurs in humans,
but imaging may be able to identi-
fy correlates or aspects of the CAR
design that may improve this issue.
A robust platform to explore the
use of non-invasive imaging in cell
therapies must have the right pre-
clinical component that can exploit
multiparametric imaging modalities
to answer critical pending issues in
T-cell therapy of solid tumors (sup-
pressive microenvironments, or un-
equal/suboptimal  distribution of
T cells), and to develop combined
adaptive cell therapy approaches,
suitable to ameliorate ACT efficacy
for the treatment of solid tumors
and metastasis.

THE REGULATORY
CHALLENGES TO
COMBINING IMAGING
& CELL THERAPIES

To complement the imager, clini-
cian and the preclinical scientist, a
fully functional platform must have
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a strong regulatory component. Any
medicinal product and medical de-
vice must comply with various reg-
ulatory requirements before it can
be authorized for use in the clinic.
Guidance on what regulations to
comply to and how to achieve this
compliance is not always straight-
forward. This is especially in the
case of innovative products such
as the nanotechnology mentioned
in the previous section, combining
a medical treatment function with
an imaging function and an ad-
vanced therapy medicinal product
(ATMP). Thus, the relatively nov-
el use and limited experience with
cell therapies and nanomaterials for
medical purposes, both by innova-
tors and regulators, present a formi-
dable barrier for the development
of these technologies. Awareness
of the applicable regulations from
an early stage will facilitate the efh-
cient development and application
of regulatory compliant products,
e.g. by anticipating requirements
for quality control, efficacy and
safety assessments; or by validating
the generated data with the com-
petent regulatory authorities. In
particular, nanoparticles, especially
those with imaging functions and
when combined with advanced
therapies, represent complicated
borderline products (products in
which the final regulatory classifica-
tion is not immediately clear) with
important regulatory concerns. The
tracking and labelling of CAR T
cells straddles a line between pure
investigation, clinical diagnosis and
also biomarker development each
of which has a different regulatory
connotation. For example, stratifi-
cation of patients based on imaging
results might require formal quali-
fication procedures which may in-
volve time, cost and relatively large

patient pools which are not always
available for late stage and/or or-
phan conditions.

As a result, Regulatory Bodies
should be regularly consulted and
involved in the activities in order to
facilitate a bi-directional exchange
of expertise and information and
define clear pathways for such
agents in the future. The chemistry,
manufacturing and control (CMC)
package, preclinical development
plan and the first-in-human clin-
ical trial design for novel imag-
ing agents applied in the platform
should be agreed with regulators -
in the European context — via the
conduct of early meetings at the
EMA involving CAT members and
Scientific Advice (SA) with a select-
ed national competent authority
(NCA). The competent authorities
are responding to the demands of
innovative and combined therapies
with specially tailored early-phase
meetings and also the new INTER-
ACT (INitial Targeted Engagement
for Regulatory Advice on CBER
ProducTs) meetings with FDA.
However, one important issue in
the EU can be that medical devic-
es are not assessed by the EMA or
the competent authorities in the
same way as medicinal products but
are assessed by the Notified Bodies
where scientific advice procedures
are limited. Therefore, depending
on the regulatory classification of
the product or the components,
different expertise may be required.
As the technological and regulatory
landscape evolve at different rates,
the demands on expertise and expe-
rience can become difficult to nav-
igate. These interactions illuminate
the regulatory, technical and con-
ceptual pathway to the clinical trial
whereas discussion with NCAs can
improve the evaluation and conduct




of the clinical trial to ensure max-
imum safety and scientific validity.
The clinical use of the innovative
imaging technology constitutes an
unprecedented advance beyond the
state of the art, allowing to track the
fate of cells after its use in cell ther-
apy in human beings. The benefit of
this innovative technology can be
extended from the population suf-
fering from solid tumors or any type
of cancer or regenerative therapies
in healing ‘incurable’ diseases.

CREATING THE RIGHT
COMMUNITY TO DEVELOP
THE PLATFORM

At the technological level, indus-
tries and health sector stakeholders
such as hospitals need to be able to
implement the labelling, modelling
and standardization processes of a
broadly applicable imaging plat-
form to define better therapies and
novel prognostic indicators for can-
cer, and several other diseases with
limited treatment options. The plat-
form could also deliver a prediction
model, suitable to define efficacy
at early treatment stages that could
maximize the efficacy/cost effort al-
lowing to spread ATMPs to larger
patient groups thereby increasing
health equality and social econom-
ical sustainability. The effective
tracking of cells in the tumor can
offer the clinician an early prog-
nostic indicator as to whether the
therapy has reached its target and
is working as needed. Target groups
will include the scientific and med-
ical community, and patient pop-
ulations. Biomedical and biotech
companies, as well as Big Pharma
and the national health care pro-
viders will also benefit from such a
platform as the research activity will

define quantitative parameters of
therapy efficacy/optimization.
These groups will be key to cre-
ating a community focusing on cell
tracking in cell therapy, offering the
cell therapy developer a unique,
centralized ‘one-stop shop’ to ac-
quire the necessary expertise and
support services that such a plat-
form would offer. With the many
clinical trials in CAR T therapy in
solid tumors in progress, the issue
of tracking these cells and their
delivery will be pivotal. The estab-
lishment of the platform (Figure 1)
will ensure this array of ‘must have’
services to support this therapeu-
tic approach which could be made
available to the scientific commu-
nity. To develop such an innovative
technology option in cell tracking
for T-cell therapies, a number of
partners with complementary ac-
tivities must be involved to create
a robust platform. European infra-
structures such the European Infra-
structure for Translational Medicine
(EATRIS), which support research-
ers in developing their biomedical
discoveries into novel translational
tools and interventions could be
one such partner. EATRIS consists
of a network of academic institu-
tions of excellence in translation-
al research, based in 13 European
countries. Of note EATRIS has over
40 institutions actively working in
the ATMP space that can provide
the pre-clinical arm and the exper-
tise at the clinical level, with several
sites already running CAR-T trials.
EATRIS can be instrumental to cre-
ate a two-way channel between in-
ternal and external stakeholders to
work closely with all partners to de-
velop a first of its kind Cell tracking
Platform, providing a comprehen-
sive catalogue of services that meet

the demands of the cell therapy
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Imaging &
modeling

Existing
ATMP
supply
chains
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community, keeping the overarch-
ing aim of making CAR-T therapy
in solid tumor patients a practical
and economically viable therapeu-
tic approach for the cancer patient.
Such a Platform would be created
from the knowledge and partner-
ships ranging from the preclinical
innovation teams, the regulator,
the manufacturer and supply chain,
the imager and the clinician at the
therapy administering clinic. Sim-
ilarly, close interaction with global
networks already established in the
cell tracking space could collaborate
with the Platform to broaden the
knowledge base and facilitate ex-
change of best practices.

One such network of key opin-
ion leaders in cell tracking and cell
therapies is found at the Health
AND Environmental Science In-
stitute (HESI), which is an inde-
pendent non-profit dedicated to
bringing together global teams
of scientists from academia, gov-
ernment, industry, and NGOs to

solve the most pressing risk and
safety challenges facing humans
and the environment today. The
research facilitated by HEST’s tech-
nical committees is designed to
identify and test solutions that can
be broadly applied. Some of the
practical applications of HESI-di-
rected research include improving
patient safety, reducing the use
of animals in testing, protecting
the environment, and enhancing
product safety. HESI is based in
Washington DC, USA, but oper-
ates globally. HEST’s Cell Therapy
- TRAcking, Circulation, & Safe-
ty (CT-TRACS) committee was
launched in 2016 as an Emerging
Issues sub-committee to identify
key needs for assessing the safety
of cell therapies and identify op-
portunities to meet these needs.
This program provides a neutral
platform for cell therapy devel-
opers, researchers, regulators, im-
aging specialists and other stake-
holders to interact, discuss current




challenges and identify best prac-
tices to ensure that these thera-
pies are safe and effective for use.
It brings together an international
and multi-disciplinary team of ex-
perts with interest in sharing their
knowledge, common challeng-
es and seek consensus on finding
harmonized solutions. In partic-
ular, the committee aims to bring
awareness on how the application
of existing cell tracking technolo-
gies, methods, and best practices
can benefit the clinical translation
of these new therapies. Since its
inception, CT-TRACS has gath-
ered more than 60 members from
about 25 organizations across the
United States, Europe and Japan.
Altogether, EATRIS, HESI CT-
TRACS, imaging agent develop-
ers such as Cenya and regulatory
groups such as Asphalion, com-
bine the knowledge base, access
to international expert input in
multiple fronts (researchers, tools
developers, enabling technologies
experts, regulatory experts, oth-
er professionals/end users), and a
large network of academic institu-
tions of excellence in translational
research where tools and technol-
ogies needed for pre-clinical and
clinical studies are available. These
organizations are willing to come
together to facilitate exchange of
best practices and address challeng-
es. In what shape or form a “Cell
Tracking Hub” facilitating access
to imaging platforms and solutions
in support of the safe and success-
ful translation of cell therapies re-
mains to be determined, but key
players across the globe are aligned
in respect to the need for it.
Finally, we can never mention cell
therapies without a word on possi-
bly the biggest roadblock of all to the
patient, the price. A global failure to

make cell therapies available at real-
istic prices continues to block mar-
ket-approved ATMPs from reach-
ing the patient, or only lasting for
a short period of time. Hence the
collective work of this cell tracking
platform must continue to address
issues such as reimbursement in the
hope of keeping prices realistic and
by doing so ensuring that the thera-
py in question is an available option
at the clinic. The ability to stratify
patients early into responders versus
non-responders at the clinical tri-
al stage in addition to ascertaining
minimum dose requirements will
all help in reducing production and
administrative costs and ultimately
the price tag on these therapies. The
early prognostic indicator that cell
tracking can provide will promote
the fail early approach and as a re-
sult limit expense.

Bringing all the necessary play-
ers together to create this platform
will ensure that the use of cell ther-
apies in solid tumor patients has a
much higher chance of being a suc-
cess where other treatment options
have failed. In so doing, these pa-
tients may look forward to the same
outcomes that cancer-free patients
such as Emily Whitehead are now
experiencing,.
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