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Information on the biodistribution (BD) of cell therapy products (CTPs) is essential for prediction and
assessment of their efficacy and toxicity profiles in non-clinical and clinical studies. To conduct BD
studies, it is necessary to understand regulatory requirements, implementation status, and analytical
methods. This review aimed at surveying international and Japanese trends concerning the BD study for
CTPs and the following subjects were investigated, which were considered particularly important: 1)
comparison of guidelines to understand the regulatory status of BD studies in a global setting; 2) case
studies of the BD study using databases to understand its current status in cell therapy; 3) case studies on
quantitative polymerase chain reaction (qPCR) used primarily in non-clinical BD studies for CTPs; and 4)
survey of imaging methods used for non-clinical and clinical BD studies. The results in this review will be

qPCR
Imaging a useful resource for implementing BD studies.
PET © 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
SPECT an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
MRI 4.0/).
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1. Introduction

Regenerative therapies using cell therapy products (CTPs) have
been attracting a great attention in recent years [1]. In particular,
application of pluripotent stem cells, such as induced pluripotent
stem (iPS) cells, embryonic stem (ES) cells, and somatic stem cells,
has a potential to become a novel therapy for refractory diseases.
Investigation of the biodistribution (BD) and fate of administered
CTPs is essential for prediction and assessment of their efficacy and
toxicity profiles. In particular, tumorigenicity arising from undif-
ferentiated pluripotent stem cells and transformed cells is a critical
risk associated with CTPs derived from pluripotent stem cells such
as iPS cells. To assess this risk, it is useful to understand the BD after
administration of cells because it may predict the clinical risk. In
this context, BD studies are required in regulatory guidelines issued
by multiple regulatory agencies. However, there is no international
consensus on the meaning of the BD study or its method, and each
agency has its own interpretation. Moreover, it is not possible to
analyze BD of cells using the same methods for conventional drug
products such as low-molecular-weight compounds and thera-
peutic antibodies. In addition, the distribution of cells and the
toxicity risk of CTPs are expected to change greatly depending on
their administration routes and doses, as well as their character-
istics. Therefore, these points must be considered when the method
for the BD study of cells is discussed. It is useful to understand what
kinds of BD studies have been performed for CTPs that are already
launched or in development stages. Quantitative polymerase chain
reaction (qPCR) for measuring DNA sequences specific to admin-
istered cells is primarily used as the method for analyzing BD in
non-clinical studies [2,3]. Imaging technologies, such as in vivo
imaging system (IVIS) with fluorescence labeling, positron emis-
sion tomography (PET) and single photon emission computed to-
mography (SPECT) with radioisotope labeling, and magnetic
resonance imaging (MRI), are used in non-clinical and clinical
studies [2—4] as non-invasive tracking methods for BD of cells. For
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conducting BD studies, it is important to clarify how these methods
are used and what their advantages and disadvantages are. Given
these circumstances, we surveyed international and Japanese
trends concerning the BD study for CTPs and summarized the re-
sults in this review. The following subjects that were considered to
be of particular importance were investigated and discussed:

1) Surveys and comparison of guidelines on the BD study by
different regulatory agencies and an international scientific or-
ganization for the study's purpose, contents, conditions, and
methods

2) Use of cell therapy product databases for data collection and
trend analysis as case studies of BD studies for cell and tissue-
based therapies

3) Survey of literatures and guidance documents concerning qPCR
methods for BD analysis of CTPs

4) Survey of articles concerning various imaging techniques used
for BD studies and their advantages and disadvantages

This review was prepared as a part of MEASURE (Multisite
Evaluation Study on Analytical Methods for Non-Clinical Safety
Assessment of hUman-derived REgenerative Medical Products), the
Japan Agency for Medical Research and Development (AMED)-
funded project, which was conducted by the Committee for Non-
Clinical Safety Evaluation of Pluripotent Stem Cell-derived Product,
Forum for Innovative Regenerative Medicine (FIRM-CoNCEPT), and
the Japan National Institute of Health Sciences.

2. Comparison of current regulatory status for BD of cell
products in PMDA, FDA, EMA and ISSCR

2.1. Purpose of a survey on BD studies

To understand the efficacy and safety of CTPs, their BD after
administration is considered useful. However, there is no
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internationally accepted consensus on the meaning of the BD study
or its method, and each agency has its own interpretation. Given
these circumstances, we surveyed and compared the purpose,
timing, and content of BD studies described in guidelines on cell
therapy [5—39] published by June 2018 from the Ministry of Health,
Labour and Welfare (MHLW); the Food and Drug Administration
(FDA); and the European Medicines Agency (EMA), which are the
regulatory agencies in Japan, the United States (US), and European
Union (EU), respectively; and International Society for Stem Cell
Research (ISSCR), an international science-based organization, to
understand the regulatory view of BD studies in a global setting.

2.2. Purpose of BD studies

In a guidance document from FDA, the BD study is viewed as one
of the considerations for determination of the cell fate, which refers
to the conditions of cells after administration determined by
assessment of survival/engraftment and distribution, differentia-
tion/integration, and tumorigenicity of cells [ 16]. The guidance takes
a stance that cellular products are not subject to conventional
pharmacokinetic testing primarily used for low-molecular-weight
drugs and that assessment of cell fate can help justify the selection
of the animal species, the amount of cells to administer, the duration
of studies for assessment, and organs to evaluate characterizing the
mode of action and collecting safety data. The guideline states that
selection of the animal species, the duration of the studies, and or-
gans for toxicity evaluation must be justified to be most suitable for
non-clinical studies for determination of cell fate [16].

EMA defines the purpose of the BD study as the assessment of
adverse events arising from the risk factors specific to cell thera-
pies, which are survival/engraftment, proliferation, differentiation,
migration, and tumorigenicity, and the efficacy of the products.
EMA guidelines also state that the doses and the method (route) of
administration are assessed through the BD study [26,29]. Since the
cellular nature may change depending on the environment of the
engraftment site, these guidelines are formulated for the purpose of
ensuring the safety by comprehensive assessment of adverse re-
actions, such as immune response, tumorigenicity, ectopic inte-
gration, through assessment of BD and the state of cells where they
are localized [26,29].

MHLW does not clarify the role of BD studies as much as FDA or
EMA does, although it can be interpreted that MHLW and the

Regenerative Therapy 18 (2021) 202—216

incorporated administrative agency under MHLW) view BD as post-
administration localization. The purpose of BD studies is to esti-
mate post-administration localization and retention period from
the results of BD studies to examine the efficacy and safety [5—11].
In addition, from the fact that the guidelines also stipulate clarifi-
cation of the rationale for the administration method by animal
studies, the purpose of BD studies is considered to be clarification of
“efficacy,” “administration route” and “safety” [5—11].

ISSCR considers that administered cells have retention and
proliferation potentials in the body; therefore, it is necessary to
understand the nature and extent of BD, tissue engraftment, and
differentiation of cells. ISSCR considers the above items critical for
interpretation of efficacy and adverse events and requests safety
evaluation by BD studies [39].

The common and different points in guidelines from these three
agencies and ISSCR are summarized in Table 1. They commonly
place confirmation of safety and efficacy as the purpose and
recommend estimation of the durations of survival of cells/tissues
and their effects and assessment of the rationale for the adminis-
tration method, distribution of the cells after administration,
engraftment in ectopic sites, etc. By contrast, differences were
found between Japan, which places emphasis on assessment of cell
distribution, and FDA and EMA, which recommend BD assessment
also for the evaluation of the conditions and function of the cells.

2.3. Timing of BD studies

The actual timing of BD studies to be implemented is specified
by EMA but not by MHLW, FDA or ISSCR.

MHLW guidelines [5—11] comment on clarifying the target tis-
sues and organs for assessment of the efficacy and safety. This is
interpreted to mean that investigation of the presence of a cell
engraftment site and its identification are necessary before or
during the non-clinical safety study is conducted at the latest.
Moreover, it is necessary to determine medical benefit and an
administration route based on the presence of cells. Therefore, non-
clinical studies should be conducted to determine local (tissue) or
systemic distribution of CTPs and investigate the efficacy and safety
as necessary.

FDA [16] and ISSCR [39] consider BD as the basis for designing
studies to elucidate safety and the mechanism of action. Therefore,
BD studies are considered to be conducted for the purpose of

Pharmaceuticals and Medical Devices Agency (PMDA, an examining conditions in non-clinical studies.
Table 1
The purpose, timing, and content/method of BD studies in guideline documents of ICH founder countries/region and ISSCR.

Guideline Purpose Timing Content/Method

Developer

MHLW (Japan) Prediction of efficacy and safety and Although the actual timing is not specified, Appropriate methods that are technically
demonstration of rationality of the investigation of the presence of cell engraftment feasible should be selected case by case.
administration method/route site and its identification are considered necessary Technologies are selected through

before or during conducting the non-clinical safety discussion with the agency as necessary.
study at the latest.

FDA (US) One of the considerations for determination Although the actual timing is not specified, BD Assessment for each cellular product and
of the cell fate, which becomes the basis for studies are considered to be conducted for the mode of administration. Methods with the
mechanism of action (MOA) and the purpose of examining conditions for non-clinical highest sensitivity currently available.
content of safety study of cell therapy. studies. Desirable to use multiple animal models.

EMA (EU) Assessment of adverse events and efficacy Required as a part of non-clinical data to submit to Survival, engraftment, proliferation,
from BD and cell state of cells where they the agency. differentiation, migration, integration,
are localized. tumorigenicity, and ability/duration of

active humoral factor secretion. Evaluation
methods are not specified. Emphasis on
advantage of using small animals.

ISSCR Used for interpretation of efficacy and Although the actual timing is not specified, BD Long-term survival and integration of cells.

adverse events through understanding of
the nature and extent of distribution, tissue

engraftment, and differentiation of cells studies.

studies are considered to be conducted for the
purpose of examining conditions in non-clinical

Use of highly sensitive methods. Studies in
rodents are required. Studies in large
animals are recommended.
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(a) Local(76) Systemic(49)  (b) Commercialized (32) Phase1-3 (111)

PET/SPECT (10)

‘Systemic
6

(d) Clinical Phase (f)

(e) AnimalSpecies

canine, sheep, lamb,
baboon, goat, pig,
monkey

Number of research papers
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linical
Preclinical

= +B8D study
= -BD study

qPCR/FACS (7)

Systemic
5

Clinical BD study duration
in modalities

]
o

g
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Fig. 1. Number of biodistribution (BD) studies in cell-based therapeutic product as of September 2018 in comparison among (a) local or systemic administration product, (b)
commercialized or product in clinical phases, (c) biodistribution measurement modalities, (d) clinical phases of development, (e) used animal species and (f) measurement mo-

dalities and biodistribution study duration (refer to Supplementary Table 1).

EMA requires the BD study as a part of non-clinical data to
submit to the agency. Justification is required if the BD study has
not been conducted [28—30]. Examples of justifiable reasons for
not conducting the BD study are described in the reference [28].

As described so far, all regulatory agencies state that the out-
comes and methods of non-clinical studies should be determined
based on BD evaluation. The rationale must be presented if BD
evaluation is not a part of non-clinical and clinical studies. There-
fore, BD evaluation must be referred to regardless of its
implementation.

2.4. Methods for BD studies

2.4.1. Outcomes
Outcomes are not specified in the MHLW guidelines, whereas
the FDA guidelines only stipulate investigation of BD of cellular

products in the product-specific target and non-target tissues. The
EMA guidelines state that survival/engraftment, proliferation, dif-
ferentiation, migration, and tumorigenicity should be assessed. In
addition, if the intended function of the product is based on the
capacity of cells to secrete bioactive substances, evaluation of the
capacity and duration of secretion is requested. ISSCR also requests
knowledge of the long-term survival and integration of such cells.

2.4.2. Evaluation methods

For evaluation of safety and efficacy, analysis of the spatial and
temporal distribution of cells in the BD study is considered neces-
sary. None of the agencies clearly specifies or recommends the
methods for such an analysis while they present examples of
methods. The common concept between the three agencies and
ISSCR is that the methods used must have the highest sensitivity
currently available. The examples of such methods listed by MHLW

205
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(a) Formulation of

Locally-administered
CTP

21

-BD study

(b) Cell-Suspension CTP
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(c) Tissue/Cell-sheet CTP

dy

-BD study
aat

Fig. 2. Implementation status of clinical biodistribution by formulation in locally administered product group as of September 2018. (a) Number of cell-based therapeutic product in
cell formulation and number of cell-based therapeutic product with or without biodistribution study in (b) cell-suspension CTP and (c) tissue or cell-sheet CTP (refer to

Supplementary Table 1).

guidelines and FDA guidance are as follows: magnetic resonance
imaging (MRI), positron emission tomography (PET), single photon
emission computed tomography (SPECT), fluorescence imaging
(FI), autoradiography (ARG), polymerase chain reaction (PCR),
immunohistochemistry (IHC), and in situ hybridization (ISH).
Although such methods are not described in EU guidelines, similar

(@) DNA extraction

= Column

= Chloroform

methods are described in the Q and A section [5—9,16,26,29].
Appropriate methods that are technically feasible should be
selected regardless of the guidelines. Additionally, selection of
technologies is considered to be through discussion with the reg-
ulatory agency as necessary. All guidelines comment on the diffi-

culty of tracking cell products using currently available
(b) PCR detection

mTagMan

mSYBR Green

1234567 8 910111213141516

extraction
u Others
(©) Units
mCells
mDNA
m Others
(d
Primers and probes
<
(8]
g 15
8w 10
58 5
§% o
£
3
Z

Primers and probes set
(refer to Supplementary Table 2)

Fig. 3. Trends of cell quantification using Alu-qPCR methods. (a) DNA extraction, (b) PCR detection, (c) units, and (d) primer and probe sequences (refer to Supplementary Table 3).

206



Y. Kamiyama, Y. Naritomi, Y. Moriya et al.

Regenerative Therapy 18 (2021) 202—216

Table 2

Comparison of guidelines and documents related to qPCR on acceptance criteria of each items.
Item 1) MIQE 2) Checklist 4) FDA Guidance 5) GMO
LOD 95% probability >95% 95% confidence ensuring <5% false negative results
LOQ — Item only (Criteria not described) <50 copies of less than 1/10 of the value of the target

Accuracy (Trueness)
Precision
PCR efficiency®

Item only (Criteria not described)
Item only (Criteria not described)
Item only (Criteria not described)
Correlation 0.99 < r? < 0.999
coefficient: r2

Item only (Criteria not described)

Item only (Criteria not described) -
Item only (Criteria not described) —
90—110% (—3.1 > slope > —3.6) —

concentration with CV <25%
RE within +25%

CV <25%

90—-110%

—3.1 > slope > -3.6

- 2 > 0.98

vector/ug genomic DNA

MIQE, The MIQE Guidelines [89]; Checklist, Checklist for optimization and validation of real-time PCR assays [90]; FDA Guidance, Guidance for Industry: Gene Therapy Clinical
Trials — Observing Subjects for Delayed Adverse Events [91]; GMO, Definition of Minimum Performance Requirements for Analytical Methods of GMO Testing [92]; CV,
coefficient of variation; LOD, limit of detection; LOQ, limit of quantification; RE, relative error.

2 PCR efficiency (%) = [10(-1/51°P) _1] »100.

technologies and stipulate presentation of information to support
the method used.

2.4.3. Animal species

The MHLW guidelines refer to studies only on small animals but
not on large animals. FDA and ISSCR recommend studies on large
animals in addition to the studies on small animals. By contrast,
EMA emphasizes the advantage of evaluating systemic BD in small
animals while also stating the importance of similar evaluation in
large animals [26—28].

US guidelines do not clearly specify the animal species and
number of animals for BD evaluation although they recommend
use of multiple animal models (large and small animal models,
multiple small animal models, or only large animal models) to
evaluate the activity and toxicity of cellular products [16]. It is
speculated that implementation of BD studies in multiple animal
models is also required because clarification of cell fate is required
to justify the duration of the studies on functionality and toxicity of
cellular products.

All guidelines comment on the difficulty of extrapolating the
results of animal studies to humans. In particular, the following
statement is in the MHLW guidance dated June 14, 2016 [12]: Non-
clinical safety studies shall be conducted with understanding of the
limitation that cellular products with human origin may induce
xenogeneic immune response in animals, thereby limiting the in-
formation from animal studies. Also in this context, Q and A (No.
56) in Office Memorandum dated March 12, 2008 [13] answers that
there is a theoretical possibility that a BD study using products of
animal origin and administration of human-derived cells to
immunodeficient animals or similar models, if rationale for such

Table 3
Comparison of Pros/Cons among imaging modalities.

studies can be explained, may be accepted. This indicates that using
cells of animal origin as a product model is acceptable as one
measure for avoiding xenogeneic immune response.

2.4.4. Necessity of performing studies in compliance with GLP

Concerning the grade of BD studies, FDA recognizes that some
studies, such as proof-of-concept (POC) studies using animal
models and studies that incorporate some endpoints such as cell
fate in the safety study, may not fully comply with good laboratory
practice (GLP) regulations. From this comment, it is considered that
FDA does not require BD studies to be performed always in
compliance with GLP [16]. By contrast, ISSCR states that studies
may need to be performed in a GLP-certified facility depending on
the regulations of the specific country [39].

3. Case studies on BD studies for CTPs

Risks on safety of CTPs, such as ectopic tissue formation and
adverse effects on tissues other than the target tissue, are expected
to widely vary depending on their administration routes and na-
ture. Therefore, the types of BD studies required for evaluation of
safety risk must be discussed in consideration of the nature of CTPs.
In doing so, it is useful to learn the trend of BD studies performed
for CTPs that are already approved (commercialized) or in devel-
opment pipeline. In this section, we collected information on BD
studies that have been performed from CTP databases of regulatory
agencies of different countries and analyzed their trend to under-
stand and discuss the implementation status of BD studies neces-
sary for CTPs. The information was summarized in Supplementary
Table 1 and Figs. 1 and 2 were created based on this information.

Pros Cons

Label Properties of Measures [98]

Sensitivity Spatial Resolution

Imaging
Modality

PET/SPECT High sensitivity
3D image
Quantitative
Translational
Probe variety
Molecular specific
Whole body scan
Good deep part image
MRI 3D image
Translational

Facility limitation (RI)

Expensive
Half life of nuclide
Radiation exposure

Body motion artifact
Low throughput

Good soft tissue Narrow FOV
contrast Expensive
Anatomical information

available

Good deep part image

Lack of anatomical information
(= Complementary with CT/MRI) Transporter: '*FDG

Preclinical PET: ~1 mm
Clinical PET: 4—6 mm
Preclinical SPECT: 1-2 mm
Clinical SPECT: 5—8 mm

Passive diffusion: 9Zr-oxine;  High
"In-oxine; *°™Tc-HMPO

Reporter: HSV1-tk/'®F-FHBG;
NIS/123

Negative Contrast Agent: SPIO  Moderate
Positive Contrast Agent: '°F,
Gd

Reporter: Ferritin

Preclinical MRI: 25—250 pm
Clinical: 0.5—5 mm, 1-3 mm?>
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Table 4
PET imaging-based cell tracking methods.
General Detection Labeling Labeling agent Availability Clinical approval Applicable cell types Labeling
Limit/cells [98] strategy of agent efficiency
~10% direct 18E.FDG Clinical Yes Leukocytes [105] 72—75%
MAK cells [105] 88%
Islets cells [105] 4-97%
Unselected BMCs, enriched >99%
CD34+ cells [105]
Non-mobilized peripheral blood 6%
CD34+ cells [105]
PHSC [105] 46—95%
Bone Marrow-Derived Stem Cells [106] NA
Cytokine-induced killer (CIK) cells [107] NA
Adipose-derived stem cells [108] NA
T lymphocytes [109] NA
T-lymphoblasts [110] NA
circulating progenitor cells [111,112] NA
WBC [113] NA
direct 89Zr-oxine non-clinical (house-made)  No Dendritic cell: DCs [114] 40-50%
cytotoxic T cells: CTLs [114] 10-20%
Natural killer: NK [114] 30—40%
Bone Marrow [114] 10-20%
murine myeloma cells [115] NA
direct 64Cu-PTSM non-clinical (house-made) No C6 glioma cells [120] 70—85%
direct 64Cu-TETA- or non-clinical (house-made)  No hPBSCs [121] NA
89Zr-DFO-antiCD45
indirect HSV1-tk/'®F-FHBG non-clinical (house-made) No CD34-TK75(+)-selected donor T cells [122] NA
hMSC [123,124] NA
cytolytic T cells: CTLs [125] NA

The number of BD studies, whose information was available, was
counted. CTPs were picked up from databases by California Insti-
tute for Regenerative Medicine (CIRM) of US, Cell and Gene Therapy
Catapult of the United Kingdom (CGT Catapult), Paul-Ehrlich-
Institut (PEI) of Germany, and Highway Program for Realization of
Regenerative Medicine of Japan, from assessment reports of regu-
latory authorities, and from review articles in scientific journals.

Fig. 1(a) illustrates the implementation status of clinical and
non-clinical BD studies by administration route of CTPs. For locally
administered products, both clinical and non-clinical BD studies
were conducted for approximately 30% of products. For systemi-
cally administered products, however, clinical BD studies were
conducted for approximately 40% of products. It was speculated
that BD studies were conducted more frequently for systemically
administered products because they have a higher risk of off-target
integration of cells than for locally administered products.

Fig. 1(b) illustrates the implementation status of clinical and
non-clinical BD studies separately for CTPs that are commercialized
and those in development stages. Clinical BD studies were con-
ducted for one-fourth of both commercialized products and prod-
ucts in development stages. Non-clinical BD studies were reported
for only approximately one-third of the products in development
stages, whereas they were reported for nearly half of the
commercialized products, which may be due to the lack of publi-
cation prior to approval, though the difference was not statistically
significant (p > 0.05 in Fisher's exact test with Benjamini-Hochberg
adjustment).

Fig. 1(c) illustrates administration routes used in clinical BD
studies by technology used for evaluation. Six out of 7 products, for
which MRI was used for clinical BD studies, were for local admin-
istration. Contrarily, 6 out of 10 products, for which PET or SPECT
were clinically performed, were for systemic administration. Five
out of 7 products, for which qPCR or FACS was applied, were also for
systemic administration. MRI was used more often for locally
administered products, compared with the other methods (p < 0.05
in chi-square test), presumably because MRI allows for acquisition
of local anatomical information; thus, evaluation of accuracy of
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local administration although MRI takes longer to acquire images
than PET and SPECT do and is not suitable for whole body scanning.
PET and SPECT are useful technologies for systemically adminis-
tered products because these technologies have high level of
specificity of signal detection and are applicable for evaluation of
systemic localization of cells.

Clinical phases when clinical BD studies were performed are
illustrated in Fig. 1(d). Phase 1 accounted for half of the cases for
which the clinical phase was identified, whereas clinical BD studies
in Phase 2 or later accounted for less than a quarter of all the cases.
These results indicated that clinical BD studies for CTPs were con-
ducted in the early clinical phase.

Animal species used in non-clinical BD studies are shown in
Fig. 1(e). Although approximately 80% of BD studies were per-
formed in rodents, non-clinical BD studies using large animals such
as sheep, goats, canines, monkeys, pigs, lambs, and baboons
accounted for no more than 20%. Although the ISSCR guidelines in
2016, which are international guidelines for development of CTPs,
recommend non-clinical BD studies in large animals, our survey
revealed that BD studies are not conducted in large animals for
many CTPs currently in development stages.

Fig. 1(f) illustrates the BD evaluation periods for clinical BD studies
by evaluation method. Although the evaluation periods for PET and
SPECT are relatively short (from several hours to several days) in
most cases, BD studies using MRI, CT, ultrasound, or qPCR typically
last relatively long (from several weeks to several months). It was
inferred that nuclear imaging such as PET and SPECT was applied for
BD evaluation in a relatively short period because the half-lives of
radioactive tracers are from several hours to several days, whereas
evaluation methods without time restraints such as MRI are used for
BD evaluation over a relatively long period.

Fig. 2 illustrates the implementation status of clinical BD studies
for locally administered products by product type. Approximately
half of the locally administered products were cell suspensions,
whereas approximately one-third was cell/tissue products such as
cell sheets (Fig. 2(a)). Clinical BD studies were performed for nearly
half of the cell suspension products but only for less than 20% of
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Table 5
SPECT imaging-based cell tracking methods.
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General Labeling Labeling agent Availability Clinical ~ Applicable cell types Labeling Cell viability Efflux from cells
Detection strategy approval efficiency
Limit/cells [98]
~10° direct  '"'In-oxine Clinical Yes circulating progenitor cells 10—60% 78-100% NA
[100]
BM MSC [99] 36—53% >99% NA
White blood cell [101] NA NA NA
direct "n_tropolone non-clinical  No canine bone marrow MSC ~ 80% (0.14 Bq/cell) 100% (compared with ~ NA
(house-made) [126] unlabeled cells)
canine bone marrow < ca. 60% normal viability and NA
mononuclear cell and bone proliferation
marrow stromal cells [127]
canine bone marrow BMSC: 92% BMSC: 93% after 11 biologic
stromal cell (BMSC) [128]  (0.105 Bq/cell.) labeling T1/2 = 14.1 days
bone marrow 66 + 5% viability: equal retention:
mesenchymal stem cells (38Bg/cell) proliferation: decrease 85.3% at 1 h
[129] 45.1% at 48 h
indirect 9°™Tc-pertechnetate Clinical Yes NIS-expressing adenovirus- NA NA NA
transfected canine stem
cells [130]
direct 99MTc_HMPAO Clinical Yes CD34+ cells (Peripheral NA NA NA
Blood Bone Marrow Cell)
[103]
Stromal vascular factor 30—40% no apoptosis or necrosis NA

(MSC) [102]

White blood cell [104]

(1 x 10°7 cells) induction; may induce
reactive oxygen species
(ROSs)
40—-80% NA <10% for first 1h

cell/tissue products (Fig. 2(b) and (c)). It was speculated that BD
studies were performed more frequently for cell suspensions than
for cell/tissue products because cell suspensions have a higher risk
of migration outside of the administration site.

In this section, we collected and analyzed information on
implementation of BD studies from CTPs databases of regulatory
agencies of different countries to examine the desirable method
of implementing BD studies for CTPs in development stages. The
analysis indicated that BD studies were used effectively in
development stages of CTPs and can be a source of useful infor-
mation. It was also suggested that the implementation of BD
studies and their evaluation methods (detection methods,
duration, animal species, development phase for implementa-
tion, etc.) were justified and selected based on the nature of
products (administration route, type of products, etc.) and the
purpose of evaluation (safety risk evaluation, etc.).

Based on these analyses on the implementation status of BD
studies, multiple guidelines, and characterization of methodology
for BD evaluation, the desirable way of BD studies should be
further discussed among relevant business entities, regulatory
agencies, and academic and research institutions engaged in
studies in this field.

4. Case studies on cell quantification by qPCR techniques
4.1. Cell quantification by qPCR techniques

The use of qPCR techniques for quantification of mRNA and DNA
has been common practice in all areas of life science. Recently, qPCR
has also been used for CTPs to determine the numbers of cells and
evaluate their biodistribution in vivo. Compared to cell imaging
techniques, such as fluorescence imaging, MRI, and PET, the ad-
vantages of qPCR-based cell quantification are highly quantitative,
sensitive, and of lower cost. On the other hand, one of the disad-
vantages is that the qPCR-based cell detection is invasive because
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tissue sampling and the preparation of their homogenates are
inevitable. In addition, qPCR cannot distinguish between DNA
leaked from dead cells and DNA extracted from living cells, and
thus there are difficulties to provide accurate information on the
live or death of cells and localization of the living cells.

4.2. Target sequences for qPCR detection

For the detection of CTPs in vivo, CTP-specific sequences should
be selected as target for qPCR. For example, human specific se-
quences are the targets when human derived cells are administered
to mice and rats. The single copy genes like sex-determining region
Y (Sry) and human down syndrome region of chromosome 21 are
chosen in several studies [40,41], however, multi-copy genes are
more often used as targets for qPCR because larger copy numbers of
the targets increase the sensitivity. Thus, Alu elements and o-sat-
ellite sequences are preferably selected. Alu elements are short
interspersed repetitive elements in primate genomes and consist of
approximately 300 bp sequences. Approximately 5 x 10° to 1 x 10°
Alu elements are estimated to be interspersed throughout the
human genome and this accounts for 10% of human nuclear DNA
[42]. Alu elements are suitable for the target sequence of qPCR,
however, Alu elements are common in primates, not human spe-
cific. Therefore, Alu-based real time PCR (Alu-qPCR) is applicable to
detect human or monkey cells dosed to rodents while there are
challenges to detect human cells dosed to monkeys by Alu-qPCR in
general.

For allogeneic cell therapies, target sequences to detect donor
cells are divided into two categories. One is the donor specific
transgenic sequences, and the one of which, CTL019, level in blood
was determined for chimeric antigen receptor (CAR) T cell immu-
notherapy [43]. The other is the Y-chromosome specific sequence,
e.g. Sry and RNA-binding motif gene on Y chromosome (Rbmy)
[40,44]. This is not so versatile, but intact male donor cells can be
detected in the female recipient.
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4.3. Alu-qPCR

4.3.1. Primers and probes in Alu-qPCR

Reported primers and probes in the Alu-qPCR method are
shown in Supplementary Table 2 [45—60]. The Alu element has
some subfamilies such as AluS or AluY. Since each subfamily has
different copy numbers in the genome and different cross-
reactivity with other primates, a wide variety of primers and
probes targeting Alu element are designed to fit for purpose. For
example, qPCR targeting AluS (No. 4, 7, and 8 in Supplementary
Table 2) is relatively sensitive, and, although the copy number is
small, targeting the human specific AluYb8 (No. 5 and 6 in
Supplementary Table 2) enables to measure human DNA separately
from monkey DNA.

4.3.2. Application of Alu-qPCR in quantification and biodistribution
of CTPs

Information on DNA extraction method, PCR detection method,
primer/probe sequences, and the units for cell quantification was
investigated from the literatures on cell quantification using Alu-
qPCR (Supplementary Table 3 [46,48—56,58—88], and the trend
was summarized in Fig. 3.

For DNA extraction method, anion-exchange chromatography or
silica gel membrane technology (column method) were the most
frequently applied, followed by chloroform extraction, and ethanol
precipitation method (Fig. 3). As for the detection method, SYBR
Green method was more frequently used compared to TagMan
probe method. Regarding primers and probe sequences, sequence-
4 in Supplementary Table 2 was used most frequently, followed by
sequence-6. Respective primers and probe sequences are described
in Supplementary Table 2. Looking at the unit used for cell quan-
tification, the cases converted to cell numbers and the cases using
DNA amounts without cell conversion were almost equivalent.

As a result of the investigation, there was no standard method
for DNA extraction and cell quantification using Alu-qPCR, and it
was confirmed that various methods were applied at each experi-
mental facility. In this survey, although the literatures on cellular
quantification were examined, the unit used is not necessarily cell
numbers and about half of cases is based on DNA calculated from
qPCR as it is. And, in some cases, the absolute values (cell numbers)
and relative values (human cell numbers per mouse cell numbers,
etc.) were applied as a unit for cellular quantification.

4.4. Guidelines and documents related to qPCR

Although the information on the cell quantification by qPCR is
still limited, qPCR techniques for detecting nucleic acids are widely
applied in the fields of genetically modified organisms (GMO) and
gene therapy, and guidelines on qPCR methods have been issued.

Therefore, in order to utilize it for cell quantification, we
investigated 2 documents, focusing on the qPCR as an experimental
method, 2 guidances in the GMO field and 2 guidances in the field
of gene therapy. Acceptance criteria of validation items or assay
performance are summarized in Table 2 [89—92].

4.4.1. The MIQE guidelines: minimum information for publication of
quantitative real-time PCR experiments [89]

Although the usefulness of qPCR was widely accepted, there was
no consensus for the information on qPCR experimental conditions to
be described in publications. This situation had impeded the repro-
ducibility of the experiment. Therefore, this guideline was issued
with the aim of proposing the minimum information necessary for
the evaluation of the qPCR experiment required for paper writing and
review. In this guideline, 85 items of information which is essential or
desirable to be described in the paper are mentioned in a series of
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processes from experimental design and nucleic acid extraction to
qPCR experiments and their validation and data analysis.

As validation items, specificity, information on the calibration
curve (linearity, slope, y intercept, r2), PCR efficiency, variation in
quantification cycle (Cq) value in limit of detection (LOD), etc. are
listed, but the criteria for them have not been mentioned. As assay
performance, PCR efficiency, linearity, LOD and accuracy are listed
(Table 2). The terms of Cq and threshold cycle (Ct) have the same
definition as the number of cycles required for the fluorescent signal
to cross the threshold. The difference merely depends on the
manufacturer of equipment. However, MIQE guidelines recommend
the use of Cq, and thus, this review follows the recommendation.

4.4.2. Checklist for optimization and validation of real-time PCR
assays [90]

This document has been proposed as a checklist for optimization
and validation of qPCR method.

Target gene, detection method, oligonucleotide, sample pro-
cessing, quantification strategies (standard curve method or
comparative method) are described as main investigation items for
the optimization of qPCR. And for the validation, verification of
design of oligonucleotide, verification of amplification, optimiza-
tion of reaction conditions, PCR characteristics, analytical verifica-
tion, and internal quality control are described.

4.4.3. Guidance for industry: preclinical assessment of
investigational cellular and gene therapy products [16]

Guidance on nonclinical studies in cell therapy or gene therapy
is presented in this document issued by the FDA in 2013. For the
biodistribution evaluation of CTPs, many measurement methods
including qPCR are exemplified, however, required items and
criteria for validation are not shown. Regarding gene therapy
products, it is recommended to quantify the number of vector
copies per pug of genomic DNA at multiple time points after
administration by qPCR targeted to the administered vector
sequence, but similar to CTPs, specific measurement criteria are not
shown. Since this guidance refers to the following guidance
(Guidance for Industry Gene Therapy Clinical Trials - Observing
Subjects for Delayed Adverse Events) on the tissue collection, it is
inferred that the criteria should follow the guidance.

4.4.4. Guidance for industry: gene therapy clinical trials—observing
subjects for delayed adverse events [91]

In this guidance issued by the FDA in 2006, guidance for con-
ducting clinical trials of gene therapy are presented, and there is
description on the biodistribution evaluation of vectors in
nonclinical studies, among which the measurement of adminis-
tered vector by qPCR is recommended. It is also recommended to
indicate that the qPCR method used can specifically detect vector
sequences in animal and human tissues at the time of IND
submission.

The descriptions are summarized as follows.

Have a limit of quantitation of <50 copies of vector/ug genomic
DNA (with 95% confidence)

Sample and analyze the following panel of tissues, at a mini-
mum: blood, injection site(s), gonads, brain, liver, kidneys, lung,
heart, and spleen.

Use a minimum of three samples per tissue. One sample of each
tissue should include a spike of control DNA, including a known
amount of the vector sequences. The control will determine the
specified PCR assay sensitivity.

Provide a rationale for the number of replicates for testing per
tissue, taking into account the size of the sample relative to the
tissue.
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Table 6

MRI-based cell tracking methods.

General Detection Labeling Labeling agent Physical features of agent Availability Clinical ~ Applicable cell types Labeling efficiency Cell viability
Limit/cells [98] strategy approval
~10* direct SPIO: Resovist iron particle; carboxydextran-  Clinical Yes rabbit MSC NA
coated; 57 nm human monocytic cells (THP-1) 2.1-22.6 pg/cell not toxic in a conc. of 0.75 mM Fe
[132]
murine MSC [133] NA >90%
direct SPIO: Feridex iron particle; Dextran-coated;  Clinical Yes rat MSC [134] 0.6—1.5 pg/cell >90%, no change from MSC only
100—250 nm rabbit MSC, rat MSC, murine MSC, NA NA
direct SPIO: FeraTrack iron particle; Dextran-coated;  non-clinical No established cell lines (NIH-3T3 cells, 3.33 + 0.64 pg Fe/cell 90.6% (hNSC)
60—140 nm (commercially Jurkat cells) (hNSCs, using Metafectene)
available) primary cells (granulocytes, neural
progenitor cells)
stem cells (hematopoietic stem
cells [HSCs], mesenchymal stem
cells [MSCs], and embryonic stem
cells [ESCs])
murine neural progenitor cells and
rat granulocytes
not applicable for natural killer (NK)
cells
NSCs
direct USPIO: Ferumoxytol iron particle Clinical Yes hMSC, ADSCs, hiPS, HEK293 [136] NA no significant impact (data not
carboxymethylether-coated shown)
17—-30 nm
direct USPIO: VSOP citrate-coated very small non-clinical No human acute monocytic leukemia  19.6—60.3 pg/cell not toxic in a conc. of 0.75 mM Fe
superparamagnetic iron oxide  (house-made) cell line (THP-1) [132]
particles
direct SPIO: Endorem dextran-coated SPIO Clinical Yes hMPC [135] 0.5 pg Fe/cell 92%, 86%, and 77%,concentration
nanoparticles, 120—180 nm dependent cell morphology did not
change
direct  'SF-PFC hydrophobic emulsion Clinical No human dendritic cells [137] 39 x 10'? +3.4 x 10?2 '9F  >95%
cell
direct Gd (HP-DO3A): chelate Clinical Yes J774A.1, K562 [138] NA >90%
Gadoteridol/Prohance
direct MnCl, metal ion non-clinical No hESC NA NA
(commercially human T, NK, B cell [139] NA no impact up to a certain
available) concentration
mononuclear cell [140] NA 95.4% before transplantation
indirect Ferritin/Fe ion metal ion in tissues non-clinical No Mouse skeletal myoblasts NA NA

(house-made)

(C2C12 cells) [140,141]
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4.4.5. Definition of minimum performance requirements for
analytical methods of GMO testing [92]

qPCR is a general-purpose analytical method also in the field of
GMO. This document defines validation items and criteria for the
qPCR as a GMO inspection method and was issued by the European
Network of GMO Laboratories (ENGL) in 2008.

The each item and criteria, except for Table 2, are summarized as
follows.

— Applicability: suitable for the actual measurement of analytes,
matrices and concentration.

Practicability: practical from the viewpoints of ease of opera-
tions, efficiency of implementation, and costs

DNA Extraction and Purification: repeatable recovery, frag-
mentation profile and DNA concentration.

Purity of DNA extracts: [(measured Ct—extrapolated Ct or
diluted sample)] <0.5

Robustness: The response of an assay with respect to the small
changes shall not deviate more than 30%.

Collaborative trial: Precision (<35%), Trueness (within +25%)

4.4.6. Guidelines for validation of qualitative real-time PCR
methods [93]

In contrast to the document mentioned above, this guideline
was issued with qualitative qPCR for GMO screening. Applicability,
practicability, specificity and LOD are indispensable, while true-
ness, precision, LOQ are unnecessary. Regarding amplification ef-
ficiency, the criteria range is wide (—2.9 >= slope > —3.9), and for
robustness the criteria values are not specified.

5. Survey on imaging-based methods for BD studies

From the viewpoint of translational research, application of
diagnostic imaging technologies used in the clinical settings for the
evaluation of BD of cells is expected. Imaging technology has a
potential to realize the non-invasive evaluation and visualization of
spatial and temporal distribution of cells in both preclinical and
clinical research/study. One of the most promising tool for the
analysis of cell BD is nuclear medicine imaging such as PET and
SPECT [94—98]. To acquire the PET/SPECT images of cell BD in vivo,
cells must be labeled with radioisotopes for PET/SPECT, and the
labeled cells are administrated to the patients/subjects, then the
whole body scan was performed. The obstacle to use of this tech-
nology for a clinical BD research/study is not so high because a few
agents for cell labeling such as ""'In-oxine and *°™Tc-HMPAO has
already been used as radiopharmaceuticals in the field of clinical
diagnosis [99—104]. The advantages of nuclear medicine tech-
niques are translatability from non-clinical studies to clinical,
three-dimensional (3D) imaging; high sensitivity; possibility of
quantitative evaluation; and possibility of whole body scanning
(Table 3), although the physical half-life of nuclide limits the period
of PET/SPECT study [96,97]. By contrast, MRI can visualize the dis-
tribution of cells labeled with paramagnetic iron-oxide particles or
other labeling agents together with the tissue structure [96,97].
Therefore, MRI allows precise evaluation of cell distribution in soft
tissues with high sensitivity and high spatial resolution in addition
to the general characteristics of imaging technique such as trans-
latability and 3D imaging (Table 3). Taken together, nuclear medi-
cine imaging techniques allow measurement of a large area in a
short period of time and thus have a strength in quantitative
measurement of the whole body, whereas MRI enables visualiza-
tion of local distribution together with precise morphological im-
ages [96,97].

There are two major strategies to label the cells for cell tracking,
direct and indirect labeling method. In the direct labeling method,
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cells are labeled (incubated) with the labeling agents described
below in vitro, and then the labeled cells are injected into animals
and monitored the BD of the cells. For the indirect labeling method,
reporter gene such as HSV1-tk is transduced into the cells. The cells
expressing the reporter gene are then administrated into the sub-
ject animals, followed by the radiolabeled substrate to detect the
cell distribution.

As for PET imaging-based cell tracking methods, many direct
labeling agents were reported including '®F-fluorodeoxyglucose
(FDG) [105—113], 89Zr-oxine [114—119], ®4Cu-PTSM [120], %Cu-
TETA-anti CD45 [121], and #Zr-desferrioxamine (DFO)-anti CD45
[121], whereas HSV1-tk/'®F-FHBG was used as an indirect labeling
agent for the metabolic trapping strategy [122—125] (Table 4). 18F-
FDG was the only agent clinically available among the labeling
agents reported in the literature [105—113], and was used for the
labeling of leukocytes, MSCs, stem cells, and T-lymphocytes. As the
physical half-life of Fluorine-18 is 109.8 min, '®F-FDG is considered
to be suitable for the evaluation of systemic and local distributions
in the early stage up to 4—6 h after administration. In addition,
labeling efficiency of cells with '8F-FDG was dependent on cell type,
widely ranging from 4% to over 99% [105]. Besides ®F-FDG, a few
labeling agents, utilizing the metal nuclides such as °Zr and %4cu
are reported [114—121]. These nuclides have relatively longer half-
lives (3%Zr: 3.3 days, 84Cu: 12.7 h) than that of '8F, therefore, these
labeling agents allow cell tracking for a longer period (a few days to
a week), although their use is currently limited to non-clinical
studies at present.

SPECT imaging-based cell tracking methods also include direct
and indirect methods (Table 5). A standard level of quantitative
sensitivity was around or more than 10° cells. "'In (half-life: 2.8
days), and %¥™Tc (half-life: 6 h) have been used in the routine
clinical diagnosis, and these can be applied to the cell tracking.
Mpp-oxine and *™Tc-HMPAO approved as radiopharmaceuticals
can be applied to the direct labeling agents [99—104,126—129], and
application of 2™ Tc-pertechnetate (>™TcOz) to an indirect label-
ing method using the sodium-iodide symporter has been studied
[130]. These labeling agents were used for labeling of cells such as
circulating progenitor cells, bone marrow MSCs, white blood cells,
and CD34+ cells. The labeling efficiency of SPECT imaging agents
was also dependent on cell types, ranging from around 10%—80%
[99—104,126—129].

Similar to PET and SPECT, MRI-based cell tracking strategies
included direct [131—140] and indirect labeling methods [141—143]
(Table 6). Superparamagnetic iron oxide (SPIO) [131—135] and ul-
trasmall superparamagnetic iron oxide (USPO) [136], as well as °F-
perfluorochemicals (PFCs) [137], gadoteridol (Gd-HP-DO3A) [138]
and MnCl; [139,140] are applicable to labeling of cells such as hu-
man acute monocytic leukemia cell lines (THP-1), MSCs, estab-
lished cell lines, stem cells, primary cells, hMPCs, J774A.1 cells, and
K562 cells.

The labeling agents used for PET, SPECT, and MRI are powerful
tools for the evaluation of cell BD because these agents allow highly
sensitive detection of cells in vivo. However, it should be aware that
the labeling agents itself leaking from the cells due to exocytosis or
cell death would be depicted in the images as well [96,115,128,129].
In order to notice such the phenomena, not only imaging studies
but also other conventional ex vivo experiments such as immuno-
histochemistry (IHC) and fluorescence-activated cell sorting (FACS)
are required at preclinical stage, and the multilateral experiments
and considerations will lead to better understanding of the cell BD.

6. Conclusions

This review was aimed to conduct a survey of international and
Japanese trends concerning the BD study for CTPs. For this purpose,
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we compared guidelines from multiple regulatory agencies and an
international scientific organization for the study's purpose, con-
tents, conditions and methods of BD studies, and collected infor-
mation from cell therapy product databases and analyzed the trend
as case studies. In addition, we examined the literatures and
guidance concerning the qPCR method and summarized literature
search results of BD studies on various imaging techniques and
their advantages and disadvantages. As for guidance, all agencies
commonly viewed BD studies as data supporting safety and efficacy
of CTPs. Moreover, it was inferred that the agencies expect BD
studies to be performed in both non-clinical studies and clinical
studies. By contrast, there were differences between agencies in
whether to evaluate the cell state and functionality of cells in
relation to efficacy and safety, and in use of small or large animals.
Survey of the implementation status of BD studies using databases
of multiple agencies in Japan, US, and EU indicated that imple-
mentation of BD studies and their evaluation methods (detection
methods, duration, animal species, development phase, etc.) were
justified and selected based on the characteristics of products
(administration route, formulation, etc.) and the purpose of eval-
uation (toxicity risk evaluation, etc.).

Literature survey on the qPCR method indicated that frequently
used targets for quantitative detection of cells were sequences
specific to administered cells and multicopy sequences that can
increase sensitivity. Survey on qPCR conditions (DNA extraction
method, detection method, and primer/probe sequences) revealed
that even for the Alu elements, which are commonly used in cases
of administration of human cells in animals, there were no standard
conditions for their measurement. Moreover, different units, such
as number of cells and DNA copy numbers, were used as units for
quantitative value of cells in different studies. Therefore, it is
desirable to have validated qPCR methods for which the ability to
detect human cells in animal cells is well characterized, so that they
can be applied as applicable to most of relevant therapies under
development bringing consistency in the approach. Since 2016, the
Public-Private Partnership Initiative FIRM-CoNCEPT/MEASURE
[144] has conducted a multi-site study, aiming at evaluating a
qPCR-based method for the ability to detect human cells in rodent
cells/tissues. This study is in its reporting stage and is expected to
be published soon.

We also surveyed literatures on nuclear medicine imaging such
as PET and SPECT, and MRI, which are common translational
research tools for non-clinical and clinical studies, and summarized
the nature and advantages and disadvantages of these methods. It
is important to apply these methods with a good understanding of
above-mentioned points. We hope this review becomes a useful
resource for determining whether or not to conduct the BD study
and for selecting the study conditions and methods for performing
BD studies.
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