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ABSTRACT

The therapy with genetically modified T cells to express chimeric antigen receptors (CAR) is a 
promising strategy for immunotherapy against cancer. CAR-T cells can specifically recognize 
antigens on the surface of tumor cells and then effectively kill those cells. Several researchers 
have presented the development of CAR-T cells for various hematological targets and the 
treatment of solid tumors. Quality control and preclinical evaluation of these products are 
essential to demonstrate their safety and efficacy and allow development to the clinical trial 
phase. This chapter will present relevant guidelines regarding pre-clinical research of CAR-T 
cell products. Preclinical research on cell therapy products should include in vitro and in vivo 
pharmacodynamics studies (antitumor activity), pharmacokinetics (proliferation, distribu-
tion, and persistence of CAR-T cells in vivo), and animal safety studies.
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OBJECTIVE
Describe  relevant requirements  for preclinical stud-
ies (in vitro and in vivo) in order to evaluate the func-
tionality and safety of CAR-T cells.

INTRODUCTION
The therapy with genetically modified T cells to ex-
press chimeric antigen receptors (CAR) is a prom-
ising strategy for immunotherapy against cancer. 
CAR-T cells can specifically recognize antigens on the 
surface of tumor cells and then effectively kill those 
cells1, 2. Several researchers have presented the de-
velopment of CAR-T cells for various hematological 
targets and the treatment of solid tumors2-4. Quality 
control and preclinical evaluation of these products 

are essential to demonstrate their safety and effica-
cy and allow development to the clinical trial phase. 
This chapter will present relevant guidelines regard-
ing pre-clinical research of CAR-T cell products.

Preclinical research on cell therapy products should 
include in vitro and in vivo pharmacodynamics stud-
ies (antitumor activity), pharmacokinetics (prolifer-
ation, distribution, and persistence of CAR-T cells in 
vivo), and animal safety studies.

- Good Manufacturing Practices

It is recommended that pharmacodynamics and 
pharmacokinetics studies as well as in vivo safety 
analysis of CAR-T cell products be carried out under 
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good manufacturing practices (GMP) conditions. If 
GMP conditions cannot be met at this stage of CAR-T 
cell development, pre-clinical experiments must 
follow the guidelines of good laboratory practices 
(GLP). This experimental rigor is necessary to guar-
antee the reliability, integrity, and traceability of the 
trial results to obtain a final preclinical study  report. 
The results should be robust and adequate to sup-
port the analysis of the advanced cell therapy prod-
uct development by the research team, regulatory 
agencies, and other stakeholders.

- Starting material and reagents

Starting material to be used in CAR-T cells manufac-
turing for animal studies does not necessarily need 
to be derived from a patient; healthy donor samples 
can also be used in this case. In addition, animal-de-
rived reagents should be avoided or replaced with 
clinical, pharmaceutical, or GMP-certified products 
whenever possible. Thus, the homogeneity of the 
manufacturing process and a better comparability 
of the final advanced cell therapy product results 
can be later evaluated regarding safety and efficacy 
in clinical protocols5. 

- Analysis of the cells before infusion 

The manufacturing process of CAR-T cells for ani-
mal studies must be accompanied by a complete 
analysis of the quality and stability of the product. 
An immunophenotypic evaluation is recommended 
for detecting CAR expression and T lymphocyte cell 
populations. It is also necessary to perform a func-
tional evaluation of the antitumor activity of CAR-T 
cells through potency tests (detailed below) and 
tests to detect possible contamination of the cell 
preparation by microorganisms. 

The stability study must include all the dosages that 
will be administered, the expected storage tempera-
tures, and the transport process simulation before 
animal administration. Complementary analyses 
must be performed at the time of administration of 
CAR-T cells product to verify cell viability, total num-
ber of cells, and particles presence in suspension.

- In vitro potency assays

The potency assay is used to determine the effec-
tiveness of the manufactured  CAR-T cells. Among 
the factors that can affect  CAR-T cells activity are the 
type of vector and its design, the transduction rate of 
T cells, the manufacturing process, the source of the 
starting material, the percentage of cell populations 
at the beginning of the culture process, expansion 

profile ex vivo and T cell phenotype at the end of the 
expansion, including effector, memory or exhausted 
populations, among others6-9. 

The percentage of CAR-T cells in the final product is 
an essential factor in determining the effectiveness 
of antitumor activity; this analysis is usually per-
formed by flow cytometry. The classical method for 
determining the efficacy of CAR-T cells is the chro-
mium release assay. It is based on the use of Chro-
mium51 isotope loaded into target cells and measur-
ing its release to assess T cell-mediated cytotoxicity. 
Alternative methods based on fluorescent agents, 
such as carboxyfluorescein diacetate (CFSE), have 
been used to avoid radioisotopes, labeling the target 
cells and evaluating the target the effector/target ra-
tios before and after the period of co-cultivation10. 
Another example is the use of calcein, also practical 
for the analysis of cytotoxicity mediated by CAR-T 
cells. Calcein can tag target cells, and its release into 
the culture medium represents cell death under at-
tack by CAR-T cells. Its detection/quantification can 
be performed in fluorimeters11. 

The functionality and antitumor activity of CAR-T 
cells can also be evaluated by detecting the produc-
tion of specific cytokines such as INF-γ, TNF-α, IL2, 
in addition to other proteins associated with the cy-
totoxic activity of T cells, such as perforin and gran-
zyme. Flow cytometry can detect these molecules 
after co-culture of CAR-T cells with tumor cells12-14. 
Alternatively, cytokines can also be identified by 
enzyme-linked immunosorbent assay (ELISA), bead-
based detection panels (with cytometer readout), 
and enzyme immunospot assay (ELISpot)14,15.

- Animal model selection

When administered to animals with a normally func-
tioning immune system, the host can eliminate the 
human cells. Previous studies have shown that using 
immunodeficient mice, such as NOD/SCID or NOD/
SCID knockout gamma chain (NSG), is appropriate. 
The grafting and growth of hematologic neoplasia 
and human immune system cells such as T lympho-
cytes are possible and pertinent in this animal mod-
el16, preserving the characteristics of the primary tu-
mors and the human cells used for the treatment17,18. 
Human T cells can cause a xenogeneic response in 
animals, causing graft-versus-host disease. An ani-
mal variation that can avoid this effect is NSG mice 
that are knockouts for the invariant beta chain MHC 
class I, which prevents the expression of MHC class I 
in the cell membrane19.       
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Another animal model widely used for this purpose 
is based on humanized mice, with partial human 
immune function or producing cytokines that help 
the engraftment of human hematopoietic cells. This 
animal model was previously established by admin-
istering human hematopoietic cells, lymphocytes, or 
tissues in immunodeficient mice20. 

The use of immunosuppressive agents to eliminate 
the immune response to cells is less recommended 
since these agents can interfere in evaluating effi-
cacy or toxicity, requiring careful analysis. The use 
of animal-derived CAR-T rather than human cells 
may also be considered for animal studies. Howev-
er, potential differences between the functionality 
of murine and human CAR-T cells may compromise 
the analysis and interpretation of results21. The use of 
murine cells expressing CARs in these immunocom-
petent mouse models is recommended when the 
tumor microenvironment must be reproduced, as is 
the case especially for solid tumors. Models that de-
termine, as far as possible, the natural history of the 
disease, such as transgenic animals such as MMTV-
PyMT (mouse mammary tumor virus - Polyoma 

Virus middle T antigen)  for breast cancer22, are rec-
ommended especially for the evaluation of 4th gen-
eration CARs that are also intended to modulate the 
microenvironment23. 

Clinical signs of animals should be recorded through-
out the in vivo study, which includes, but are not lim-
ited to: changes in skin and fur; changes in attitude, 
posture, and reaction to handling, eating, and stool 
patterns, as well as stereotypies (e.g., excessive lick-
ing, repetitive movement) or abnormal behaviors 
(e.g., self-mutilation).

 Other animals such as primates, pigs, and rats can 
be used to evaluate the pharmacodynamics and 
pharmacokinetics of CAR-T cells. For all models, it is 
necessary to consider an adequate weight and age 
pattern, healthy animals, and preferably SPF (Specif-
ic-pathogen-free). The food and environment must 
remain constant during the preclinical trial. These 
more complex models, in general, are not widely 
used and have limited exploration from the regula-
tory point of view. In addition, in the design of the in 
vivo study, other factors that may affect the study’s 
outcome must be evaluated, as described in Table 1.

TABLE 1 - Factors to be considered for the in vivo study using CAR-T cells.

Vector Animal Model Experimental Design Advanced Therapy Product

integration immune response number of animals dose

transduction pre-existing immunity control groups fresh/thawed product

replication   sex cell viability

infectivity   route of administration potency

    treatment regimen  

- Pharmacodynamics/Efficacy Study in vivo

As described, experimental models with immuno-
deficient mice for xenotransplantation of human 
cells are the most commonly used to evaluate the 
antitumor effect of CAR-T cells. In the case of CAR-T 
cells used to treat lymphocytic leukemia or lympho-
ma, cell lines derived from human tumors (e.g., Raji 
cells – Burkitt’s lymphoma) or genetically modified 
cell lines that express the molecular target under 
analysis can be used for the establishment of an an-
imal model of the target disease. In this approach, it 
is essential to establish appropriate control groups: 
a group with unmodified T cells, since they may af-
fect tumor cells and a group that only receives the 
infusion of tumor cells. Increasingly, tumor cell lines 
expressing reporter genes such as green fluorescent 

protein (GFP) or luciferase are being used. With these 
reporters, tumor cells can be easily detected in the 
mouse by flow cytometry or immunohistochemistry 
(GFP) or even by imaging the animal with ultra-sen-
sitive cameras to detect bioluminescence in case of 
grafted animals with luciferase-expressing tumors 
that have received luciferin substrate injections. This 
last technique, in particular, allows the longitudinal 
follow-up of the same animals, quantifying the tu-
mor burden, and has been the method of choice in 
preclinical studies to validate CAR-T products.

Other complementary assessments are equally im-
portant, such as analyzing the number of tumor cells 
in the animal by flow cytometry, macroscopic and 
microscopic analysis of the mice’s organs, and de-
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tecting tumor-associated cytokines in the animal’s 
serum24. In the case of subcutaneously grafted tu-
mors, calculating the tumor volume using a caliper 
is also a standard practice. Table 2 presents some of 
the general parameters for evaluating the pharma-

- Pharmacokinetic study in vivo

The in vivo study is essential for the preliminary anal-
ysis of the safety and efficacy of the produced CAR-T 
cells. The pharmacokinetic study includes analysis of 
proliferation, distribution, and persistence of CAR-T 
cells in vivo (Table 3). The CAR-T cells can also be 
detected in the animal body by preclinical imaging 
tests, using, for example, CAR-T cells labeled with 
fluorochromes, nanoparticles, or radioisotopes, in 
addition to their modification with different versions 

TABLE 2 - Parameters commonly evaluated in the analysis of the pharmacodynamics/efficacy of CAR-T cells

Parameters

Tumor volume

Tumor weight

Location of tumor cells

Tumor cell analysis - bioluminescence

Serum cytokine analysis

Global animal survival

Macroscopic and microscopic analysis of organs

Effective dose with less toxicity

codynamics/efficacy of CAR-T cells. If the mice show 
any signs of suffering, severe pain, or are moribund, 
they should be euthanized, and the effectiveness 
of the treatment will also be evaluated through the 
survival curve.

of luciferase. Flow cytometry can also be applied 
to detect CAR-T cells in these experimental animal 
tissues and organs25. The PCR technique can detect 
trace amounts of DNA or RNA from CAR-T cells in tis-
sue or organ samples, as well as hybridization in situ 
can also be used to analyze the presence of CAR-T 
cells in tissues. 

Pharmacokinetics also analyze the excretion of the 
advanced cell therapy product and the risk of trans-
mission to the germline.

- Safety in vivo study

Safety of the treatment with CAR-T cells in vivo must 
be analyzed against the following items:

• Immunogenicity
• Risk of transmission to the germline
• Immunotoxicity
• Genotoxicity
• Tumorigenicity
• Tropism and biodistribution 

TABLE 3 - Evaluation of the pharmacokinetic profile in preclinical in vivo studies.

Biodistribution Persistence Clearance

Dose Cells duration Excretion cells

Route of administration Level of expression  

Treatment regimen    

In addition, routine toxicological indices such as 
clinical symptoms, body weight, food intake rate, se-
rum biochemistry, hematology, and histopathology 
should be analyzed. Figure 1 shows a basic outline of 
a preclinical study for safety assessment.



119th ED. V.3, N. 1 • JAN-MAR, 2022

JOURNAL OF BONE MARROW TRANSPLANTATION AND CELLULAR THERAPY  JBMTCT

FIGURE 1 - Schematic representation of the timeline and parameters to be considered in preclinical studies intended for safety/
toxicity assessment.

It is essential to highlight that, although widely 
used to assess the potency of the antitumor effect 
of CAR-T cells, models of immunodeficient mice 
grafted with human tumors are not models that 
allow the prediction of CAR-T off-target effects, 
since cross-reactivity between antigens of mice and 
humans is not guaranteed. The pattern of antigen 
distribution can also vary between the two spe-
cies, not guaranteeing that results in the preclinical 
model can be transposed to the result in clinical tri-
als. Likewise, these models are not suitable for as-

sessing cytokine release syndrome (CRS) and neu-
rotoxicity. Adaptations such as pre-engraftment of 
NSG animals that produce human cytokines with 
human hematopoietic cells can be made to create 
a framework that reproduces the interrelationship 
between CAR-T cells and the human myeloid com-
partment. When these models receive the tumor 
and CAR-T cells, it becomes possible to reproduce 
some aspects of CRS and neurotoxicity26, serving as 
an investigational model, although still little used 
due to its complexity.
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