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Abstract

Chimeric antigen receptor (CAR)-T therapy launched a new era for cancer treatments, displaying outstanding
effectiveness in relapsed or refractory B-cell malignancies. Demonstrating the tumor-killing ability of CAR-Ts in
mouse xenograft models serves as a golden criterium in preclinical research. Here, we describe a detailed method
for evaluating CAR-T’s function in immune-deficient mice bearing Raji B cell-induced tumors. It includes
generating CD19 CAR-T cells from healthy donors, injecting tumor cells and CAR-T cells into mice, and monitoring
tumor growth and CAR-T state. This protocol provides a practical guide to evaluate CAR-T’s function in vivo within

eight weeks.
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Background

Chimeric antigen receptor (CAR)-T-cell therapy exploits an antibody-dependent, major histocompatibility
complex—independent antigen recognition paradigm to specifically target cancer cells using genetically engineered
T cells. It is one of the most sought-after tools for treating hematologic malignancies (Daniyan and Brentjens, 2016;
Posey et al., 2016). Recently, extensive studies have revealed the molecular mechanisms of CAR-T activation, such
as charged lipids and ions—regulated CD28 conformation and signaling (Yang et al., 2017) and LAT-independent
formation of CAR microclusters (Dong et al., 2020); SILAC-based phosphoproteomics revealed unique signaling
circuits of CAR-Ts, and the distance of synapse from CAR-T/tumor cells was found to affect T-cell function (Xiao
et al., 2022). Understanding CAR-T signaling further paved the way to develop new strategies to improve its
function (Davenport et al., 2018; Majzner et al., 2020).

Generating CAR-Ts of high quality is a crucial step for validating their function in vitro and in vivo. Virus-based
gene delivery systems are commonly used and can achieve high transduction efficiencies (Mormittag et al., 2018).
Lentiviral and gamma-retroviral vectors are the most frequently used viral vector systems (Vannucci et al., 2013).
Compared to retrovirus, which only infect proliferating cells, lentivirus could infect both proliferating and non-
proliferating cells. Thus, lentivirus can infect a broader range of cell types than retroviruses. Meanwhile, lentiviruses
need regulatory genes to neutralize the host's anti-viral response and regulate viral replication (Vannucci et al., 2013).
They also require a large amount of plasmid for transient transfection to produce a high titer of lentivirus (Merten
etal., 2016).

Immunodeficient mice (e.g., NSG, NOD.Cg-Prkdcscidll2rgtm1Wjl/SzJl) are widely used to study the interactions
between the human immune system and cancer. They offer a low-barrier platform for evaluating immunotherapeutic
effects in the context of human immune cells and tumors (Shultz et al., 2014). Although some of those
immunodeficient aged mice develop T and B cells, which causes the leakiness of immune cells (Allen et al., 2019),
these mice are the gold standard host for engraftment of human tumors or for establishing human immune
components following a hematopoietic stem cell transplant. Furthermore, they allow precise preclinical evaluations
of antibody-based therapeutics, cancer vaccines, checkpoint inhibitor therapies, and adoptive cancer
immunotherapies (Shultz et al., 2014). NSG mice xenografted with Raji (lymphoma) tumor cells are among the
most used and recognized models for evaluating CAR-Ts' efficacy and toxicity targeting CD19 (Pegram et al., 2015;
Majzner et al., 2020).
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Here, we provide a detailed step-by-step protocol describing how to evaluate CD19 CAR-Ts tumor cell-killing
effect in vivo. The protocol covers the generation of CD19 CAR-T cells from healthy donors, injection of tumor
cells and CAR-T cells into mice, and monitoring of tumor growth and CAR-T state.

Materials and Reagents
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T-25 or T-75 flask (Thermo Fisher, catalog number: 156499 or 156367)

15 mL conical centrifuge tubes (Thermo Fisher, catalog number: 14-959-53A)

50 mL conical centrifuge tubes (Thermo Fisher, catalog number: 14-959-49A)

Non-tissue culture—treated 24-well plates (Sigma, catalog number: CLS3738)

Tissue culture—treated 24-well or 6-well plates (StemCell, catalog number: 38017 or 38016)

Plastic wrap (GLAD Flex’N Seal Food Storage Plastic Bag)

1.5 mL polypropylene microcentrifuge tubes (Fisher Scientific, catalog number: 07-000-243)

5 mL polypropylene snaplock microcentrifuge tube (Fisher Scientific, catalog number: 14-568-101)
5 mL disposable pipettes (VWR, catalog number: 76201-710)

. VWR individual tubes (FACS tube) (VWR, catalog number: 83009678)

. 1 mL syringe (Covidien, catalog number: 1180125158)

. Alcohol prep pad (Dukal, catalog number: 853)

. Blades (VWR, catalog number: 55411-050)

. Micro-hematocrit capillary tubes (Thermo Fisher, catalog number: 22-363-566)

. 0.22 pm filter (Sigma Millipore, catalog number: GSWP04700)

. NSG mice (NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJl) (The Jackson Laboratory, Strain #005557)

. Cell line: Raji B cell (ATCC, catalog number: CCL-86)

. Human peripheral blood mononuclear cells (PBMCs), FRESH (Zenbio, #SER-PBMC-200)

. CD19 CAR constructs: pHR-SP-CD19 ScFv (FMC63) — myc-CD8 Stalk-CD8 (CD28-41BB-CD3) cyto-sfGFP

(Su lab, plasmid #XSB848) (Xiao et al., 2022)

Lentiviral packaging plasmids (second generation): pMD2.G and psPAX2 (Addgene, #12259 and #12260)
Polybrene (Sigma, catalog number: H9268)

OKT-3 antibody (Thermo Fisher, catalog number: 11161D)

Recombinant human IL-2 (PeproTech, catalog number: 200-02)

1xDulbecco’s phosphate buffered saline (DPBS) (Thermo Fisher, catalog number: 10010023)
Gibco™ HEPES (1 M) (Thermo Fisher, catalog number: 15-630-080)

1 mg/mL retronectin (Takara, catalog number: T100A/B, stock solution in DPBS)

BSA (Sigma, catalog number: A7030)

AIMV (Thermo Fisher, catalog number: 12055083)

RPMI 1640 (Thermo Fisher, catalog number: 11875093)

Human serum (GemCell, catalog number: 100-512)

Penicillin-Streptomycin-Glutamine (PSG) (Life Tech, catalog number: MT30009CI)
Heat-inactivated fetal bovine serum (FBS) (Life Tech, catalog number: 16140071)

PSG (Life Tech, catalog number: MT30009CI)

EDTA (Thermo Fisher, catalog number: 15-575-020)

Human TruStain FcX™ (Fc receptor blocking solution) (BioLegend, catalog number: 4223020)
Anti-human CD3 antibody (BD Biosciences, catalog number: 558117)

Anti-human CD8 antibody (BioLegend, catalog number: 344750)

Anti-human CD4 antibody (BioLegend, catalog number: 300508)

Anti-human CD279 (PD-1) antibody (BioLegend, catalog number: 621608)

Anti-human CD366 (Tim-3) antibody (BioLegend, catalog number: 345012)

Anti-human CD223 (LAG-3) antibody (BioLegend, catalog number: 345012)

Monoclonal Anti-FMC63 scFv antibody (ACROBIosystems, catalog number: FM3-Y45)

Red blood cell lysing buffer (Sigma, catalog number: R7757-100ML)
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44, UltraComp eBeads Plus compensation beads (Thermo Fisher, catalog number: 01-3333-42)
45, Matrigel (VWR, catalog number: 47743-716)

46. DPBS/2% BSA (see Recipes)

47. T-cell culture media (T-cell media) (see Recipes)

48. Cell culture media for Raji B cells (Raji media) (see Recipes)

49. FACS staining buffer (see Recipes)

Equipment

Water bath (Thermo Scientific Precision, model: UX-12150-00)

Cell culture incubator, 37 <C with 5% CO, (Thermo Fisher, catalog number: 51033776)

Flow cytometer analyzer (BD, LSR 11 Flow Cytometer or Thermo Fisher, Attune Flow Cytometers)
Centrifuge with a swinging rotor and plate holder (Thermo Fisher, catalog number: 75009210)
Digital Electronic Caliper (Fine Science Tools, catalog number: 30087-00)

EasySep™ Magnet (StemCell, catalog number: 18000)

Automated Cell Counters (Thermo Fisher, model: Countess 3)

NoapkowbdPE

Software

1. FlowJo software (BD, https://www.flowjo.com/solutions/flowjo)
2. Prism software (GraphPad by Dotmatics, https://www.graphpad.com/)

Procedure

A. Generation of CD19 CAR-T cells

1. Prepare T-cell media as in Recipes. Store the medium at 4 <C and warm it to 37 <C before usage.
Note: The T-cell medium should be used within two months.

(Day 1) Count donor PBMC number. Plate 7.5 x10° cells per well of a 24-well plate in 2 mL of T-cell
media containing 300 IU/mL of IL2 and 50 ng/mL of OKT-3.

Note: OKT-3 antibody could be replaced by Dynabeads™ Human T-Activator CD3/CD28 (Thermo Fisher,
#11161D or equivalent). Prepare the beads according to the user manual.

(Day 2) Coat non-tissue culture—treated 6-well plates with retronectin at a final concentration of 20 pg/mL
in 1.5 mL of DPBS per well. Wrap the plate with plastic wrap and incubate the plate overnight at 4 <C.
Note: Retronectin incubation could be done at 37 <C in a 5% CO, incubator for 4-6 h. Typically, two 6-
well plates (12 wells, 18 mL of retronectin buffer) will be used for each CAR-T transduction.

(Day 3) Warm up centrifuge to 32 <C.

Remove retronectin solution from the 6-well plate using 5 mL disposable pipettes, and then block the plate
with 2 mL of DPBS/2% BSA for 30 min at room temperature.

Thaw a lentivirus stock on ice.

Wash each well with 2 mL of DPBS and leave DPBS in the well of the retronectin-coated plates.
Calculate the volume of lentivirus for transduction based on T-cell number (0.5-1 million) and multiplicity
of infection (MOI) (10-50).

Note: MOI could be adjusted (5-100) based on your virus titer and total amount. When transducing T cells
with lentivirus, the MOI should be calculated. In general, the protocol for the viral transduction must be
optimized for each virus independently. The presented step-by-step instruction offers a starting point.
Here is an example:
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10.
11.

12.

13.

14.

15.

16.

17.

- Number of T cells to be transduced: 10° cells

- Viral titer: 2 <108 TU/mL

- MOI: 20

Example:

(Number of cells/viral titer) x MOI = Volume of viral vector

(1 <108 cells/2 x 108 TU/mL) x 20 = 100 uL

Add the above calculated amount of lentivirus to the T-cell culture medium. Then, remove DPBS from the
plate and add 2 mL/well of viral medium.

Wrap the plate with plastic wrap and spin the plate at 2,000 < g for 2 h at 32 <C.

During the spin, harvest, wash, and count T cells to be transduced.

Note: It is recommended to include a negative control of un-transduced wells and a positive control (e.g.,
GFP) of transduced wells.

When the centrifugation of plates is finished, remove the viral medium.

Add 0.5 x10%-1 x10° T cells per well in the T-cell culture media (300 IU/mL of IL-2) at the concentration
of 0.25 > 108 cells per well containing 8 pg/mL polybrene.

Wrap the plate and spin at 500 > g for 10 min with the acceleration and brake set to the lowest setting at
32 <.

Gently remove the plate from the centrifuge and leave it in the incubator overnight.

(Day 4) Transfer transduced cells onto a new tissue culture—treated 6-well plate to get rid of retronectin.
Cells from the identically treated wells can be combined into a T-25 or T-75 flask at a concentration of 0.5
» 108 cells per well.

Verify CAR-GFP expression using fluorescence microscopy, if available (see Figure 1 for representative
data).
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Figure 1. Detection of T-cell population (A), CAR expression by GFP (B), and anti-FMC63 antibody
(C). Un-transduced T cells and CD19 CAR-T cells were pre-gated on the CD3* population; CD4* and
CD8" were gated from CD3*; CAR-T cells were gated based on GFP expression or anti-FMC63 staining.
Data were first published in Xiao et al. (2022) and presented in a modified way.
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18. (Day 6) Perform flow cytometry analysis of CAR-GFP expression, three days post-transduction (see
Procedure B) (see Figure 1 for representative data).

19. Continue to inspect T-cell culture daily. Cell numbers were calculated using an Automated Cell Counter.
Split culture when cells reach a density of 1 > 10° cells/mL.
Note: A 9-12-day expansion period should be adequate to obtain enough CAR-T cells for mouse injection.
Upon stimulation with Dynabeads™, expression of CD3 will be transiently downregulated, which might
affect the staining of CD3 on CAR-T.

Flow cytometry analysis of CAR-GFP expression

1. Count the cell number of transduced CD19 CAR-T cells and un-transduced T cells. Spin down 0.5 million
cells for 5 min (300-400 = g) at 4 <C and discard the supernatant.

2. Resuspend the cell pellet in FACS staining buffer and centrifuge cells as in Step B1. Then, resuspend the
pellet in 50 pL of FACS staining buffer to reach a final cell density of 1 <107/mL.

3. [Optional] Block non-specific Fc-mediated interactions: pre-incubate the cells with 5 puL of human
TruStain FcX™ per 100 pL for 5-10 min on ice before staining.

4. Add the recommended amount of fluorochrome-labeled antibody to cells and incubate in the dark for 30
min on ice (e.g., 2.5 pL of anti-human CD3 antibody, 2.5 pL of anti-human CDS antibody, and 2.5 pL of
anti-human CD4 antibody for 0.5 million cells in 100 pL of FACS staining buffer).

Note: Higher temperatures and/or a longer incubation time may lead to non-specific cell labeling.
Staining performed on ice requires increased incubation times.

5. Add 1 mL of FACS staining buffer to each 1.5 mL Eppendorf tube. Centrifuge samples at 300-400 x g for
5 min at room temperature and then discard the supernatant.

6. Resuspend stained cells in an appropriate volume (400—-600 pL) of FACS staining buffer.

7. Prepare single-color compensation controls and set up the compensation following the manual
(MANO0019374 UltraComp eBeads and UltraComp eBeads Plus Compensation Beads Pl).

8. Once the compensation is set up, acquire data on the flow cytometer LSRII or Attune Flow Cytometers.
Note: Cells must be analyzed within 1 h after staining.

9. The T-cell purity and CAR expression were analyzed by FlowJo software (see Figure 1 for representative
data).

Note: We recommend using CAR-T cells with higher transduction (~50%) for in vivo study. Please increase
the volume of virus to achieve higher transduction.

In vivo Raji B tumor killing assay

1. Order 6-7-week-old NSG mice from The Jackson Laboratory. Once the mice are delivered, let them adapt
to the local facility for one week before performing tumor cell injection.

2. Thaw and culture Raji B cells in Raji media (as in Recipes) for 3-5 days before injecting them into mice.

3. Count Raji cell numbers and centrifuge them at 300-400x g for 10 min at 4 <C. Discard the supernatant.

4. Resuspend Raji cells with pre-cooled PBS. Centrifuge cell suspension at 300-400 x g for 10 min at 4 <C
and discard the supernatant. Repeat once.

5. Resuspend Raji cells with pre-cooled PBS (1 > 10° Raji cells in 50 pL for each mouse) and transfer the
cells into a 1.5 mL Eppendorf tube.

6. Mix cells with an equal volume of Matrigel (Matrigel is stored in a -80 <T freezer. It needs to be thawed
on ice), e.g., 50 L of cells with 50 L of Matrigel. This process needs to be performed on ice.

7. Transfer the mixed cells on ice to the animal facility for tumor injection.

Before injection, pellet mixed cells and avoid bubbles. Take 100 pL of mixture via 1 mL syringe.

9. Perform a subcutaneous injection. Wet the right flank of mice with an alcohol prep pad and directly inject
the cells into the mouse.

10. Seven days later, prepare for CAR-T cell infusion. The tumor size should be between 20 and 100 mm? at
the time of the T-cell injection.

®
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11.

12.

13.

14.

15.

16.

Count CD19 CAR-T cell number and centrifuge CAR-T cells at 300-400x g for 10 min at 4 <C. Discard
the supernatant.

Resuspend CD19 CAR-T cells with pre-cooled PBS and centrifuge cell suspension at 300-400 x g for 10
min at 4 <C; then, discard the supernatant. Repeat once.

Resuspend CD19 CAR-T cells with pre-cooled PBS (1 <107 cells in 100 pL for each mouse) and transfer
cells into a 1.5 ml Eppendorf tube.

Infuse 1 <107 CD19 CAR-T cells in 100 piL of PBS to tumor-bearing NSG mice intravenously; the control
mice will be treated with 100 pi of PBS via tail-vein injection.

Monitor mice's body weight and tumor size every other day. Measure the tumor size using a caliper. Tumor
volume is calculated with the formula: V =% (length x width?) (see Figure 2 for representative data).
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Figure 2. Monitoring body weight (A) and tumor size (B) in PBS-treated and CD19 CAR-T treated
Raji-bearing mice. (A) Mouse body weight was measured after CAR-T cell infusion. (B) Individual tumor
growth from the untreated PBS group (blue, seven mice) and CD19 CAR-Ts treated group (red, six mice)
is presented. Data were first published in Xiao et al. (2022) and presented in a modified way.

On day 7, 14, and 21 post-CAR-T cells infusion, tail blood is taken by blade and capillary to verify CAR-
T cell percentage and exhaustion status (see Procedure D) (representative data is shown in Figures 3 and
4).
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Figure 3. Representative data of CAR-T cell percentage in circulation. On days 7, 14, and 21 after
CAR-T infusion, the tail vein blood of mice from untreated and treated groups were harvested to examine
CAR-T cell percentage by FACS. The percentage of CAR-Ts in circulation could be used as a parameter
to determine CAR-Ts persistence in vivo. Data were first published in Xiao et al. (2022) and presented in
a modified way.
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Figure 4. Representative data of T-cell exhaustion markers expressed on CD19 CAR-Ts. On days 14
and 21 after CAR-Ts infusion, the tail vein blood of mice was harvested to examine the expression of T-
cell exhaustion markers, including PD-1, TIM-3, and LAG-3 by FACS (isotype antibody served as staining
negative control). Data were first published in Xiao et al. (2022) and presented in a modified way.

17. Euthanize mice using CO, inhalation when tumor size reaches ~1,500 mm®,

D. Monitoring CAR-T cell percentage and exhaustion status in vivo

1. Ondays 7, 14, and 21 after CAR-T cell infusion, use a sterile scalpel blade to cut the tail. Clip no more

than 1 mm of tail tissue and collect blood by gently milking the tail through the capillary.

Stop blood flow by applying pressure with sterile gauze.

Transfer blood to 100 pL of PBS containing 3 mM EDTA in a 1.5 mL Eppendorf tube.

Centrifuge cell suspension at 300-400 = g for 10 min at 4 <C and discard supernatant.

Incubate cells with 0.2 mL of red blood cell lysis buffer at room temperature for 5 min to remove

erythrocytes. Top up the tube with 1 mL of FACS staining buffer and pellet cells (300-400 % g) at 4 <C

for 5 min.

Repeat Step D5 once or twice if necessary.

Resuspend cells with 100 L of FACS staining buffer.

8. Add fluorochrome-labeled antibodies to cells and incubate in the dark for 30 min on ice. Prepare single-
color compensation controls and set up the compensation.

9. Add 1 mL of FACS staining buffer to each sample. Centrifuge samples at 300—400 = g for 5 min at room
temperature and discard the supernatant.

10. Resuspend stained cells in 400-600 L of FACS staining buffer and acquire data on the flow cytometer
LSRII or Attune Flow Cytometers (for representative data see Figures 3 and 4).
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Recipes

1. DPBS/2% BSA
10 g of BSA in 500 mL of DPBS
Filter through a 0.22 p filter

2. T-cell culture media (T-cell media)
45% AIMV
45% RPMI 1640
10% human serum
1% PSG
2.5% HEPES (1 M)

3. Cell culture media for Raji B cells (Raji media)
RPMI 1640, 10% heat-inactivated FBS, 1% PSG

4. FACS staining buffer
DPBS with 2% FBS and 1 mM EDTA
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