Journal of Visualized Experiments

Generation of CAR-T cells effectively targeting solid and hematological cancer cells
assessed by Real-time cytotoxicity potency assay

Article Type:
Manuscript Number:

Full Title:

Keywords:

Corresponding Author:

Corresponding Author's Institution:
Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

Please indicate whether this article will be
Standard Access or Open Access.

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

--Manuscript Draft--

Invited Methods Article - JoVE Produced Video
JoVE59033R3

Generation of CAR-T cells effectively targeting solid and hematological cancer cells
assessed by Real-time cytotoxicity potency assay

chimeric antigen receptor, adoptive cell therapy, lentiviral gene transfer, T cells, cancer
immunotherapy, RTCA, in vitro, functional assay, cytotoxicity, potency.

Biao Xi
ACEA Biosciences Inc
San Diego, CA, CA UNITED STATES

ACEA Biosciences Inc
biao.xi@aceabio.com;bill.xi2015@gmail.com
Biao Xi

Robert Berahovich
Hua Zhou

Shirley Xu

Yuehua Wei

Jasper Guan

Hizkia Harto

Jian Guan

Lijun Wu

David Santa Ana
Fabio Cerignoil
Brandon Lamarche
Yama Abassi

Vita Golubovskaya

Response

Open Access (US$4,200)

San Diego, possible Richmond CA

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;59033_R3.docx %

1 TITLE:
2  Generation of Chimeric Antigen Receptor T Cells Targeting Solid and Hematological Cancer Cells
3 Assessed by a Real-Time Cytotoxicity Potency Assay
4
5  AUTHORS AND AFFILIATIONS:
6  Biao Xi', Robert Berahovich?, Hua Zhou?, Shirley Xu?, Yuehua Wei?, Jasper Guan?, Hizkia Harto?,
7  Jian Guan?, Lijun Wu?, David Santa Ana?, Fabio Cerignoil®, Brandon Lamarche?, Yama A. Abassi?,
8  Vita Golubovskaya?
9
10  !ACEA Biosciences, Inc., San Diego, CA, USA
11  2ProMab Biotechnologies. Inc., Richmond, CA, USA
12
13 Email Addresses of the co-authors:
14  Robert Berahovich  (robert.berahovich@promab.com)
15 HuaZhou (huazhou369@gmail.com)
16  Shirley Xu (shirley.xu@promab.com)
17  Yuehua Wei (yuehua.wei@promab.com)
18  Jasper Guan (Jasper.guan@promab.com)
19  Hizkia Harto (hizkia.harto@promab.com)
20  Jian Guan (jlan.guan@promab.com)
21  Lijun Wu (john@promab.com)
22  David Santa Ana (dsantaana@aceabio.com)
23  Fabio Cerignoil (fcerignoli@aceabio.com)
24  Brandon Lamarche (blamarche@aceabio.com)
25  Yama A. Abassi (yabassi@aceabio.com)
26
27  Corresponding authors:
28  BiaoXi (bxi@aceabio.com)
29  Vita Golubovskaya (vita.gol@promab.com)
30
31 KEYWORDS:
32 chimeric antigen receptor, adoptive cell therapy, lentiviral gene transfer, T cells, cancer
33 immunotherapy, RTCA, in vitro, functional assay, cytotoxicity, potency
34
35 SUMMARY:
36  We describe a quantitative real-time in vitro cytolysis assay system to evaluate the potency of
37  chimeric antigen receptor T cells targeting liquid and solid tumor cells. This protocol can be
38 extended to assess other immune effector cells, as well as combination treatments.
39
40 ABSTRACT:
41  Chimeric antigen receptor (CAR) T-cell therapy for cancer has achieved significant clinical benefit
42  for resistant and refractory hematological malignancies such as childhood acute lymphocytic
43  leukemia. Efforts are currently underway to extend this promising therapy to solid tumors in
44  addition to other hematological cancers. Here, we describe the development and production of


https://www.editorialmanager.com/jove/download.aspx?id=977851&guid=c8c0a386-19a4-4abc-8a0c-cc7829b961c3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=977851&guid=c8c0a386-19a4-4abc-8a0c-cc7829b961c3&scheme=1

45
46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

potent CAR T cells targeting antigens with a unique or preferential expression on solid and liquid
tumor cells in conjunction with a highly sensitive and real-time in vitro potency assessment that
can inform the potency of the different CAR T cells. Specifically, the impact of different
costimulatory signaling domains, such as glucocorticoid-induced tumor necrosis factor receptor
(TNFR)-related protein (GITR), on the in vitro potency of CAR T cells is examined. This report
includes protocols to generate CART cells for preclinical studies using lentiviral gene transduction,
to expand CAR T cells, to validate CAR expression, and to utilize impedance-based real-time
cellular analyzer monitoring to assess the potency of CAR T cells in vitro.

INTRODUCTION:

In recent years, CAR T-cell therapy has been one of the most prominent breakthroughs in cancer
immunotherapy for relapsed and refractory hematopoietic malignancies. With the recent U.S.
Food and Drug Administration (FDA) approval of CD19-directed CAR T cells for acute
lymphoblastic leukemia, non-Hodgkin lymphoma, and diffuse large B-cell lymphoma and the
designation of breakthrough therapy for B-cell maturation antigen (BCMA)-directed CAR T cells
for multiple myeloma, this technology has generated great excitement in the scientific
community and has spun numerous basic, applied, and clinical studies worldwide'™. In January
of 2019, more than 700 clinical trials were registered in the clinical trial database
(clinicaltrials.gov); about 450 of these trials were either about to start or actively recruiting
patients. Most of the clinical trials are focused on hematological malignancies, and clinical trials
utilizing CAR T cells targeting CD20, CD22, and BCMAs, in addition to CD19, are ongoing as well®”.
While most of the trials are using autologous CAR T-cell therapy, a significant number of them
are also exploring the utility of allogenic CAR T cells®0. Despite promising results with
hematological malignancies, the application of CAR T cells directly targeting solid tumors has
proven to be much more difficult in the clinic for a variety of reasons, including but not limited
to the lack of good targets that are exclusively expressed in the tumor but are absent in other
normal cells, the heterogeneity of solid tumors and tumor “escape”, and a difficult to access the
tumor microenvironment by CAR T cells'*~*>, Therefore, there is a need for the development of
CAR T cells targeting solid tumors, which can overcome the critical barriers to efficacy and on
target-off tumor toxicity. While a multitude of in vitro and in vivo approaches are warranted to
design and test CAR T cells, a robust and predictive in vitro potency assay is critical for the
development of CAR T-cell therapies'®?’.

In order to assess the potency of CAR T cells, various in vitro methods have been developed. In
general, these potency assays can be divided into two broad categories, depending on whether
they directly measure the cytolytic activity of CAR T cells toward target tumor cell lines or
surrogate markers released by CAR T cells, such as cytokine release. Techniques encompassing
the measurement of direct cytolytic activity include radioactive-based methods such as the
chromium-51 release assay (CRA) by target cells'®, an image-based assay which measures
apoptosis of target cells via fluorescent probes'®?%, and a flow cytometry assay that detects
apoptosis of target cells?. In these assays, typically, CAR T cells are cocultured with target cells
which have been labeled by radioactive or fluorescent probes followed by appropriate
measurement. The gold standard in the field is the CRA, which is considered to be a very sensitive
assay. However, the CRA has certain drawbacks. First, it is an endpoint assay and does not provide
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kinetic information. The target cells need to be labeled with chromium-51 (Cr51) which tends to
leach out of the cells and can significantly increase the background noise??. Lastly, as a radioactive
assay, it requires proper precautions and disposal of radioactive waste. Orthogonal assays, which
measure byproducts of CAR T-cell interaction with target cells as an indication of potency, include
the quantitation of various cytokines released by CAR T cells and using either flow cytometry-
based methods or enzyme-linked immunosorbent assay (ELISA)-based methods. Once again,
these assays are endpoint assays which measure the cumulative release of the cytokines at a
given time point and, thus, may not necessarily be reflective of the actual cytolytic activity of the
CART cells.

When developing any kind of potency assay, particularly for release criteria of cellular therapies
such as CAR T-cell therapy, it is paramount to develop an assay which requires minimal reagents
and hands-on time. Every interaction or addition of reagent is another variable that needs to be
accounted for and can contribute to overall assay robustness and consistency. Furthermore, the
interaction of CAR T cells with the tumor cells is a dynamic process, and any assay that is able to
provide information related to this dynamic interaction, such as the rate of cytolysis, would be
an important aspect of potency measurement. With these criteria in mind, we developed a label-
free kinetic potency assay for CAR T cells. This assay utilizes the real-time cell analysis (RTCA)
platform which is based on noninvasive impedance measurement. The principal of the RTCA
platform is to utilize gold microelectrodes embedded in the bottom of microtiter wells (E-Plates)
for measuring the impedance value of the adherent cells or suspension cancer cells tethered to
the bottom of the plate well'”23728, The measurement and data acquisition are programmable
and user defined with respect to frequency and duration. The workflow is simple and involves,
first, seeding the target cells into the wells of E-Plates, followed by the addition of the CAR T cells
at different effector-to-target ratios (Figure 1). This step is basically similar to other current
methods stated above. Then, impedance electrodes monitor the viability of the target cells in a
temporal manner and the data is automatically displayed in real-time. Since the CAR T cells
remain mostly in suspension, their contribution to the impedance signal is minimal and can be
accounted for.

The RTCA assay has been validated for potency monitoring by measuring the cytolytic activity of
natural killer (NK) cells, T cells, CAR T cells, checkpoint inhibitors, bispecific antibodies, oncolytic
viruses, and some combinations!’2°=34, Recently, the application of this potency assay integrated
with T-cell receptor (TCR)-engineered T-cell manufacturing for clinical use has also been
evaluated®. Here we report the application of this platform for the evaluation of the in vitro
potency of CAR T cells designed to target solid tumors and liquid tumors for clinical therapies.

PROTOCOL:
1. Generation of CAR-encoding lentivirus
NOTE: Once the specific CAR T-cell plasmid construction is completed (CD47 and others),

lentiviral CARs are generated by the standard procedure, using 293 FT cells, a lentiviral packaging
mix, and transfection agents (see the Table of Materials) as described®. Subsequently, use a
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guantitative reverse transcription polymerase chain reaction (RT-PCR) kit and the thermal cycler
(see the Table of Materials) to determine the virus titer by measuring the lentiviral RNA amount
according to the manufacturer’s protocol. It is important that all the procedures should be carried
out accordingly, following safety requirements.

1.1. Seed 15 x 10° HEK293FT cells in Dulbecco’s modified Eagle’s medium (DMEM) culture
medium and incubate the cells overnight at 37 °Cin one 150 mm dish inside a humidified 5% CO>
incubator.

1.2. Prepare two 15 mL tubes with transfection complex. The first tube contains lentiviral vector
plasmid DNA (5 pg) and lentiviral packaging mix (22.5 pg) in 2.5 mL of transfection dilution
solution. The second tube contains 82.5 uL of transfection reagent in 2.5 mL of transfection
dilution solution (see the Table of Materials).

1.3. Pipet the contents of tube 1 into tube 2, and incubate the mixture at room temperature for
15 min.

1.4. Transfer the contents of the tube dropwise to the dish of HEK293FT cells and incubate the
sample overnight at 37 °C in a humidified 5% CO; incubator.

1.5. Replace the existing medium with 19 mL of fresh DMEM culture medium and continue to
incubate the cells overnight inside the humidified 5% CO; incubator at 37 °C.

1.6. Transfer the medium from the dish to a 50 mL centrifuge tube. Keep the tube with the virus-
containing medium in the refrigerator.

1.7. Repeat the above procedure to add fresh DMEM and collect it again after 1 day.

1.8. Combine two collections of the media into one centrifuge tube. Centrifugate the tube at
2,000 x g for 30 min at 4 °C.

1.9. Transfer most of the lentivirus-containing supernatant to an ultraclear centrifuge tube. Leave
a minimum volume, about 1 mL, of the supernatant to avoid disturbing the pellet.

1.10. Ultracentrifuge the supernatant at 110,000 x g for 100 min at 4 °C.
1.11. Remove the supernatant carefully and gently add 100 pL of DMEM medium to the pellet at
the tube bottom. Leave the tube on ice for 15 min. Mix the solution gently and aliquot the

lentivirus solution into prechilled sterile tubes. Store these virus stock tubes in a -80 °C freezer.

1.12. Use the quantitative RT-PCR kit to determine the titer of the lentivirus according to the
manufacturer’s protocol, which extracts and measures lentiviral RNA.

2. Generation and expansion of CAR T cells
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2.1. Activate previously frozen human PBMCs (about 1 x 108 to 2 x 10° cells) in 1 mL of CAR T-cell
medium with an equal number of CD3/CD28-coated microbeads (see the Table of Materials) and
incubate the cells at 37 °C in a humidified 5% CO; incubator for 24 h.

2.2. Thaw an aliquot of the lentivirus stock on ice.
2.3. Add 1 pl of transduction enhance agent into the well with the cells and mix.

2.4. Add lentivirus to the cells at a multiplicity of infection (MOI) of 5:1 and mix gently. On the
next day, repeat this step (24 h after the first transduction).

2.5. Monitor the T cell growth every 2—3 days. Add more fresh CAR T-cell medium to maintain
the cells at the density of 1 x 10° to 2 x 10° cells/mL.

2.6. Freeze down the CAR T cells with a standard protocol using frozen solution (see the Table of
Materials).

2.7. Thaw CAR T cells using the standard method and preculture them in the CAR T-cell medium
for about ~2—4 h with IL2 (300 units/mL) before applying them to the assay.

3. Detection of CAR expression by flow cytometry

3.1. Transfer 3 x 10° CAR T cells and nontransduced T cells to two separate 1.5 mL
microcentrifuge tubes.

3.2. Centrifuge the tubes at 300 x g for 2 min and resuspend the cells in 200 L of fluorescence-
activated cell sorting (FACS) buffer containing 1% human serum.

3.3. Pipet 100 pL of cell solution into two 5 mL polystyrene FACS tubes and keep the tubes on ice
for 5 min.

3.4. Add 1 uL of biotinylated F(ab'), fragments of goat anti-mouse F(ab'), to one tube of each cell
type. Then, add 2 uL of PE-labeled anti-tag antibody (see the Table of Materials) to the other
tube of each cell type. Mix well and incubate them for 30 min on ice.

3.5. Wash the cells with 3 mL of FACS buffer in each tube and centrifuge the tubes at 300 x g for
5 min; discard the supernatants and vortex very briefly or shake the tubes briefly to resuspend
the cells in the residual liquid.

3.6. Add 2 pL of APC anti-CD3 and 2 uL of 7-AAD antibody solution (see the Table of Materials)
in each tube. In the tube of cells stained with anti-F(ab'), Ab, add 1 uL of PE-labeled streptavidin.
Mix briefly and incubate the tubes on ice for 30 min more.
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3.7. Use FACS buffer to wash the cells again as described in step 3.5 and add an additional 200
uL of FACS buffer to each tube.

3.8. Use flow cytometry to analyze the cells by first gating on the T cells in a forward scatter vs.
side scatter plot and then gating on the alive cells (7-AAD-negative) in a CD3 vs. 7-AAD plot. The
final step is to analyze anti-tag, anti-ScFv or anti-F(ab'), vs. CD3.

4. Real-time cytolysis potency assay

NOTE: Perform the RTCA assay according to the manufacturer’s recommended conditions as
described. In brief, first plate the target cells in the wells of the E-Plate, followed by the addition
of CART cells on the next day. The cytolysis activity of CAR T cells against target cells is monitored
in real-time. T cells and mock-transduced T cells (Mock CAR T cells) are used as negative effector
cell controls. The following protocol describes an in vitro real-time cytolysis potency assay for
adherent tumor cell lines.

4.1. Add 50-100 pL of target cell culture medium to each well to measure the E-Plate medium
background in the RTCA system and bring the E-Plate out to add the cells.

4.2. Use a standard protocol to trypsinize target cancer cells from the culture device. Then,
transfer the cells to a 15 mL centrifuge tube and add fresh culture medium, up to 15 mL. Pellet
the cells by centrifugation for 5 min at 200 x g. Discard the supernatant and add 5 mL of fresh
medium to gently resuspend the cell pellet by a serological pipette. Count the living cell density
with a hemocytometer under the microscope.

4.3. Adjust the cell density and add the cell suspension to each well of the E-Plate 96 in a volume
of 100 pL. The target cell number in each well is about 10,000 cells for adherent cell lines, BxPC3,
Hela-CD19, and SKOV3, or 30,000 cells per well for Raji (see below for details to precoat the E-
well).

4.4. Equilibrate the E-Plate at room temperature for about 30 min to allow the cells to settle
evenly on the bottom of the well.

4.5. Place the E-Plate 96 to the RTCA system inside the cell culture incubator and start to measure
impedance, displayed as cell index vs. time, automatically every 15 min overnight.

4.6. Prepare effector CAR T cells on the following day. Make sure to include the controls (i.e.,
Mock CAR T cells, nontransduced control T cells, and/or unrelated CAR T cells) ahead of time to
ensure all the cells are ready at this step. Bring the effector cells and the controls to the proper
concentration in several tubes for seeding the cells at proper E:T ratios in 100 pL of medium (i.e.,
1,000,000 cells/mL for an E:T ratio of 10:1).

4.7. Pause the automatic acquisition in the RTCA system and bring the E-Plate 96 from the
incubator to a cell culture hood.
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4.8. Remove 50-100 pL of medium from each well so the leftover medium volume is 100 pL.

4.9. Add 100 pL of serially diluted effector CAR T cells or other control cells (i.e. Mock CAR T cells)
at desired E:T ratios to the wells of all the treatments.

4.10. Equilibrate the E-Plate at room temperature for about 30 min and engage the E-Plate back
to the system; then, resume the recording of the system.

4.11. Pause the monitoring of the system at any time to retrieve the E-Plate and take small
samples for other orthogonal assays (i.e., measuring cytokine production by ELISA or analysis by
flow cytometry).

4.12. In the EGFR-GITR-CD3 CAR T-cell experiment, measure INFy yield with an ELISA kit based on
the sample measuring value and the generated standard curve (follow the instructions of the
manufacturer; see the Table of Materials).

NOTE: For testing hematological cancer cells—the B-cell lymphoma suspension cell line—Raji is
tethered to the E-Plate first, using the (anti-CD40) liquid tumor killing assay kit (see the Table of
Materials). Briefly, the E-Plate is coated with the anti-CD40 antibody before performing step 4.1.
Below is the procedure to coat the plate.

4.12.1. Dilute the tethering reagent (anti-CD40) with tethering buffer at the concentration of 4
ug/mL.

4.12.2. Add 50 pL per well of the diluted tethering reagent to the E-Plate inside the cell culture
hood and leave the E-Plate at room temperature or in a 37 °C incubator for 3 h.

4.12.3. Remove the tethering reagent and wash the E-Plate at least 2x with wash buffer. At this
point, the E-Plate is ready for seeding the Raji target cells (30,000 cells/well).

4.12.4. Continue with step 4.1 to perform the rest of the procedure.
REPRESENTATIVE RESULTS:

CAR lentivirus preparation and CAR T-cell generation and potency assessment

The titers of the CAR lentivirus preparations were determined by quantitative RT-PCR kit (see the
Table of Materials) according to the manufacturer’s protocol. The titration protocol extracted
virus RNA first and then measured the lentiviral RNA copy number, which indicated the amount
of infectious viral particles. The titer of virus generated from one 150 mm dish from the above
protocol usually ranges between 10°-10%° viral copies/mL. Figure 2A shows the RT-PCR cycle
number vs. the signal strength from a representative quantitative PCR result. Once the virus
quality was satisfied—the titer was larger than 1 x 10%® pfu/mL—it was frozen down for
subsequent T cell transduction. After the CAR T cells were transduced with lentivirus, the T cells
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were further cultured for about 12—14 days by maintaining their density around 1 x 10° to 2 x 108
cells/mL. The CAR T cells were then checked with anti-ScFv-specific antibody with a flow
cytometer before a downstream application or freeze down. A good representative batch result
is shown in Figure 2B. Using an anti-ScFv antibody, about 50% of the CAR T cells stained positive
(Q2 50.6% vs. T cells 1%), indicating the expression of CAR in about 50% of the T cells.
Subsequently, the RTCA potency assay was performed for cytolysis determination before each
batch of CAR T cells was frozen down and ready for future application. One cycle of the CAR T-
cell design, generation, and assessment procedure took about 1 month.

Killing of Raji lymphoma B cells by CD22-CAR T cells

The anti-CD40 liquid tumor tethering kit (see the Table of Materials) was used at a concentration
of 4 ug/mL to coat an E-Plate for 3 h at 37 °C. After washing the wells with tethering buffer, B-
cell ymphoma cells were added to the E-Plate at a density of 30,000 cells. The E-Plate was kept
with the cells at ambient temperature for 30 min and then it was engaged to the RTCA system
inside the incubator. Impedance measurements controlled by the presetting program and real-
time cell index readings reflected the cell attachment and growth. The following day, CD22-CAR
T cells were added to the treatment wells along with the controls of Mock CAR T cells and T cells
without transduction. In Figure 3, an E:T ratio of 10:1 was used for all groups. Raji cells, CD22-
positive, treated CD22-CAR T cells (curve in green) displayed significant killing in comparison with
controls of T cells only and Mock CAR T cells.

Effective killing of pancreatic cancer cells by CD47-CAR T cells

CD47 is a transmembrane surface glycoprotein of the immunoglobulin superfamily. As an
integrin-associated protein, it is highly expressed in both hematological cancers (leukemia,
lymphoma, and multiple myeloma) and solid cancers (such as ovarian, small cell lung cancer,
pancreatic, glioblastoma) and other types of cancers3®3’. CD47 is also known as a do-not-eat-me
signal to macrophages of the immune system which has made it a potential therapeutic target in
some cancers. CD47-CAR T cells were produced and tested in BxPC3 pancreatic cancer cells which
have a high-level expression of CD47383%, BxPC3 cells were seeded in the RTCA system at day 1
and real-time monitoring showed that 10,000 cells per well of BxPC3 reached confluency after
16 h, and then CART cells were added at the E:T ratio of 10:1 per well (Figure 4A). Control effector
cells like nontransduced T cells and Mock CAR T cells were added as well. The result showed that
CD47-CAR T cells were selectively killing target BxPC3 cells?®. Also, Figure 4B shows that the
impedance signal from CD47-CAR T cells alone was significantly low when compared to target
BxPC3 cells. The cell index value from wells with CD47-CAR T cells alone reached a maximum of
0.14. This was only slightly above the cell index signal from medium-alone wells, which read at
0.02. It means that the impedance signal resulting from suspension cells such as CAR T cells alone
was minimal and was not contributing to the overall impedance signal when CAR T cells were
added to the target cancer cells. The noise level signal from effector suspension cells enabled
RTCA to measure, selectively, target cancer cells only within these mixed cell populations.

Costimulation of CAR T cells against cancer by GITR domain inside CAR
The GITR costimulatory domain has been previously reported to enhance the killing of EGFR-
positive cancer cells SKOV3 but not EGFR-negative cancer cells MCF-7 when expressed in an
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EGFR-GITR-CD3 CAR (data is not shown)3°. To better clarify the role of the GITR domain, CAR
constructs containing the full-length GITR domain or deleted or rearranged versions of the
domain were generated and tested for the ability to coactivate CAR T cells (Figure 5A). Figure
5B,C shows results generated from the RTCA system in which the GITR costimulatory domain was
proven to be more effective in enhancing CAR T cells killing against EGFR-positive target cells
when compared to the original CAR construct without the GITR domain. Furthermore, a 10 amino
acids deletion of the GITR domain (amino acids 184—193) failed to display the increase of this
activity, while the relative shift in position between the CD3 and the GITR domain resulted in a
reduced enhancement. The end time point data (Figure 5B) was comparable to IFNy production
as a surrogate of T-cell activation with similar results (24 h). The real-time cell index profiling
obtained from the RTCA impedance system clearly displayed the killing kinetics and the
difference between treatments (Figure 5C). The in vivo study also confirmed this result°.

FIGURE LEGENDS:

Figure 1: The real-time cell analysis (RTCA) system detects the killing of target cells by effector
cells. There are three main conceptional steps to measuring the killing activity of CAR T effector
cells against target cancer cells. Step 1: Seed the target cells (i.e., tumor cells) into the well of one
E-Plate. The cells will attach to the gold microelectrodes and this impedes the electric current
flow between the electrodes. This impedance value is measured and plotted as a unitless
parameter, or cell index. The cell index value increases as the cells grow and reaches a plateau as
the cells approach confluency. Step 2: Effector cells—nonadherent immune cells—are
subsequently added. Because these cells do not adhere to the gold microelectrodes, they do not
directly cause an impedance change. Step 3: If the effector cells attack the target cancer cells,
the destruction of the tumor cells is reflected by a decreasing of the cell index dynamically. This
cytolytic activity of the effector cells, or the potency of the effector cells, can be sensitively and
precisely monitored. The continuous acquisition of impedance data from the RTCA system
enables the real-time killing kinetic analysis for multiple conditions simultaneously.

Figure 2: Titer determination of the lentivirus and flow cytometry evaluation of the CAR T cells.
(A) Follow the instructions from the lentivirus quantitive RT-PCR kit, prepare the RNA, and
perform the quantitative RT-PCR. The different color lines are representative samples in cycle
number vs. delta Rn. The low cycle numbers indicate the relatively high amount of the RNA
template present in the samples. (B) After transduction, CAR T cells were cultured and
maintained at a density of less than 2 x 10° cells/mL and then subjected to flow analysis. The y-
axis shows the staining for T cells, the positive value reflected in the areas of Q1 and Q2. Both of
the samples show 100% positive for T cells. The expression of CAR scFV is determined by FACS
with scFv-specific Ab (x-axis). The result shows that more than 50% of the T cells are scFv positive
in CD22-CART cells.

Figure 3: Killing dynamics of CD22-CAR T cells against Raji Burkitt’s lymphoma cells. The red
curve is the Raji cells alone and the green curve is the Raji cells treated by CD22-CAR T cells. The
pink curve is the Mock CAR T-cell treatment and the blue curve is the T-cells-only treatment. The
E:T ratio is 10:1. For all figures with RTCA results, the standard deviation bar is labeled in each
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treatment curve. The time scale is set up at 2 h intervals for easy display although more data
points data are available.

Figure 4: Efficacy of CD47-CAR T cells against pancreatic solid tumor cells. (A) Pink is the target
BxPC3 cells alone, while red is BxPC3 with CD47-CAR T cells added. Green is BxPC3 with the
addition of nontransduced T cells only and blue is with Mock CAR T cells. The E:T ratio is 10:1. (B)
In the same setting, red is control wells with CD47-CAR T cells only and green is the medium only.

Figure 5: GITR domain increases CAR T cells cytotoxic activity against EGFR-positive tumor cell
lines. (A) The construction of the CAR. (B) The bar graphs of % cytolysis at 4 h (left) and 24 h
(middle) resulted from different CAR constructions, along with the IFNy production at 24 h (right).
(C) Overtime RTCA killing kinetics for all treatments. The black curve is the growth curve of BxPC3
ovarian cancer cells only. The green curve is the target cells treated with T cells only, the blue
curve is the target cells treated with Mock CAR T cells, the red curve is the target cells treated
with EGFR-GITR-CD3-CAR T cells, the pink curve is the target cells treated with EGFR-AGITR-CD3-
CART cells, and the brown curve is the target cells treated with EGFR-CD3-GITR-CAR T cells.

DISCUSSION:

Chimeric antigen receptors are multidomain proteins composed of an extracellular single-chain
variable fragment (scFv region) derived from the variable domain of one antibody which
recognizes a specific antigen, a hinge region, a transmembrane region, and a cytoplasmic domain
composed of TCR signaling domains and additional costimulatory domains from receptors such
as CD28 and 0X40'%49, To design safe, selective, and efficacious CARs, it is imperative that the
various permutations in the design of the CARs are thoroughly tested using in vitro potency
assays and, eventually, animal models. In this study, we have provided a protocol and a workflow
of how a real-time in vitro potency assay can inform on the design of efficacious CARs.

In designing any type of potency assay, particularly for manufacturing purposes, it is imperative
that the assay should be sensitive, robust, consistent, and as close to the mechanism of action as
possible!®1741 The real-time potency assay described here is designed to measure the cytolytic
activity of the CAR T cell directly rather than a surrogate marker such as cytokine release.
Importantly, the assay does not require any additional components such as dyes and reagents
other than the assay plate (E-Plate) and the recommended media for maintaining the cells.
Additionally, the assay is exquisitely sensitive with quality data compared to other label-based
assays**™** and can be used to assess very low effector-to-target ratios which is ideal for the
assessment of specific cytolysis.

In order to demonstrate the flexibility and utility of the RTCA system, we have focused on two
tumor types, namely tumors of hematological origin and solid tumors. In order to assess the
potency of CD22-directed CAR T cells, Raji cells (i.e., a B-cell lymphoma cell line) are tethered to
the E-Plates using an anti-CD40 antibody. The tethering of Raji cells to the bottom of the E-Plates
results in an impedance signal which reflects the viability and number of Raji cells in the well.
Following the addition of CD22-CAR T cells, the Raji cells are selectively killed in a time- and
effector-dependent manner, culminating in a time-dependent decrease in the impedance signal.
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The drop in impedance signifies cytolysis or loss of viability of the Raji cells!’. The selective
tethering approach using antibodies can be extended to other liquid tumor cell lines. An
alternative strategy to using tumor cell lines of hematological origin is to use adherent cancer
cells that are engineered to stably express the tumor antigens, such as CD19 expressed in Hela
cells. The advantage of this approach is that the parental negative-control Hela cells are readily
available and can be used as a negative control for specificity. Such an approach has already been
validated with CHO-CD22 vs. CHO cells and CHO-BCMAs vs. CHO cells?. Using such different
approaches, CAR T-cell design and efficacy can be easily tested, and the assay conditions can be
modified in an appropriate manner to mimic physiological conditions.

One major advantage of the potency assay we described here is that it is a simple functional assay
and can be used in conjunction with genetic engineering techniques to design optimal and
efficacious CARs in a high-throughput fashion. As we have shown for CAR T cells designed to
target the EGFR-positive cancer cells, the assay can be used to evaluate the relative activity of
the various other mutations in designing CARs. For example, we show that when the GITR domain
synthesized N-terminal to the CD3 domain and expressed in T cells, it shows much more robust
cytolytic activity (as measured by RTCA) and is confirmed by a cytokine release assay and in vivo
test. In the past, cytokine measuring has been the standard assay to evaluate the potency of CAR
T cells, although it has not fully been linked to the in vivo CAR T-cell activity as a reliable
parameter. It is important to note that the assay described here primarily informs on the potency
of CAR T cells in vitro and provides the user with a quantitative way to assess the quality of CAR
T cells that are being produced during manufacturing or before releasing for clinical application.
However, the relevance of in vitro potency to in vivo efficacy remains to be fully established and
verified. In vivo efficacy depends on a host of factors and variables that may not be captured by
in vitro assays such as the homing of the CAR T cells to the site of the tumor, the stimulation and
activation of the CAR T cell and its ability to persist within the patient, and especially the tumor
microenvironment. Further refinement of this assay is needed to be able to model these complex
processes in vitro.

The protocol provided here applies to most adherent cancer cell lines and some of the liquid
tumor cell lines. Clinical samples such as primary cancer cells, however, need to be further tested
and optimized due to the complexity of the tumor types and phases. It is certainly worth noting
that the in vitro potency assay system described here uses cancer cell lines only to reflect the
potential activity of the CAR T cells. The real tumor situation inside the human body is much more
complex, especially when a solid tumor is targeted, due to the dynamic tumor environment and
development. Therefore, the potency evaluation result may not translate very well into the
clinical efficacy of the CAR T cells tested.

In summary, the presented impedance-based platform allows label-free monitoring of cell killing
for an extended period of time, namely up to 10 days. The availability of such a long temporal
scale for data collection differentiates the technology from other assays that are currently in use
and which require setting up multiple experimental replicates for time point collection and
laborious sample manipulation. Furthermore, the minimal signal contribution of the effector
immune cells, at the noise level, simplify data analysis. The software can process data
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automatically and generate useful parameters (i.e., the percentage of cytolysis). The technology
has already demonstrated high sensitivity (with E:T ratios as low as 1:20) and a large dynamic
range (with E:T ratios from 20:1 to 1:20) which is not easily achieved with other assays. Overall,
the implementation of this technology should allow a more accurate data analysis on a higher
throughput scale that will enhance the development of CAR T-cell reagents, advancing the field
at a much higher pace.
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adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Iltem 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
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Department: )
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/
Signature: S ,.4:;—,———-,—-\ Date: 51"3/'5‘-&"/31

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter
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Reviewers.docx

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript describes a relatively novel approach to assess modified T cell killing utilizing the RTCA
system which allows for real time killing assays to compare different CAR T cell constructs allowing for
comparisons of the cytotoxic potential of these constructs. Top the credit of the authors, there is
demonstration of the utility of this approach in the context of both solid (adherent) tumors as well as
non adherent hematological malignancies. The protocols are well detailed and should provide the
reader of this manuscript with a template of how to conduct these experiments. The manuscript is well
written.

Major Concerns:

None

Minor Concerns:

There is a lack of statistical analysis is a short coming of this manuscript. One should show that
differences in cytotoxicity using this RTCA system should be demonstrated highlighting the sensitivity of
this approach and the ability of this approach to demonstrate statistically relevant differences in the
presented assays. Statistical analysis should be applied to the data presented in this manuscript.

Authors:

We appreciate the comments and concerns especially regarding the data quality. In our figures, all the
replicates from RTCA have been displayed with standard deviation bars . There are numerous
publications which show the statistical significance of RTCA data. But we indeed made some change to
reflect the data quality. We hope this paper primarily focused just on the protocol for CAR-T generation
and development and validation of the cytolytic potency assay. By this simple introduction, this protocol
may provide people alternative method to try and conclude in their own hand to avoid some
commercial influence.

Reviewer #2:
Manuscript Summary:

This manuscript describes an in vitro real-time assay system for assessing the potency of CAR-T cells.

The system provides advantages in comparison to exiting methods, such as ease of use, higher signal to
noise ratio, and the capability of real-time analysis over a relatively long period of time. Therefore it is
recommended for publication, but a few critiques should be addressed to improve the clarity of the
protocol.

Major Concerns:
None
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Minor Concerns:

1. Passive past tense was used throughout the protocol, instead of imperative tense, which would be
more proper for a protocol.

We appreciate reviewer’s concerns and made the changes based on this suggestion.

2. For the protocol for the generation of CAR-encoding lentivirus and qRT-PCR, it would be more clear
for readers if the protocol provided more specifics, i.e. seeding cell number, the size and kind of a plate
to be used, lentiviral plasmids amounts, based on a desired virus titer as an example. This way,
researchers who have limited experience with virus production can better assess their performance.

All the details have been specified based on the suggestion and hope the new version could be easily
followed.

3. Generation and titration of CAR-encoding lentivirus would be more appropriate title.

Appreciate reviewer’s suggestion. We hope we present a overall CAR-T generation and evaluation
approach, not just a lentivirus production and indeed we focus on the CAR-T potency evaluation as
preclinical quality control assay. In this way, we hope read can learn the whole procedure not just one
step.

4. at step 3 the ts in tube one and tube two should be lower case.
Changed as suggested. Thanks!
5. Specify amounts of APC anti-CD3 and 7-AAD in the step 5 of detection of CAR expression by flow

cytometry protocol.
Changed as suggested.

6. Figure 1 is not cited in the manuscript.
Changed as suggested.

7. There is no interpretation of the results shown in Figure 3.
Changed as suggested.

8. In the line 355, Figure 6 should be Figure 5.
Changed as suggested and we appreciated all the details suggestion from this reviewer.

9. Potential differences between in vitro and in vivo targeting should be discussed. Especially the
limitations of the assay for determining the efficacy of CAR-T cells targeting solid tumor cells should



discussed as the in vitro assay condition is vastly different that of in vivo solid tumors.

The relevance of in vitro potency assay to in vivo efficacy is an important point and is certainly worth
considering. We did insert a few sentences in the discussion part to mention the limitations of in vitro
potency assay to ultimately predict in vivo outcome. More sophisticated assays that are able to model
CAR-T homing, penetration of the tumor microenvironment and ultimately activation and persistence is
needed to begin to address how the CAR-Ts ultimately perform within the patient. These points were
discussed.

Reviewer #3:

Manuscript Summary:

The authors present a novel technique that selectively targets adherent or in-suspension cancer cells
using chimeric antigen receptor T-cell therapy (CAR-T) that can be used in a clinical setting. A label free
kinetic potency assay was developed for the use CAR-Ts using a real-time cell analysis (RTCA) platform.
This uses gold E-plates onto which target cells can be seeded. The effector cells were then added under
different effector to target ratios. The impedance electrodes monitor the viability of the cells real-time
without the signal from the CAR-T cells which are mostly in suspension. Overall this is an interesting
strategy with clear advantages over existing methods such as the CRA assay, which is mostly an end-
point assay not providing real time kinetics. The manuscript is well-written.

Major Concerns:

1. What is the overall claim for this assay reducing the hands on time? How is it relevant in a clinical
setting? Can the authors give as estimate of the time and explain why or why not this might be
important?

Appreciate this critical question from reviewer. The assay is label-free and real-time and requires
minimum hands on time compared to other assays. The whole procedure of our approach takes about 2
of hours to setup the experiment but this time is almost same to other current methods like ELISA and
Cr51. However, RTCA requires minimum time in comparison to ELISA and Cr51 assay in later steps
because no washing, fixation or other processing is required. Additionally, data analysis is very
straightforward and calculation of key parameters such as percent cytolysis is automated. Obviously,
less hand on procedure will significantly reduce the data variation. which is very useful and welcomed in
clinical setting.

2. What tumor types or classes will this assay be best for?

Another great question. To this point, we think in vitro quality assessment of the CAR-T is universally
important to all the CAR-T cells application regardless the tumor types or classes.

3. How is the impedance value measured in terms of cell index? Whats the value of cell index that can



be considered as a significant effector action? Can the authors comment on this?

Thanks for reviewer with this good question of the basics setup of RTCA system. We hope the short
sentence explained in figure 1 is good enough since there are more than thousand reports about this
technology and principal of the system already. Basically, we convert the impedance to an arbitrary
number called Cell index, C.l.= impedance reading value/30. See literature 23~28 for more details.

Thanks again for another great question of what value of cell index is significant. After more than
thousand researcher work, we think in general the Cell index should will be large than 0.5. But the
absolute value is not as important as the kinetics which reflect the cells change. If not, even a relative
high cell index may not necessary useful.

Minor Concerns:
Not sure what BCMA specified in the Introduction section is. It was not abbreviated.

BCMA is added to the Abbreviation. BCMA stands for B-cell maturation antigen, also known as tumor
necrosis factor receptor superfamily member 17 (TNFRSF17). It was proved to be a very valuable target
in clinical in recent years for B cell malignancy.

Reviewer #4:

The authors reported a method for the production of potent CAR-T cells targeting antigens expressed on
solid and liquid tumor cells and also described a highly sensitive and real-time method for assessing the
cytotoxicity potency of these cells. This is an interesting attempt to produce CAR-T cells and assess their
potency. | think it can be accepted for publication after addressing the following comments.

1. All CARTs in the abstract and main text should be changed into CAR-Ts.

Thanks and changed applied.

2. In lines 134-138 from "Lastly" to "methods", this sentence should be divided into two separate ones,
or it will be difficult to understand for nonnative English speakers.

Thanks and changed applied.
3. Inline 197, after centrifugation, was the supernatant discarded? If so, what buffer or medium was
used to resuspend the pellet?

Changed applied.

4. In line 222, how many cells are transferred?



Changed applied.

5. In line 229, how can a 1.5-mL tube (from line 222) hold 3 mL of FACS buffer?

Thanks for pointing out and changed is applied.



