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The field of chimeric antigen receptor (CAR) T cell therapy is rapidly advancing with improvements in CAR design, gene-engineering approaches
and manufacturing optimizations. One challenge for these development efforts, however, has been the establishment of in vitro assays that can
robustly inform selection of the optimal CAR T cell products for in vivo therapeutic success. Standard in vitro tumor-lysis assays often fail to
reflect the true antitumor potential of the CAR T cells due to the relatively short co-culture time and high T cell to tumor ratio. Here, we describe
an in vitro co-culture method to evaluate CAR T cell recursive killing potential at high tumor cell loads. In this assay, long-term cytotoxic function
and proliferative capacity of CAR T cells is examined in vitro over 7 days with additional tumor targets administered to the co-culture every other
day. This assay can be coupled with profiling T cell activation, exhaustion and memory phenotypes. Using this assay, we have successfully
distinguished the functional and phenotypic differences between CD4" and CD8" CAR T cells against glioblastoma (GBM) cells, reflecting their
differential in vivo antitumor activity in orthotopic xenograft models. This method provides a facile approach to assess CAR T cell potency and to
elucidate the functional variations across different CAR T cell products.

Introduction

Immunotherapy using chimeric antigen receptor (CAR)-engineered T cells has seesneeromising outcomes against B cell malignancies1’2'3’4, while

the potential of targeting other tumors continues to be under rigorous investigation™"". Great progress has been made to optimize the CAR
construct, manufacturing process and patient pre-infusion regimensG'7’8, and novel synthetic biology approaches are expected to increase their
persistence, safety and tumor specificityg’m. However, it has been difficult and labor-intensive to appropriately assess the therapeutic potential

of CAR T cells in order to guide the best choice for clinical translation. The most established model thus far to evaluate CAR T cell function is in
immunodeficient mice bearing human tumor xenografts, whereby CAR T cells are examined for antitumor efficacy and compared at titrated cell
doses'""?13141% These in vivo murine studies are labor-intensive and time-consuming, especially when screening large numbers of parameters.
Further, in vivo studies can be restrained by the accessibility of mouse strains, animal care facilities and animal-handling techniques. Therefore,
there is a need to develop more convenient in vitro assays allowing for quick readouts of effector activity, which also faithfully reflect the in vivo
antitumor function of these T cells.

Conventional methods to determine the cytotoxicity of T cells in vitro have focused on the detection of degranulation, cytokine production and
the ability to lyse radioisotope-labeled target cells (i.e., chromium release assays). While these assays are informative for defining CAR T cell
specificity and redirected target recognition, they often fail to reflect in vivo antitumor potential of engineered T cells 21316 1 certain cases, in
vitro killing activity in short term assays showed an inverse correlation with in vivo antitumor function'®. Such inconsistency is likely the result

of high effector:target (E:T) ratios used in these in vitro assays, and therefore the inability to differentiate CAR T cell products that are prone to
exhaustion’’. By contrast, during in vivo tumor eradication T cells usually respond against large tumor burdens, thereby requiring multiple rounds
of killing and subsequently driving T cell differentiation and exhaustion'®'®% which is one of the major barriers against effective tumor clearance
by CART cells™™, Meanwhile, most short-term in vitro killing assays also do not readout differences in T cell proliferation, whereas in CAR T
cell treated patients the capacity for CAR T cell expansion is strongly correlated with clinical responses4. Thus, the appropriate in vitro assay
would need to recapitulate conditions of high tumor burden, induction of T cell exhaustion, and allows for the readout of T cell expansion.

Here we describe a strategy to evaluate CAR T cells for repetitive tumor killing potential, with a simple in vitro co-culture assay. Different T cell
effector activity parameters can be simultaneously examined, including target cell killing, CAR T cell expansion and memory- or exhaustion-
associated phenotypes. The results generated from this assay correlate well with the in vivo antitumor effect of CAR T cells, and can be exploited
to assess the potency of CAR T cell products. While we describe an assay to evaluate IL13Ra2-targeted CAR T cells against primary GBM
lines?, it can be readily adapted to any CAR T cell platform.
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Our IRB does not require review of this protocol. We receive discarded fresh glioblastoma tumor samples from the City of Hope Pathology
Department that are coded, and our laboratory cannot gain access to the key. We receive the specimens with data only on prior treatment and
disease state at the time of biopsy/resection, with no identifying data.

1. Media preparation

Prepare neural stem cell media for culturing primary GBM cell lines: DMEM:F12, 1:50 B27, 5 ug/mL heparin, and 2 mmol/L L-glutamine;
supplemented with 20 ng/mL epidermal growth factor (EGF) and 20 ng/mL basic fibroblast growth factor (FGF) twice a week (see Table of
Materials).

Prepare T cell media: X-VIVO 15 containing 10% fetal calf serum (FCS); supplemented with 70 IU/mL rhIL-2 and 0.5 ng/mL rhIL-15 every 48
h (see Table of Materials).

Prepare co-culture media: take neural stem cell media without EGF and FGF supplement, and add 10% FCS.

Prepare FACS staining solution (FSS): HBSS, 2% FCS, NaN3 (0.5 g/500 mL).

2. Preparation of GBM tumor cells

Harvest low-passage GBM tumor spheres (TSs) by centrifugation at 300 x g for 4 min and discard suPernatant.

NOTE: GBM tumor spheres (TSs) are generated from resected tumors as described previously22’23‘2 , and maintained in neural stem cell
media, in incubators with 5% CO, at 37 °C.

Pre-warm co-culture media in a 37 °C water bath.

Add 1 mL of cold accutase to GBM TSs, dissociate TSs by pipetting for 30-60 s, and stop dissociation by adding 5 mL of warm co-culture
media.

NOTE: GBM TSs should not be kept on accutase for more than 5 min.

Harvest GBM cells by centrifugation at 300 x g for 4 min, discard supernatant, and resuspend cells in 2 mL of co-culture media.
Determine cell concentration using a cell viability counter.

NOTE: Cell viability must be >70%.

3. Preparation of CAR T cells

w

No o

Less than 24 h before the assay, take 100 pL of cultured CAR T cells into a flow cytometry tube and add 2 mL of FSS.
NOTE: CAR T cells were generated as described previously”'21 and cultured in T cell media.

Centrifugation at 300 x g for 4 min and discard supernatant.

Add 2 mL of FSS to wash the cells, centrifuge at 300 x g for 4 min, and discard supernatant.

Stain the cells with appropriate antibody to indicate CAR expression at 4 °C for 30 min.

NOTE: For example, if an IL13Ra2-targeted CAR described previously25 is used, then stain with anti-IL13 antibody.
Wash twice with 2 mL of FSS and analyze CAR exn using a flow cytometer.

Determine the CAR% on T cells using the gating strategy shown in Figure 1B.

At the day of co-culture, harvest all CAR T cells by centrifugation at 300 x g for 4 min, discard supernatant, and resuspend cells in 2 mL of co-
culture media.

Determine cell concentration using a cell viability counter.

NOTE: Cell viability must be >70%.

4. Set up tumor - T cell co-culture

N =

5.

Dilute tumor cells to a concentration of 0.16 million/mL with co-culture media.

Based on CAR%, dilute CAR T cells to a concentration of 0.04 million CAR" cells/mL with co-culture media.

NOTE: For example, if the CAR is 50% and T cell concentration is 0.4 million/mL, then make a 1:5 dilution to get the final concentration of
0.04 million CAR" cells/mL.

Pipette 100 pL of diluted tumor cells into each well of a 96-well flat-bottom tissue culture plate.

Pipette 100 pL of diluted CAR T cells into each well that contains tumor cells and mix well.

NOTE: Each tumor-T cell co-culture will be analyzed at 4 time points. 4-6 replicates might be required at every time point based on different
analysis, but <3 replicates per time point is not recommended; see Table 1 for a representative platemap.

Maintain the plate in a 37 °C, 5% CO, incubator.

5. Tumor cell rechallenge

NOTE: Rechallenge takes place at 2, 4 and 6 days post the initial co-culture setup (Figure 1A).

PODNM=

Harvest and dissociate GBM TSs as described above (Steps 2.1-2.6).

Resuspend GBM cells at a concentration of 0.64 million/mL.

Determine the co-culture wells that need rechallenge (see Table 1) and carefully remove 50 pL media from the top of each well.
Add 50 pL of GBM cell suspension into each well and mix well, then put the plate back into a 37 °C, 5% CO, incubator.
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6. Harvest samples and flow cytometric analysis

NOTE: Samples will be harvested at 1, 3, 5 and 7 days post the initial co-culture setup, with 1, 2, 3 and 4 rounds of tumor challenge, respectively.

Pre-warm 0.05% trypsin-EDTA solution in 37 °C waterbath.

Determine the wells that need harvesting and transfer the media into a new round-bottom 96-well plate.

Pipette 50 pL of trypsin-EDTA into the wells to digest remaining tumor cells at 37 °C for 5 min.

Under a microscope, confirm the cells have detached from the bottom.

Pipette around the well bottom to resuspend detached cells, then transfer trypsin-EDTA containing detached cells to the corresponding wells
of the round-bottom 96-well plate.

Centrifuge the round-bottom 96-well plate at 300 x g, 4 °C for 4 min, then discard supernatant.

Add 200 pL/well of FSS to wash the cells, centrifuge at 300 x g, 4 °C for 4 min, then discard supernatant.

Resuspend cells in 100 pyL/well FSS containing antibodies (see Table of Materials), and stain cells at 4 °C for 30 min.
9. Add 100 pL/well FSS to cells, centrifuge at 300 x g, 4 °C for 4 min, then discard supernatant.

10. Add 200 pL/well of FSS to wash the cells, centrifuge at 300 x g, 4 °C for 4 min, then discard supernatant.

11. Resuspend cells with 100-200 pL/well of FSS with 500 ng/mL DAPI, then analyze samples by flow cytometry.

abrwN =

© N

7. Functional and phen otypic analysis of CAR T cells

Retrieve the data files from flow cytometer, and gate all live (DAPI-) cells (Figure 1C).
Quantify tumor cells by gating the CD45 population and CAR T cells by gating the CD45", CAR+ population (Figure 1C).
NOTE: If the tumor cells express CD45 (e.g. Raji lymphoma cells), anti-CD3 staining can be used to differentiate T cells from tumor cells.
3. Plot tumor cell and CAR T cell number through the time course.
4. Identify T cell activation by the co-expression of 4-1BB and CD69.
NOTE: These surface markers can be used to analyze T cell activation 6-24 h post initial co-culture.
5. Identify T cell exhaustion by the expression of PD-1, LAG-3 and TIM-3.
6. Identify T cell memory status by the expression of CD45R0O and CD62L.

Representative Results

Using the assay described above, we have distinguished the differential effector potency and killing dynamics mediated by CD4* and CD8" CAR
T cells. The results presented here illustrate the difference between CD4" and CD8" CAR T cells, generated from a healthy donor independent of
our previous publication21

N =

Through a standard degranulation assay, we were able to observe that both CD4" and CD8" CAR T cells became equally activated against
GBM cells that express the targeted antigen, as indicated by the expression of CD107a and intracellular cytokine (Figure 2A). However, using
the repetitive tumor challenge assay, we found that CD4" but not CD8" CAR T cells exhibited the capability of multiple-round killing (Figure
2B). CD4" CAR T cells also achieved better expansion in comparison to CD8+ cells during this assay (Figure 2C). The difference of expansion
between CAR T cell subsets were only observed from D3 after two rounds of tumor challenge (1:12 E:T), while the difference of cytotoxicity was
observed beginning at D5 after three rounds of tumor challenge (1:20 E:T), indicating that short-term assays failed to elucidate differences in
the potency of different CAR T cell products. When the 1:1 mixed CD4" and CD8" CAR T cells were applied to this assay, they were found to
outperform CD8" but not CD4" CAR T cells on long-term cytotoxicity (Figure 2B). The expansion of CD8" CAR T cells was induced by the co-
applied CD4" cells, while CD4" CAR T cell expansion was inhibited in the presence of CD8" cells (Figure 2C).

To explain the mechanism that distinguishes the effector activity between CD4" and CD8" CAR T cells, we first confirm that 24 h after initial co-
culture, both CD4" and CD8" CAR T cells were comparably activated (Figure 3A). Meanwhile, as indicated by CD45R0O and CD62L expression,
both CD4" and CD8" CAR T cells showed a transition from central memory (CD45R0O*, CD62L") to effector memory (CD45R0O*, CD62L")
phenotype during repetitive tumor challenge (Figure 3B). Then we characterized the cells at D3 of this assay, a time before the CAR T cell
subsets started to display functlonal difference. T cell exhaustion was marked by the co-expression of inhibitory receptors PD-1, LAG-3 and
TIM-3"2" which showed that CD8" CAR T cells were more prone to exhaustion compared with CD4" CAR T cells (Figure 3C). Further, no
dlﬁerence was seen on CD8" CAR T cell exhaustion in the presence/absence of co-applied CD4" cells (Figure 3C), indicating that CD4-induced
CD8" CAR T cell expansion is not associated with a better effector function.

Together, the results from this assay identified that CD4" CAR T cells outperformed CD8" cells specifically in long-term cytotoxicity. Despite

the similar short-term cytotoxicity (1-3 days, once rechallenged), CD4" CAR T cells sustained effector function upon repetitive tumor challenge,
while CD8" cells became exhausted and failed to control tumor ceII growth. When the two subsets were mixed, CD4* CAR T cells facilitated the
expansion of CD8" CAR T cells, but the exhaustlon status of CD8" cells were not ameliorated, resulting in the lack of synerglstlc effect between
the two groups. Similar difference between CD4" and CD8" CAR T cells was seen in an in vivo model as previously descrlbed . Indeed, CD8"
CAR T cells were able to mediate short-term tumor clearance but followed with antigen-positive recurrence; in contrast, CD4* CAR T cell
treatment resulted in long-term tumor eradication®', which is reminiscent of their repetitive killing potential using the in vitro rechallenge assay.
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Figure 1. Schema and analysis strategy of repetitive challenge assay. (A) Schema and timeline of repetitive tumor challenge assay. For
each well, CAR T cells were first co-cultured with PBT030-2 GBM cells (4,000 CAR+ cells, 16,000 tumor cells) and re-challenged with 32,000
tumor cells every other day (D2, D4 and D6). Analysis of tumor cell and CAR T cell number, as well as CAR T cell phenotype is carried out at
D1, D3, D5 and D7. (B) Gating strategy to determine CAR% in T cells before setting up the co-culture. (C) Gating strategy of live cells, tumor
cells and CAR T cells from the repetitive challenge assay. (D) Tumor cells number at different times of the rechallenge assay, co-cultured with
untransduced T cells. Error bars = +SEM. Please click here to view a larger version of this figure.

Figure 2. Repetitive challenge assay reveals differences in killing and proliferative potency between CD4" and CD8" CAR T cells. (A)
Degranulation and intracellular cytokine staining of CD4" and CD8" CAR T cells after 5 h of co-culture with GBM cells (E:T=1:1). (B) CD4",
CD8" or mixed (CD4:CD8=1:1) CAR T cells were applied to repetitive challenge assay, and viable tumor cells were quantified. *p < 0.05, **p <
0.01, ***p < 0.001 compared with CD4", using one-way ANOVA with Bonferroni's Multiple Comparison Tests. (C) CD4" and CD8" CAR T cell
expansion during repetitive tumor challenge assay. Comparison of (left to right) CD4" vs CD8", single subset; CD4" vs CD8", within the "mixed"
group; CD4", single vs mixed; CD8", single vs mixed. *p < 0.05, **p < 0.01, ***p < 0.001 using an unpaired Student's t test. Error bars = +SEM.

Please click here to view a larger version of this figure.
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Figure 3. Analysis of T cell phenotype during repetitive challenge assay. (A) 4-1BB and CD69 staining on CAR T cells at D1 of the assay.
(B) CD45R0O and CD62L staining of CAR T cells before applying to rechallenge assay (input), and at D3 and D7 of the assay. (C) Co-expression
of PD-1, LAG-3 and TIM-3 on CAR T cells at D3 of the assay. (Top) Gating strategies to identify T cells expressing 1, 2 or 3 inhibitory receptors.
(Bottom) Comparison of: CD4" cells (single subset), CD8" cells (single subset), CD8" cells (within the "mixed" group). Please click here to view a
larger version of this figure.

| I | I | I I I I
CD8+ CAR| CD&+ CAR
[ CD4+ CAR | CD4+ CAR| CD4+ CAR] CD4+ CAR| CD8+ CAR| CD8+ CAR| CD8+ CAR| CDB+ CAR]

IOTMMOO®>

| | No rechallenge: Analyze on D1

Rechallenge on D2; Analyze on D3
Rechallange on D2, 4: Analyze on D5

Rechallenge on D2, 4, & Analyze on D7

Table 1. Representative plate map of rechallenge setup

This repetitive tumor cell challenge assay provides a convenient approach to evaluate CAR T cell functional potency, using an in vitro setup that
recapitulates the high tumor burden associated with in vivo tumor models. During this 7-day assay, CAR T cells undergo four rounds of tumor
challenge (initial co-culture and 3x rechallenge), creating an environment where exhausted T cells may lose their capability to respond to tumor
challenge despite a potent initial response. Tumor cell elimination and CAR T cell expansion represent two fundamental readouts that can be
acquired from this assay, while the phenotypes of CAR T cells can be easily analyzed by staining surface or intracellular markers that indicate

T cell activation, exhaustion and/or memory. This assay is also convenient to combine with non-biased analysis of CAR T cells transcriptome,
proteome or phosphor—proteome21’26, and T cell polyfunctionality which has been adopted to predict clinical responsesﬂ. Furthermore, tumor
cells can also be tested for their adaptive response against T cell immunity such as cytokine secretion®®. Since samples are harvested at multiple
time points, this assay allows for not only static, but also dynamic analysis of CAR T cell behavior when responding to excess number of tumor
cells.

The assay is particularly powerful in comparing the effector potency of CAR T cells targeting the same antigen but with different designs and/or
manufacturing processes. We have used this assay to identify that CD4" CAR T cells were able to mediate superior long-term effector function
than CD8" cells®". It was also shown that in vivo CAR efficacy was correlated with the cytotoxicity at later time points (D5-D7) during this assay,
further highlighting the necessity of using repetitive tumor challenge for in vitro CAR T cell evaluation. Although GBM cells were used as the
example of target cells here, this assay could be easily adopted to a different T cell-tumor combination. Notably, CAR T cell behavior can also
vary upon different antigen densities and engineering cancer cells to express various levels of targeted antigens provided the tool to investigate
sequential molecular events upon CAR recognition2 . Therefore, this assay can also be exploited to examine the activation pattern of certain
CAR T cells against different targets.

Since the target cell viability and CAR T cell expansion are two upfront readouts of this assay, it is critical that all the co-cultures start with viable
(>70%) tumor and T cells. When performing the rechallenge processes, the action of aspirating media (step 5.3) should not disturb tumor and T

Copyright © 2018 Journal of Visualized Experiments November 2018 | | 59275 | Page 5 of 7


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/59275/59275fig3large.jpg
https://www.jove.com/files/ftp_upload/59275/59275fig3large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

cells in the bottom of the wells, in order not to introduce unnecessary variations of cells counts. When performing this assay on suspension target
cell lines, it is recommended to harvest remaining cells by centrifugation before tumor cell rechallenge.

One limitation of this assay is that the setup parameters (E:T ratios of initial co-culture and rechallenge) needs to be adjusted based on different
CAR-tumor combinations. For example, if the tumor cells express a considerable level of immuno-inhibitory molecules (e.g. PD-L1), a higher E:T
ratio is recommended given that the overall killing efficiency is impaired compared with PD-L1-low tumor cells. Before applying the assay to new
CAR-tumor combinations, a pilot study is recommended to determine the optimal conditions, which usually allows the most potent CAR T cells
tested in the assay to eliminate >80% of tumor cells at the end point. Since direct cell-cell contact is needed for CAR T cell-mediated killing, if the
tumor cells were fluorescence-labeled, then the panel of flow cytometric analysis must be adjusted accordingly (e.g. if the tumor cells were GFP-
labeled, then any FITC-conjugated antibodies should not be used).

The clinical activity of CAR T cells against B cell malignancies has led to two FDA-approved drugs. However, the response has shown
substantial variation across different patients 7,30, 1, which was elucidated to correlate with the phenotypic properties of the CAR productsso. This
in vitro repetitive tumor challenge assay further provides an approach to functionally test the CAR effector potency in addition to the phenotypic
characterizations and polyfunctionality cytokine production, and allows for higher-throughput screening of clinical products in comparison to in
vivo tumor models while retaining the predictive fidelity. Overall, this assay could be used for T cell functional test for CAR T cell design, pre-
clinical and clinical development.

The CAR construct described in this work have been licensed by Mustang Bio., Inc., for which S.J.F. and C.E.B. receive royalty payments. All
other authors declare no potential conflicts of interest.
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