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Abstract 

In Vitro Expansion of Murine γδ T Cells and Transfection of Human γδ T cells for CAR T Cell 
Therapy 

By Emilie C. Ung 

 

CAR T cell therapy has emerged as one of the most promising ways to treat cancer and is 

currently being studied as a potential treatment for AML (Leick et al. 2022). In particular, γδ T 

cells have special promise due to their ability to kill cancer in an off-the-shelf manner without 

inducing graft-versus-host-disease (GVHD). We want to develop a syngeneic mouse model to 

study whether murine γδ T cells from the bone marrow preferentially home to the bone marrow. 

Our study focused on developing a protocol for expanding murine γδ T cells. In this study, we 

tested the ability of CD3/CD28 beads, zoledronate, lipopolysaccharides (LPS), and Concanavalin 

A (ConA) to activate murine γδ T cells. Our findings have shown that of our tested activators, 

ConA provides the greatest percentage of murine γδ T cells, but is lacking in its expansion 

ability. We have also found that when using ConA, by the end of the expansion, there is a greater 

number of murine γδ T cells from the spleen rather than from the bone marrow. In addition, we 

optimized a protocol for transfecting human γδ T cells with an SCF-CAR through 

electroporation. This was done by collecting blood samples from human donors and isolating the 

PBMCs, performing an αβ T cell depletion on day 6, and cryopreserving them on day 14. When 

required for experiments, they were thawed and electroporated. The next day, flow cytometry 

analysis was done to determine the success of the electroporation conditions, where we found the 

Biorad 4 mm cuvettes electroporated for 2 ms at 500 volts were considered to be the optimal 

condition. This work has the ability to provide tools that will help us learn more about the 

biology of murine and human γδ T cells.
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Abstract

In Vitro Expansion of Murine γδ T Cells and Transfection of Human γδ T cells for CAR T Cell
Therapy

By Emilie C. Ung

CAR T cell therapy has emerged as one of the most promising ways to treat cancer and is

currently being studied as a potential treatment for AML (Leick et al. 2022). In particular, γδ T

cells have special promise due to their ability to kill cancer in an off-the-shelf manner without

inducing graft-versus-host-disease (GVHD). We want to develop a syngeneic mouse model to

study whether murine γδ T cells from the bone marrow preferentially home to the bone marrow.

Our study focused on developing a protocol for expanding murine γδ T cells. In this study, we

tested the ability of CD3/CD28 beads, zoledronate, lipopolysaccharides (LPS), and Concanavalin

A (ConA) to activate murine γδ T cells. Our findings have shown that of our tested activators,

ConA provides the greatest percentage of murine γδ T cells, but is lacking in its expansion

ability. We have also found that when using ConA, by the end of the expansion, there is a greater

number of murine γδ T cells from the spleen rather than from the bone marrow. In addition, we

optimized a protocol for transfecting human γδ T cells with an SCF-CAR through

electroporation. This was done by collecting blood samples from human donors and isolating the

PBMCs, performing an αβ T cell depletion on day 6, and cryopreserving them on day 14. When

required for experiments, they were thawed and electroporated. The next day, flow cytometry

analysis was done to determine the success of the electroporation conditions, where we found the

Biorad 4 mm cuvettes electroporated for 2 ms at 500 volts were considered to be the optimal

condition. This work has the ability to provide tools that will help us learn more about the

biology of murine and human γδ T cells.
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Introduction

Acute myeloid leukemia (AML) is a cancer of hematopoietic (blood) cells within the

myeloid compartment (Döhner, Weisdorf, and Bloomfield 2015). Although there is an 80-90%

survival rate for AML in childhood, a recurrence of AML results in a drop to a 21-33%

likelihood of survival, emphasizing a need for novel therapeutics (Rubnitz et al. 2007).

Chimeric Antigen Receptor (CAR) T cell therapy has emerged as one of the most

promising ways to treat cancer. In particular, there has been success in directing CD19 CAR T

cell therapy toward B cell cancers (Razavi et al. 2023), even going so far as to achieve

long-duration remission toward B cell lymphoma (Kochenderfer et al. 2017). CAR T cell therapy

is currently being studied as a potential treatment for AML (Leick et al. 2022). CAR T cell

therapy is unique because it does not require the use of the major histocompatibility complex

(MHC) to present an antigen to a T cell (Gross, Waks, and Eshhar 1989). Instead, T cells can be

modified to express the CAR (Branella and Spencer 2021) with a plasmid via electroporation or

with a lentiviral vector (Gill, Maus, and Porter 2016). The purpose of a CAR is to redirect the T

cells’ killing capabilities toward a specific cell of choice. CARs are modular proteins that contain

the main activation domain (CD3ζ) and costimulatory domains required for T cell activation.

Their antigen specificity is derived from the combination of the variable heavy and variable light

chains of an antibody, otherwise known as a single-chain variable fragment (scFv), or a naturally

expressed receptor or ligand. In ligand-based CAR T cell therapy, the ligand of the modified T

cell will bind to the cancer cell and lead to apoptosis of the cancer cell (Branella and Spencer

2021). In the case of CD19-directed therapeutics, the CD19 CAR will bind to the CD19 receptor

on B cell acute lymphoid leukemia (B-ALL) (Salter, Pont, and Riddell 2018). Because

hematopoietic cells originate from the bone marrow (Jagannathan-Bogdan and Zon 2013), and
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myeloid depletion cannot be managed like B cell aplasia with CD19-directed CAR T therapy,

bone marrow hematopoietic stem cells are one of the expected on-target, off-tumor toxicities for

the treatment of AML (Mardiana and Gill 2020). Thus, the use of CAR T therapy in this setting

can also be used as a bridge-to-transplant therapeutic as a non-genotoxic pre-conditioning

regimen (Branella and Spencer 2021).

Specifically, our lab works with a ligand-based CAR whose ligand is stem cell factor

(SCF), known as an SCF-CAR (Figure 2). SCF is a protein that binds to a c-kit receptor (Zsebo

et al. 1990). This receptor is a target for AML because 60-80% of AML patients express c-kit on

their myeloblasts. Furthermore, this receptor is a receptor tyrosine kinase (RTK), and of the RTK

mutations, 17% of those are mutations in c-kit (Malaise, Steinbach, and Corbacioglu 2009). This

allows our SCF-CAR to bind to cancerous myeloblasts, and therefore provide treatment for

AML.

In particular, gamma delta (γδ) T cells have shown great promise for CAR T cell therapy.

While they are only composed of 1-10% of the peripheral blood population, γδ T cells have a

natural ability to kill cancer without the need for the MHC complex (Jhita and Raikar 2022).

This concept works hand in hand with CAR T cell therapy. This is especially crucial since the

MHC complex is one of the determinants of whether an organism will have a negative

immunological response to a transplanted organ, also known as graft-versus-host disease

(GVHD) (Petersdorf 2013). This has implications for the ability to use γδ T cells “off the shelf”

(Jhita and Raikar 2022) rather than having to personalize treatments to HLA-match (Torikai and

Cooper 2016).

There have been great strides made in the progress of understanding human γδ T cells.

For example, we have developed a protocol to expand human γδ T cells from peripheral blood
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nuclear cells (PBMCs) (Jhita and Raikar 2022; Sutton et al. 2016) and studied characteristics that

can determine who will significantly expand their numbers of γδ T cells (Burnham et al. 2020).

However, our understanding of mouse (murine) γδ T cells is lacking in comparison due to

difficulties in isolating and expanding γδ T cells (Williams et al. 2022). This difficulty is due in

part to different genotypes of γδ T cells in mice and humans. In humans, the γδ T cell subset

Vγ9δ2 is expanded because of its cytotoxicity toward cancer cells (Saura-Esteller et al. 2022)

and because it is simpler to expand subset Vδ2 from the blood (Burnham et al. 2020), where it is

predominantly found (Saura-Esteller et al. 2022). In mice, it is more common to find γδ T cells

in the mucosal tissues. Furthermore, γδ T cells are instead divided by Vγ subsets where the Vγ1

subtype is harvested from the spleen and bone marrow (Qu et al. 2022). Specifically, the

expansion of murine γδ T cells from the bone marrow would be preferred in order to determine

how murine γδ T cells traffic to the bone marrow. However, we will also attempt to expand

murine γδ T cells from other organs in order to gather greater numbers of γδ T cells, such as the

spleen.

While this study focuses on γδ T cells for the SCF-CAR, the other T cell subtype is the

αβ T cell. While all T cells contain a CD3 receptor, γδ T cells are differentiated by both their

antigen binding sequences (Morath and Schamel 2020) and their γδ T cell receptor (TCR)

(Figure 1) while αβ T cells contain an αβ TCR (Morath and Schamel 2020). The challenge of αβ

CAR T cell therapy is that αβ T cells must be matched to their donor to reduce the risk of

GVHD, and therefore autologous CAR T cells are preferred. However, it is occasionally

unfeasible to retrieve autologous αβ CAR T cells from the cancer patient. To solve this issue, one

research group used genome editing to remove the αβ TCR from healthy donors’ T cells,

creating an “off-the-shelf” CAR T cell product for refractory or relapsed B cell acute
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lymphoblastic lymphoma (Benjamin et al. 2020) that has completed Phase 1 clinical trials

(Benjamin et al. 2022). For our experiments, the αβ T cells must be removed in order to ensure a

purified sample of γδ T cells.

The purpose of a murine γδ T cell model would be to create a syngeneic mouse model

that will be used to account for the limitations of using an NSG mouse model. CAR T cell

therapy is often modeled in mice using human cancers in murine models. Humanized mouse

models may better recapitulate the human immune system, but they are still incomplete (Tassone

et al. 2012) and cost-prohibitive (Richards et al. 2020). Our current model limits our ability to

study γδ interactions with the host immune system, which would be relevant in clinical trials,

especially when considering toxicity. In our lab, we have been unable to see human γδ T cells

migrate into murine bone marrow. As a result, we are interested to see if murine γδ T cells have a

location they would prefer to migrate to.

In addition to looking at murine γδ T cells, we wanted to optimize the protocol for

transfecting the SCF-CAR into human γδ T cells. While there are optimized protocols available

for αβ T cells provided by the manufacturer, we do not have any for γδ T cells. This will be

important in order to ensure that our SCF-CARs are both viable and express the CAR, both of

which are indicators of a good quality product.

We tested the CD3/CD28 beads, zoledronate, LPS, and ConA for their ability to activate

murine γδ T cells for expansion. We chose CD3/CD28 beads as it has been seen that these

materials have been shown to produce 150-fold murine γδ T cell expansion (Williams et al.

2022). Zoledronate was used as it is able to expand human γδ T cells by inhibiting the

mevalonate pathway, causing isopentenyl pyrophosphate (IPP) to accumulate and activate Vδ2 T

cells (Chiarella et al. 2020). Our lab has used zoledronate successfully to produce a mean of
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80-fold expansion with human γδ T cell expansions (Sutton et al. 2016). In addition, LPS has

been shown to interact with murine γδ T cells through toll-like receptor 4 (Tlr4) (Poltorak et al.

1998). Lastly, we have seen that ConA has been used to expand both human γδ T cells (Siegers

et al. 2011) and murine T cells (Rafiq et al. 2018), and wanted to test whether it could selectively

isolate γδ T cells in mice.

We hypothesize that murine γδ T cells will expand by activating female spleens with

zoledronate. Some of the factors that will need to be considered include the organs that γδ T cells

reside in most, the gender of the mouse that provides the greatest product of γδ T cells, ensuring

an effective ɑβ T cell depletion, and providing the correct activator for γδ T cells while ensuring

that ɑβ T cells do not expand. The goal is to determine whether murine γδ T cells will home to

the bone marrow and if murine γδ T cells will home to the spleen. This, combined with the

transfection studies on human γδ T cells, are designed to learn more about the biology of γδ T

cells.
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Methods

Murine γδ T cell Expansion Protocol

Murine Spleen Isolation

A male or female 4-8 week old Balb/C or Bl/6 mouse was euthanized and the spleen was

harvested. The spleens were placed into an Eppendorf tube with 1 mL of sterile

phosphate-buffered saline (PBS) and stored on ice until they were ready to be crushed. Spleens

were separated into Eppendorf tubes by sex. Within a sterile cell culture hood, for each

Eppendorf tube, a 40 µM cell strainer was placed on top of a 50 mL conical tube and pre-wet

with 1 mL of sterile PBS before the sterile PBS was discarded. The contents of the Eppendorf

tube (containing spleens and 1 mL of PBS) were mashed with the end of a 1.5 mL syringe. Then

the end of the 1.5 mL syringe and the cell strainer was washed twice with 2 mL of sterile PBS.

Murine Bone Marrow Isolation

A male or female 4-8 week old Balb/C or CD45.1 Bl/6 mouse was euthanized and the femurs

and tibias from both legs were harvested. All bones were dipped into ethanol before being placed

into an Eppendorf tube with 1 mL of sterile PBS and stored on ice until they were ready to be

flushed. Bones were separated into Eppendorf tubes by sex. Within a sterile cell culture hood,

both ends of the tibia and femurs were cut off. Tibias were flushed with a 23G needle using 1 mL

of sterile PBS until completely clear. Femurs were flushed with a 26G ⅝ needle using 1 mL of

sterile PBS until completely clear. Once the bones were flushed, each tube of bone marrow cells

(separated by sex) was resuspended. For each Eppendorf tube, a 40 µM cell strainer was placed

on top of a 50 mL conical tube and pre-wet with 1 mL of sterile PBS before the sterile PBS was
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discarded. The contents of the Eppendorf tube (containing bone marrow cells) were transferred

to the cell strainer and washed twice with 2 mL of sterile PBS.

Murine γδ T Cell Culture

On Day 0, any samples from the bone marrow and/or the spleen  (separated by organ and by sex)

were centrifuged at 4ºC and 300 g for 10 minutes. Once the supernatant was removed, the cells

were resuspended in 3 mL of Red Blood Cell (RBC) Lysis Buffer and left to sit at room

temperature for 10 minutes before they were centrifuged at 4ºC and 300 g for 10 minutes. During

this time, cells were counted. After the supernatant was removed, the cells were resuspended in

complete murine γδ T cell media at a concentration of 5 x 106 live cells/mL and 500 IU/mL of

interleukin-2 (IL-2). This culture was activated with either 1 µg LPS per mL of murine γδ T cell

media, 4 µg of ConA per mL of murine γδ T cells media, 1.67 µL of zoledronate per mL of

murine γδ T cells media, or CD3/CD28 beads at a concentration of 25 μL of beads per 106 cells.

This culture was incubated at 37ºC and 5% CO2 when actively being re-cultured. Reculturing

occurred on Day 3, Day 5, and Day 7 (Figure 3). On these days, the cells were cultured in

complete murine γδ T cell media at a concentration of 3 x 106 live cells/mL and 1000 IU/mL of

IL-2.

Murine γδ T Cell Media

Murine γδ T cell media is made of 10% Fetal Bovine Serum (FBS), 1% Penicillin-Streptomycin

(Pen-Strep) (10,000 units penicillin and 10 mg streptomycin/mL), and 3% All The Other Stuff

(ATOS) in Roswell Park Memorial Institute (RPMI). ATOS consists of equal volumes of 1M

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (1M HEPES Buffer), 100 mM sodium
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pyruvate, and 100X Minimum Essential Medium (MEM) Non-Essential Amino Acids (NEAA).

Also included in ATOS is 8 µL of 2-mercaptoethanol (β-ME) for every 13 mL of ATOS.

Bead Activation/Removal

On day 0 or day 3, CD3 and CD28 Dynabeads were used for murine γδ T cell activation. The

beads were vortexed for 30 seconds before they were transferred into a 1.5 mL Eppendorf tube at

a concentration of 6.25 µL or 25 µL of beads per 106 cells along with 1 mL of complete murine

γδ T cell media and 100 or 500 IU/mL of IL-2. Each Eppendorf tube contained a different

experimental condition. The Eppendorf tube was then placed on a magnet for one minute before

all the complete γδ T cell media was removed. Then the Eppendorf tube was removed from the

magnet and the beads were resuspended in 1 mL of complete murine γδ T cell media and 100 IU

or 500 IU of IL-2. The contents of the tube were resuspended into the appropriate cell culture

plate or flask.

In order to remove the beads on day 3 (if they were added on day 0) or on day 5 (if they were

added on day 3), the cells were resuspended before being inserted into Eppendorf tubes. The cell

culture plate was washed with 1 mL of complete γδ T cell media before the tubes were placed on

a magnet for one minute. After this, the cells were retrieved from the Eppendorf tube and the

beads were discarded.

Zoledronate Activation

On Day 0, zoledronate was resuspended in murine γδ T cell culture at a concentration of 1.67

µL/mL.
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LPS Activation

On Day 0 or Day 3, LPS was resuspended in complete murine γδ T cell media at a concentration

of 1 µg/mL.

ConA Activation

On Day 0 or Day 3, ConA was resuspended in murine γδ T cell culture at a concentration of 4

µg/mL of murine γδ T cell media.

Negative Selection

On Day 0 or Day 3, the murine γδ T cells underwent a negative selection for murine γδ T cells.

First, cells were collected and counted as a pre-column control sample for flow cytometery.

Next, cells were spun at 4ºC and 300 g for 10 minutes. Once the cells were completely free of

supernatant (a P1000 pipet was used to remove any excess liquid after dumping the supernatant),

they were resuspended in 1 x 108 cells/mL of isolation buffer (PBS + 5% sterile FBS). For each

experimental group, either a combination of Biotin anti-CD11b, anti-B220, anti-CD4, and

anti-CD8 antibodies, a pairing of Biotin anti-CD4 and Biotin anti-CD8 beads, or only Biotin

anti-TCRβ antibodies were resuspended at a concentration of 0.1 or 10 µL/mL before they were

incubated at 4ºC for 20 minutes. Then up to 10 mL of isolation buffer was added to each

experimental group before they were centrifuged at 4ºC and 300 g for 10 minutes. After the

supernatant was completely discarded, cells were resuspended in 1 x 108 cells/mL of isolation

buffer and 20 µL of anti-Biotin microbeads or anti-PE beads per 107 cells. Then the cells were
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incubated at 4ºC for 15 minutes before up to 10 mL of isolation buffer was added and the cells

were centrifuged at 4ºC and 300 g for 10 minutes.

While the cells were spinning, the magnetic LD or LS separation column was pre-wet with 3 mL

of isolation buffer and the effluent was discarded from the collection tube. Once the cells

finished spinning, the supernatant was removed until the cell pellet was completely dry before

resuspending the cell pellet (up to 1 x 108 cells) in 3 mL of isolation buffer. The cells were added

to the LD or LS column and then washed 3 times with 3 mL of isolation buffer. Using a new

tube, a sample from the column was collected by adding 3 mL of isolation buffer and retrieving

the cells from the column by pushing with the provided plunger. From here, a 100 µL sample

from the column was taken for flow cytometry and the post-column sample (with the γδ T cells)

was cultured before the sample was analyzed with flow cytometry.

Flow Cytometry

Cells were counted in order to retrieve 100,000 cells for staining per flow tube sample, with the

exception of the live/dead controls containing 50,000 live cells and 50,000 dead cells. The

controls included obtaining one drop of unstained compensation beads, 1 µL of murine γδ TCR

stained with one drop of compensation beads, 1 µL of murine CD3 stained with one drop of

compensation beads, unstained cells, live and dead cells stained with 5µL of 1:1000 diluted

eFluor 780, and a sample of cells from each experimental group containing our full stain, which

was comprised of 3 µL of murine γδ TCR and CD3, and 5 µL of diluted eFluor 780 per sample.
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When undergoing the staining protocol, 2 mL of FACS buffer (PBS + 2.5% FBS) was added to

each flow tube sample containing cells and spun down at 4ºC and 320 g for 3 minutes. Once the

supernatants were discarded, the dead tube was placed on a 100ºC heat block for 3 minutes, then

cooled at 4ºC (on ice) for 3 minutes before being combined with the dead tube. In addition to the

stain, each tube containing compensation beads also had 100 µL of FACS buffer. The beads and

the appropriate amount of stain were added to each tube sample. Each tube was vortexed before

incubation at 4ºC on ice for 10 minutes. Then the tubes were vortexed once again and incubated

at 4ºC for another 10 minutes. In some cases where the ice method was not preferred, the

samples were incubated at room temperature for a total of 10 minutes and vortexed right before

incubation and 5 minutes after incubation. Once incubation was complete, all the flow tube

samples were given 2 mL of FACS buffer and then spun at 4ºC and 320 g for 3 minutes. Once

the supernatant was dumped, the cells were either immediately analyzed with flow cytometry or

stored at 4ºC until the time of flow cytometry.

The cytometer was programmed to collect at most 5,000 live events for compensation and

20,000 live events per experimental sample.

Human γδ T cell Electroporation Protocol

Isolating Human γδ T cells from Blood

On day 0, PBMCs from human donors was collected at a volume between 10-20 mL. The criteria

of these donors included non-smokers with a BMI between 20-25 and between the ages of 18-30

years old. After removing blood from the collection tubes and into 50 mL conical tubes, the

volume of blood was recorded and 2 mL of PBS was used to wash the collection tube. After
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resuspending the blood, 8 mL of blood were aliquoted into 15 mL tubes that already contained 5

mL of Ficoll-Paque density gradient media that had been warmed to 18ºC to 20ºC. These

conicals were centrifuged at 20ºC and 2000 rpm for 30 minutes. An eye-dropper was used to

collect the mononuclear cell layer (second from the top), which contained our γδ T cells. The rest

was discarded. The γδ T cells were resuspended in 6 mL of PBS and then centrifuged at 20ºC

and 2000 rpm for 10 minutes. After, 10 mL of OpTmizer media was added and the samples were

centrifuged at 20ºC and 2000 rpm for 10 minutes before the supernatant was discarded. Cells

were resuspended in 10 mL of OpTmizer and counted. When culturing in γδ T cell media and

IL-2 on Day 0, OpTmizer was not removed.

Human γδ T Cell Activation and Culture

On day 0, in addition to the 10 mL of OpTmizer media already present, cells were resuspended

in complete human γδ T cell media at a concentration of 1.5 x 106 cells/mL, IL-2 at a

concentration of 500 IU/mL of complete γδ T cell media, and activated with 5 mM of

zoledronate (50 µL per 30 mL of media). On day 3, the γδ T cells were resuspended in complete

γδ T cell media at a concentration of 1.5 x 106 cells/mL with 500 IU/mL of IL-2 and activated

with 5 mM of zoledronate. On days 6, 9, and 12, γδ T cells were resuspended at a concentration

of 1.5 x 106 cells/mL along with 1000 IU/mL of IL-2.

Human γδ T Cell Media

The human γδ T cells were suspended in 1 L of OpTmizer media supplemented with 26 mL of

OpTmizer supplement, 10 mL of 200 mM L-glutamine, and 10–50 μg/mL of Pen-Strep.



13

Human αβ T cell Depletion

On day 6, cells were counted and then centrifuged at 300 g for 5 minutes. Cells were re-counted

in sterile PBS at a concentration of 1 x 106 cells/mL and 300-500 µL were removed to be used as

a pre-column sample for flow cytometry. The cells were centrifuged at 250 g for 10 minutes and

the supernatant was discarded before the cells were resuspended in αβ depletion buffer (7.5%

BSA (in PBS) was added to create a 5% BSA solution in autoMACS rinsing solution) at a

concentration of 98 µL/106 cells. Then 2 mL of anti-αβ TCR-Biotin antibody was added per 98

µL of buffer and incubated at 4ºC for 10 minutes in a dark room. Cells were washed with 1-2 mL

of depletion buffer and centrifuged for 10 minutes. The supernatant was resuspended in 80µL of

depletion buffer for every 107 cells.

A 30 µM cell strainer was pre-wet with depletion buffer and the buffer that passed through the

collection tube was discarded before the cells were added to the strainer. The strainer was

washed with 1-2 mL of depletion buffer. Then 20 µL of anti-biotin microbeads per 107 cells were

resuspended into the cells and incubated at 4ºC for 15 minutes. The cells were washed with 1-2

mL of αβ depletion buffer per 10 million cells and spun for 10 minutes before the supernatant

was discarded and resuspended up to 108 cells in 500 µL of depletion buffer.

Next, an LD column was prepared by pre-wetting the column with 2 mL of depletion buffer and

discarding the buffer in the collection tube before adding the cells to the column. Once the cells

were added, the column was washed 3 times with 3 mL of depletion buffer. These cells are to be

cultured as the post-column sample of γδ T cells. The cells bound to the column were collected

by washing the column with 3 mL of depletion buffer and pushing the cells through with the
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plunger. These cells were diluted with up to 5-7 mL of PBS and 300-500 µL was collected for

flow as the column sample. The post-column sample of γδ T cells was centrifuged for 10 minutes

and resuspended in OpTmizer complete media or RPMI at a concentration at the previously

stated concentration of 1.5 x 106 cells/mL and 1000 IU/mL of IL-2.

Flow Cytometry

On day 0, 1 mL of cells, but on days 6, 9, and 12, 500 µL of the cell culture was retrieved for

staining for each flow tube sample, with the exception of the live/dead control containing 300 µL

of live cells and 300 µL of dead cells. The controls included obtaining one drop of unstained

compensation beads, 2 µL of γδ TCR stained with one drop of compensation beads, 1 µL of CD3

stained with one drop of compensation beads, 1 µL of CD26 stained with one drop of

compensation beads, unstained cells, live and dead cells stained with 100 µL of 1:3000 diluted

eFluor 780. On day 6, 2 µL of CD3 and CD56 and 3 µL of γδ TCR per sample were required.

To undergo the staining protocol, 2 mL of PBS was added to each flow tube sample containing

cells and spun down at 300 g for 5 minutes. Once the supernatants were discarded, the dead tube

was placed on a 100ºC heat block for 1 minute, then cooled at 4ºC (on ice) for 1 minute before

being combined with the dead tube. There was 100 µL of eFluor added to each sample before

being shaken for 20-30 minutes. Then 2 mL of PBS was added to each sample and the samples

were centrifuged at 300 g for 5 minutes before the supernatants were aspirated. From here, 100

µL of PBS, 1 µL of CD3 antibody, 2 µL of γδ TCR antibody, and 1 µL of CD56 antibody were

added to each tube. The samples were shaken at room temperature for 15 minutes. Then 2 mL of

PBS was added and the samples were centrifuged at 300 x g for 5 minutes before the supernatant
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was decanted. Another 100 µL of PBS was added and then either the cells were immediately

analyzed by flow cytometer or stored at 4ºC until analysis was completed. In addition, on day 6,

1.5 µL of 7-Aminoactinomycin D (7-AAD) was added a few minutes before data was analyzed

by flow cytometry.

Freezing of γδ T Cells

The γδ T cells were counted and centrifuged at 250 g and room temperature for 10 minutes. Cells

were resuspended in freezing media (5% HSA, 10% DMSO, and PBS) at a concentration of 108

cells/mL and aliquoted 1 mL per cryovial. The cells were transferred into a Mr. Frosty freezing

container and stored at -80ºC for 4 hours before being transferred to liquid nitrogen.

Thawing of γδ T Cells

The γδ T cells were thawed in a 37ºC water bath until nearly completely thawed. Then 500 µL of

pre-warmed 5% HSA in 4 mL of PlasmaA was added in a dropwise fashion to cells. Cells were

added to 8.5 mL of 5% HSA before being centrifuged at 250 g at room temperature for 10

minutes. After centrifugation, cells were resuspended in complete OpTmizer (40 mL OpTmizer

+ 404 µL L-glut + 404 µL Pen-Strep + 1.106 mL OpTmizer supplement) and 100 IU/mL IL-2 at

a concentration of 4 x 106 cells/mL. Cells were incubated for 2 hours at 37ºC and 5% CO2.

Electroporation

For each well of a 12-well plate, 1 mL of complete OpTmizer and IL-2 were added, then placed

in the incubator. After counting, the cells were alloquoted into 1.5 mL Eppendorf tubes and PBS

was added up to 1 mL. The cells were centrifuged at 250 g and room temperature for 10 minutes.
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After the supernatant was discarded, the cells were resuspended in 1 mL of PBS. The cells were

re-centrifuged at 250 g at room temperature for 10 minutes. After completely discarding the

supernatant, including using a P100 or P20 tip to completely dry the pellet, the cells were

resuspended in 100 µL of Opti-MEM. Then 15 µg of resuspended mRNA (encoding the plasmid

for our CAR construct) was added. As a control, 10 µL of water was added to cells that were

mock electroporated. Then the cells were gently resuspended with a P100 pipet and transferred

into 2 mm or 4 mm cuvettes before being electroporated using an electric field of 1000 V/cm,

1250 V/cm a voltage of 200 V or 500 V, a time gap of 2 ms or 5 ms or a Fisher or Biorad

branded cuvette. Then 500 µL of media were added to the cuvette before the cells were

re-transferred to the 12-well plate. The cells were incubated overnight and measured

approximately 24 hours post-transfection.

CAR Staining

After the cell counts were taken, 100,000 cells were taken for each tube sample containing either

the full stain or secondary alone, 50,000 cells were taken for the mock γδ T cells for the

unstained control and for the live and dead tubes, and 50,000 cells were taken for the SCF CAR

γδ T cells for the full-minus-one (FMO) stains. Then the cells were washed with 2 mL of FACS

buffer and centrifuged at 320 g for 3 minutes. After centrifugation, the dead tube was killed by

placement on a 100ºC heat block for one minute before being placed on ice for one minute, then

being combined with the live tube. Then 100 µL of FACS buffer was added to all the tubes, and

then 0.2 µL of CD117-Fc was only added to the full-stained tubes. After vortexing, the cells

were incubated at 4ºC for 30 minutes. After, the cells were incubated, 2 mL of FACS buffer was

added to each sample and the samples were centrifuged at 320 g for 3 minutes before the
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supernatant was decanted. Then 100 µL of FACS buffer was added to all the tubes, and 2 L of

secondary-PE was added to all the stained tubes before being vortexed. Then the cells were

incubated in the cold room for 15 minutes. Once this was done, 2 mL of FACS buffer was added

to each sample before the cells were centirfuged at 320 g for 3 minutes and the supernatant was

discarded. Then 100 µL of FACS buffer was added to all stained tubes, and for each stained

tubes, 5 µL of 1:1000 diluted eFluor780, 3 µL of γδ TCR, 2 µL of CD3, 2 µL of CD56, and 2 µL

of CD16 were added. Then, each compensation tube contained 100 µL of FACS buffer, 1 drop of

beads, and either 1 µL of γδ TCR, 1 µL of CD56, 1 µL of CD16, 1 µL of CD3, or 1 µL of CD3,

unless it is an FMO tube in which all of them were contained except one. Then the samples were

vortexed and incubated at 4ºC for 20 minutes. Then 2 mL of FACS buffer was added to each

sample and the samples were centrifuged at 320 g for 5 minutes before the supernatant was

decanted. Finally, flow cytometry was run and at least 10,000 live events were collected.
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Results

Murine γδ T Cell Expansion

These experiments were performed in order to determine a protocol that would allow for the

expansion of murine γδ T cells. This was done by retrieving male and female spleens, femurs,

and tibias and performing cell culture. In order to determine expansion capability, metrics used

included the number of γδ T cells, the percentage of γδ T cells in the culture, and the percentage

of live cells in the culture. Patterns seen when devising these protocols included notable

differences between murine γδ T cells from the spleen and the bone marrow and when using

ConA as opposed to using CD3/CD28 beads, zoledronate, or LPS. In order to be considered an

expansion, the murine γδ T cells should have an 80-fold expansion and a culture of 80% murine

γδ T cells, as seen in the human γδ T cell expansion (Figure 20). The murine γδ T cells did not

meet these criteria after our protocols.

Day 0 Murine γδ T Cell Characteristics

There are no significant differences in the number of γδ T cells harvested on day 0 between

Balb/C mice and CD 45.1 Bl/6 mice. However, when comparing male bone marrow with male

spleen or female bone marrow with female spleen in the Balb/C mice, you can see that within the

same gender, the spleens contain greater numbers of γδ T cells than the bone marrow. No single

organ can provide more than 1 million murine γδ T cells (Figure 4). There is a significant

decrease in the percentage of γδ T cells within the same genders of bone marrow in Balb/C mice

compared to CD45.1 Bl/6 mice. Within a CD 45.1 Bl/6 mouse, there are no significant

differences between the percentage of murine γδ T cells between any organ. However, in a
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Balb/C mouse, there is a significant increase in the percentage of murine γδ T cells in the female

spleen compared to the female bone marrow. In contrast, in a Balb/C mouse, there are no

significant differences in the percentage of murine γδ T cells in the male spleen compared to the

male bone marrow (Figure 5).

Bead Activation

CD3/CD28 beads were used for activation in experiments 1, 2, and 4 either on day 0 or day 3.

On day 0, the percentage of murine γδ T cells ranged from 0.39-1.06% before the αβ depletion

and 0.49-8.53% post-depletion (Figure 8). If they were able to survive past day 3 (data not

shown), on experiment 1 day 7, the fold-expansion reached a maximum of 2.91 with male bone

marrow or a minimum of 0.69 with the female spleen (Figure 7A). In fact, on Day 5, the fold

expansion for male bone marrow reached 8.06 (Figure 7A, Figure 9). However, the percentage of

γδ T cells on Day 7 ranged from 3.07–4.07%, where the percentage of αβ T cells was anywhere

from 94.24–95.75% (Figure 10). Since the day 7 product was not majority γδ T cells, this

activator was not able to isolate the γδ T cells.

Zoledronate Activation

Zoledronate was used for activation in experiments 2 and 3. None of the cells were able to

survive past day 3 (data not shown). Due to the low viability of the cells, we conclude that under

our conditions, zoledronate did not expand murine γδ T cells from the spleen or bone marrow.
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LPS Activation

LPS was used for activation in experiments 4 and 5 either on day 0 or day 3. On day 0, the

percentage of γδ T cells ranged from 0.67-0.95% (Figure 12). On day 7, the percentage of γδ T

cells reached a highest of 4.38% with 2x LPS used for male bone marrow (Figure 11D). On

experiment day 7, the highest fold-expansion after day 0 was on day 5 with 2x LPS female bone

marrow and with 0.6330 fold-expansion (Figure 11D, Figure 13). Since the expansion did not

reach above 2x expansion and the percentage of γδ T cells after the expansion is below 70%,

means that LPS was not able to activate the murine γδ T cells.

In experiment 4, there was also a condition where LPS was used for activation on day 0 and

CD3/CD28 was used for activation on day 3. By day 7, the male bone marrow didn’t have

enough cells to garner a sample. As for the percentage of γδ T cells, the male spleen condition

had the highest percentage of γδ T cells at 34.4%, while the female bone marrow had the lowest

percentage of γδ T cells at 8.54% (data not shown).

ConA Activation

ConA was used for activation in experiments 6-9 on day 0 and once on day 3. Of the ConA

experiments, on day 7, the highest percentage of γδ T cells we achieved was in experiment 7,

where we achieved 69.0% of the cell culture being murine γδ T cells from a female spleen that

was only activated once with ConA (data not shown). Similar results occurred on day 7 in the

female spleen in experiment 6 (67.1%) (Figure 15C) but not in experiment 8 (34.5%) (Figure 16,

Figure 17H) or experiment 9 (45.0%) (Figure 18, Figure 19H). As for the male spleens on day 7,

experiment 6 yielded a percentage of 52.1% murine γδ T cells (Figure 15A) and experiment 9
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yielded a percentage of 56.4% (Figure 19D), but experiment 8 yielded a percentage of 33.8%

murine γδ T cells (Figure 17D). Since these values are highly variable and do not indicate any

clear pattern, we cannot conclude that male spleens or female spleens provide a greater

percentage of murine γδ T cells at the end of the proposed expansion.

Based on the results from experiment 6 day 7 with 1x ConA, seeing as there are 0% murine γδ T

cells in male or female bone marrow (Figures 14B and 15B) compared to 52.1% in the male

spleen (Figure 15A) and 67.1% in the female spleen, we can conclude that spleens expand with

ConA better than bone marrow.

Considering that these percentages of murine γδ T cells are higher than the percentages achieved

with CD3/CD28 beads, zoledronate, or LPS, we can conclude that of the activators we selected,

murine γδ T cells are the best for isolating murine γδ T cells. We cannot say that the murine γδ T

cells expand with ConA seeing as they do not reach above 2-fold expansion (the highest

expansion of the ConA experiments being 1.99 fold expansion with female spleens by day 7 in

experiment 6) (Figure 14A)  and they do not reach above a percentage of 70% murine γδ T cells

within the cell culture. This is low compared to our lab’s human γδ T cell expansions, which are

able to reach percentages of γδ T cells around 80% (Figure 20A) and 80-fold expansion (Sutton

et al. 2016).
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Human γδ T cell Electroporation Protocol

In addition to testing the expansion of murine γδ T cells, we also worked to optimize the

electroporation of human γδ T cells to produce an SCF-CAR. These experiments were performed

in order to determine a protocol that would allow for the transfection of human γδ T cells with

mRNA encoding an SCF-CAR. This was done by expanding and freezing γδ T cells from

acquired from blood donations (Figure 21), then thawing and transfecting the human γδ T cells

(Figure 22). The variables that were used to determine the efficacy of this protocol included the

balancing of CAR expression (as seen through %CAR+ cells and mean fluorescent intensity

(MFI)) and viability (Table 2). Patterns seen when devising this protocol included seeing higher

viabilities of SCF-CARs in Biorad cuvettes (Figure 23A) and the highest %CAR+ cells and MFI

in Biorad 4 mm cuvettes that were electroporated for 2 milliseconds at 500 volts (Figure 23B and

Figure 23C).
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Discussion

The first aim of our study was to determine a protocol to expand murine γδ T cells based on a

published protocol by Williams (Williams et al. 2022). Seeing as we have developed a protocol

for expanding human γδ T cells, we used those results to develop our criteria for murine γδ T cell

expansion. If our criteria were met, the fold-expansion on day 7 would have reached 80

compared to day 0 and the percentage of γδ T cells in the cell culture would have reached 80%.

This question was tested by using different activators and retrieving cells from different murine

organs (Table 1). The goal of this study was to determine if murine γδ T cells from the bone

marrow will migrate to the bone marrow and if murine γδ T cells from the spleen will migrate to

the spleen.

When looking at our starting materials, the most prominent finding was that in Balb/C mice,

male spleens had significantly more γδ T cells per organ than male bone marrow, and female

spleens had significantly more γδ T cells per organ than female bone marrow. This means that

when choosing between organs of Balb/C mice, it is best to harvest the spleens rather than the

bone marrow. Future studies could focus on why this is the case, and if murine bone marrow

cells respond to different activators than murine spleen cells. There was no clear pattern seen in

the percentage or number of murine γδ T cells when separating by age (as measured from 4-8

weeks old) (Figure 6).

We initially experimented with using CD3/CD28 beads to expand murine γδ T cells on either day

0 or day 3, similar to the published protocol by Williams (Williams et al. 2022). This protocol

provided some of the highest rates of fold expansion we saw throughout these experiments.



24

However, seeing as our product from experiment 1 was almost entirely composed of αβ T cells

rather than γδ T cells, even after an αβ depletion on day 0, we concluded that this would not

expand murine γδ T cells. This is likely due to the fact that CD3/CD28 will target all T cells,

including both murine αβ T cells and γδ T cells. If there is originally a smaller percentage of γδ T

cells than αβ T cells and the activator is not specific for γδ T cells, even after the activation, the

γδ T cells will continue to share a smaller proportion of the product if the activator These beads

will cause expansion of all T cells, including αβ T cells.

Next, we decided to test zoledronate, as it has been successfully used in our lab to expand human

γδ T cells. However, whenever our experiments used zoledronate on day 0, they died by 3 three,

whether or not an αβ depletion occurred on day 0 or day 3. While zoledronate may expand

human γδ T cells, zoledronate does not expand murine γδ T cells. This is likely because human

γδ T cells are part of the Vδ2 subset while the murine γδ T cells are of the Vγ1 subtype. Likely,

the Vγ1 subtype does not respond to bisphosphonates.

Our next activator was LPS. Due to low percentages of γδ T cells and fold expansion, we

concluded that LPS is unable to expand murine γδ T cells. While we did see some results,

perhaps LPS simply isn’t strong enough on its own to manage a robust response for γδ T cells

and needs to be combined with other activators.

Finally, we used ConA to activate murine γδ T cells. This activator had the highest percentages

of murine γδ T cells that were present in the cell culture. However, the fold expansion and the

number of murine γδ T cells in the culture were not optimal for further experimentation, where
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we would preferably need 10 million γδ T cells. In this way, ConA is best at isolating γδ T cells

compared to the other activators, but it is still unable to expand murine γδ T cells. Another

condition that improves the ability of ConA to produce murine γδ T cells includes harvesting

murine γδ T cells from spleens rather than bone marrow. While ConA is able to increase the

percentage of murine γδ T cells in culture, perhaps another activator is needed in order to

increase the fold-expansion of the murine γδ T cells.

To further this investigation of γδ T cells, we wanted to test our lab’s previously developed,

FDA-compliant method for expanding human γδ T cells. To enhance their killing ability, we

developed a protocol to optimize the genetic engineering of these cells using transfection

technologies. After collecting blood samples from human donors and isolating the PBMCs, we

performed an αβ T cell depletion on day 6 before freezing them down for cryopreservation on

day 14. When required for experiments, they were thawed and electroporated. The next day, flow

cytometry analysis was done to determine the success of the electroporation using metrics such

as viability, %CAR+ Expression, and MFI. Since its high viability and CAR expression were

relatively higher compared to the other experimental conditions, the Biorad 4 mm cuvettes

electroporated for 2 ms at 500 volts were considered to be the optimal condition.

Future studies could expand on our work on attempting to expand murine γδ T cells by

conditioning the mouse before harvesting organs. Previous studies have shown that humans who

exercise are more likely to have their γδ T cell populations expand (Burnham et al. 2020). This

could be implemented with mice through enrichment activities such as monitored time with an

exercise wheel and recording how long they use it. Another route we could also consider is
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injecting the mouse in vivo with our activating agent a few days before harvesting the organs to

increase the number and/or percentage of murine γδ T cells harvested before in vitro culturing

techniques.

Considering the novel implications of CAR T cell therapy for curing deadly diseases and the new

forms of CARS currently in development, it is imperative we have a syngeneic mouse model

ready for testing. This experiment has shown examples of activators that will increase the

percentage of in vitro murine γδ T cells from the spleen and bone marrow. While more work

must be done to produce a true expansion, we now have a framework of different parameters that

can be tested to optimize an expansion such as this. Furthermore, the optimization of the

transfection protocol for human γδ T cells will allow for an off-the-shelf, bulk production of

SCF-CAR T cells, ultimately cutting costs and treatment wait times for patients.
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Figures

Figure 1. This is an example of a γδ T cell receptor. The CD3 receptor is what defines a T cell.
The gamma and delta portions on either side of the CD3 receptor as well as the binding sequence
of the TCR are what define this T cell to be of the γδ variety. Created with BioRender.com.
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Figure 2. A diagram detailing the various portions of a ligand-based CAR. In this experiment,
we used an SCF as our ligand. Taken from a presentation from our lab (Ung, Branella, and
Spencer 2022). Created with BioRender.com.
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Figure 3. This diagram details the major steps this protocol required to attempt to expand murine
γδ T cells using ConA. On Day 0, the spleen was harvested from either the Balb/C or the CD45.1
Bl/6 mice and the cells are activated with ConA. On Day 3, an αβ depletion occurred via a
magnetic negative selection, which allowed us to culture γδ T cells for the rest of the protocol.
On days 0, 3, 5, and 7, the γδ T cells were cultured and analyzed via flow. Created with
BioRender.com.
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Figure 4. This graph shows the number of γδ T cells harvested from male and female bones and
spleens on day 0 from each experiment, as stratified by mouse strain.

Key: M BM = male bone marrow; MS = male spleen; F BM = female bone marrow; FS = female
spleen. These acronyms continue for the rest of the figures.
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Figure 5. This graph shows the percentage of γδ T cells harvested from male and female bone
marrow and spleens on day 0 from each experiment, as stratified by mouse strain.
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Figure 6. These graphs display the percentages (A) and numbers (B) of γδ T cells retrieved from
female spleens, as divided by the ages of the mice. There do not appear to be any clear patterns
relating the percentage or number of murine γδ T cells with age, whether or not you consider the
mouse strains. The greatest percentage of γδ T cells was seen in a CD45.1 Bl/6 mouse at 1.36%
while the greater number of γδ T cells was seen in a Bl/6 mouse at 9.70 x 105 γδ T cells. These
two statistics did not come from the same individual mouse.
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Experiment
#

Mouse
Strain

Age
(weeks) Media Contents

Gender + Organ for
Experimental Groups Activation Strategy

Antibodies and
Beads used for
Negative Selection

Depletion
Column Used

Day of
Depletion

Day 0 Cultured
Concentration
(cells/mL)

Day 3-7
Cultured
Concentrations
(cells/mL)

IL-2 on
Day 0
(IU/mL)

IL-2 on
Day 3-7
(IU/mL)

1
Bl/6
CD45.1 5

RPMI, 10% FBS, 1%
Pen-Strep, 1%
sodium-pyruvate, 1%
MEM NEAA, 1%
L-glutamine,
0.00002% of ß-ME

M BM, MS, F BM,
FS, only obtained the
femurs for BM

25 μL of
CD3/CD28 Beads
per 106 cells on Day
0

Biotin anti-CD11b,
Biotin anti-B220,
Biotin anti-CD4, &
Biotin anti-CD8
antibodies at 0.1
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LS 0 2x10^6 5x10^5 100 100

2
Bl/6
CD45.1 7 Same as experiment 1 M BM, MS, F BM, FS

6.25 µL of
CD3/CD28 Beads
per 106 cells or 1.67
µL of Zol/mL of
media on Day 0

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
μL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 0 2x10^6 5x10^5 100 100

3 Balb/C 6 Same as experiment 1 M BM, MS, F BM, FS
1.67 µL of Zol/mL
of media on Day 0 N/A N/A N/A 1x10^6 N/A 500 N/A

4
Bl/6
CD45.1 7 Same as experiment 1 M BM, MS, F BM, FS

1 µg LPS/mL of
media on Day 0, 25
μL of CD3/CD28
Beads per 106 cells
or no activation on
Day 3

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 3 4x10^6 2x10^6 500 1000

5
Bl/6
CD45.1 no data Same as experiment 1 M BM, MS, F BM, FS

1 µg LPS/mL of
media on Day 0 or
on both Day 0 &
Day 3

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 3 1x10^6 2x10^6 500 1000

6 Balb/C 5
RPMI, 10% FBS, 1%
Pen-Strep, 3% ATOS M BM, MS, F BM, FS

4 µg ConA/mL of
media on Day 0 or
both Day 0 & Day 3

Biotin anti-TCRß at
10 µL/mL and 20
µL anti-PE
microbeads per 107

cells LD 3 5x10^6 3x10^6 500 1000

7
Bl/6
CD45.1 7 Same as Experiment 6 FS

4 µg ConA/mL of
media on Day 0

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 3 5x10^6 5x10^6 500 1000

8 Balb/C 8 Same as Experiment 6
MS, FS, MS + FS, MS
in FS media

4 µg ConA/mL of
media on Day 0

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 3 3.7x10^6 5x10^6 500 1000

9 Balb/C 4 Same as Experiment 6
MS (noticeably larger
than usual), FS

4 µg ConA/mL of
media on Day 0

Biotin anti-CD4 &
Biotin anti-CD8
antibodies at 10
µL/mL and 20 µL
anti-Biotin beads
per 107 cells LD 3 5x10^6 3x10^6 500 1000

Table 1. This table describes the various parameters that were changed between each
experiment. Experiment 1 was modified from a paper by Wiliams (Williams et al. 2022).
Experiments 1-4 showed the most variability between experiments as they were intended to
compare multiple variables at once, and the experiments were also adjusted to become more
similar to our human γδ T cell expansion protocol. Experiments 6-9, showed the least variability
in these parameters as some favorable results had started to emerge, and therefore the following
experiments was focused on replicating those results.

Key: M BM = male bone marrow, MS = male spleen, F BM = female bone marrow, FS = female
spleen, Zol = zoledronate, PE = phycoerythrin
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Figure 7. This graph shows the experimental results after the attempted expansion of murine γδ
T cells using CD3/CD28 beads. The fold expansion (A), percentage (B), and number (B) of
murine γδ T cells appear to peak on day 5 with the exception of the percentage of murine γδ T
cells in the female spleen, which peaked on day 0.
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Figure 8. This graph displays the flow cytometry analysis on experiment 1 day 0 of the murine
γδ T cell attempt at expansion with CD3/CD28 beads. Graphs A-D show the gating strategy for
male spleen where cells were gated, then single cells, then the live cells, then the CD3+ cells (T
cells), the γδ T cells, and each of their respective percentages. Graphs E-P show the flow plots of
male bone marrow, male spleen, female bone marrow, and female spleen that came from the
column used for the depletion (E, H, K, N), were purified due to going through the column (F, I,
L, O), and before the column depletion (G, J, M, P).
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Figure 9. This graph shows the flow cytometry analysis for experiment 1 day 5 of the murine γδ
T cell attempt at expansion using CD3/CD28 beads. Graphs A-D show the gating strategy for
female bone marrow and graphs E-H show the percentages of CD3+ and γδ T cells. The
percentage of CD3+ T cells hovers around 92% while the percentage of murine γδ T cells never
reaches above 6.75%.



41

Figure 10. This graph shows the flow cytometry analysis on experiment 1 day 7 of the murine γδ
T cells attempted expansion using CD3/CD28 beads. Figures A-D display the percentages of
murine CD3+ and γδ T cells. The percentages of CD3+ cells hovers around 95% while the
percentages of γδ T cells never strays above 4.07%.
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Figure 11. This graph shows the experimental results throughout the attempted expansion of
murine γδ T cells using LPS either once on day 0 or twice on both day 0 and day 3 for
experiment 5. Graphs A and B measure the fold-expansion, graphs C and D measure the
percentage of γδ T cells, and graphs E and F measure the number of gamma delta T cells.
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Figure 12. This graph shows experiment 5’s flow cytometry analysis on day 0 of the attempt at
murine γδ T cell expansion using LPS. Figures A-D shows the gating strategy for the male
spleen. Figures E through H show the percentage of murine CD3+ and γδ T cells. This flow
demonstrates an example of murine γδ T cells before depletion.
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Figure 13. This graph shows the flow cytometry analysis of experiment 5’s day 7 attempt at
murine γδ T cell expansion using LPS. Graphs A-D show the gating strategy for the male spleen.
Figures E-J show the percentages of CD3+ T cells and murine γδ T cells.
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Figure 14. This graph shows the timeline of experiment 6’s attempted expansion of murine γδ T
cells using ConA once on Day 0. Graph A describes the fold-expansion, Graph B describes the
percentage of γδ T cells and Graph C describes the number of γδ T cells.
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Figure 15. This graph shows the flow cytometry analysis of experiment 6’s day 7 attempt at
murine γδ T cell expansion using ConA. There is no flow cytometry data on the percentage of γδ
T cells for male bone marrow because they had died out. Graph A shows the male spleen, Graph
B shows the female bone marrow, and Graph C shows the female spleen. Each graph shows the
percentage of CD3+ cells and γδ T cells in the culture.
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Figure 16. This graph shows the timeline of experiment 8’s attempted expansion of murine γδ T
cells using ConA once on day 0. Graph A shows the fold-expansion while Graph B shows the
percentage of γδ T cells.



48

Figure 17. This graph shows the flow cytometry analysis of experiment 8’s day 7 attempted
murine γδ T cell expansion using ConA. The gating strategies for male spleen (A-D), female
spleen (E-H), male and female spleen combined (I-L), and male spleen in female media (M-P)
are shown above.
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Figure 18. This graph shows the timeline of experiment 9’s attempted expansion of murine γδ T
cells using ConA once on Day 0. Graph A shows the fold-expansion, Graph B shows the
percentage of γδ T cells, and Graph C shows the number of γδ T cells.



50

Figure 19. This figure shows the flow cytometry analysis of experiment 9’s day 7 attempt at
expanding murine γδ T cells using ConA. The following graphs show the gating scheme for male
spleen (A-D) and female spleen (E-H).
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Figure 20. This figure and the corresponding text show an example of what kind of human γδ T
cell expanding ability that our lab has been able to achieve from various donors. Graph A shows
an example of how the percentage of human γδ T cells changes over the two week expansion
protocol, Graph B shows how the number of murine γδ T cells increases over the expansion
protocol, and Graph C shows how the flow looks after the expansion protocol, including the
presence of CD3+ T cells (Sutton et al. 2016).
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Figure 21. This figure details the major steps needed to expand human γδ T cells from the blood.
A sample from a donor is collected on Day 0, where PBMCs (containing T cells) are cultured.
On day 3, the products are recultured before day 6, where an αβ depletion occurs. This means
that the remainder of the expansion deals only with γδ T cells. On day 9, the cells are recultured
and on day 12, the γδ T cells are cryopreserved. Taken from a presentation done by our lab (Ung,
Branella, and Spencer 2022). Created with BioRender.com.
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Figure 22. This figure details the major steps needed in order to electroporate human γδ T cells
that were cryopreserved. On day 0, 5 tubes of 5 million human γδ T cells were thawed and
electroporated with an SCF CAR. After electroporation, the cells were cultured. The next day
they were analyzed with flow cytometry. Modified from a presentation from our lab (Ung,
Branella, and Spencer 2022). Created with BioRender.com.
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Electric
Field
(V/cm)

Voltage
(V)

Time of
electroporation
(ms)

Cuvette Gap
(mm) Brand

Mock or
SCF

1250 500 5 4 Fisher Mock
1250 500 5 4 Fisher SCF
1000 200 2 2 Biorad Mock
1000 200 2 2 Biorad SCF
1250 500 2 4 Biorad Mock
1250 500 2 4 Biorad SCF

Table 2. This table describes the various parameters used to manipulate this experiment for the
transfection of human γδ T cells. Data used for another presentation from our lab (Ung, Branella,
and Spencer 2022).
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Figure 23. These figures are used to evaluate the success of the human γδ CAR T cell
transfection protocol. Graph A demonstrates the viability of the cells post-electroporation (with
the exception of the naive cells), Graph B demonstrates the %CAR+ cells post-transfection, and
Graph C demonstrates the MFI for each condition. Modified from a presentation from our lab
(Ung, Branella, and Spencer 2022).


