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Abstract: Objective: The purpose of this study was to explore the best conditions for the expansion of γδT cells and 
to identify the most suitable electroporation conditions for γδT cells. Methods: In this study, we combined zoledronic 
acid and cytokines to induce γδT cells and used Lonza AMAXA 4D-Nucleofector to optimize the electroporation con-
ditions. The electroporation efficiency of γδT cells was detected by flow cytometry. Results: The results showed that 
peripheral blood could generate higher purity γδT cells (P<0.0001) than umbilical cord blood, and the proportion of 
induced γδT cells reached 82.43 ± 5.9%. Through flow cytometry, we found that compared with other electropora-
tion modules, electroporation module EH-115 resulted in the highest electroporation efficiency (all P<0.0001). In 
addition, we also found that when the number of cells in the 100 μL electroporation system was 3×106, the transfec-
tion efficiency was the highest (all P<0.001), and the final transfection efficiency reached 69.1 ± 2.26%. Conclusion: 
In this study, a high proportion of γδT cells could be effectively obtained, and the transfection efficiency was greatly 
improved, which provides an effective program for the genetic modification of γδT cells.
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Introduction

Cellular immunotherapy has achieved brilliant 
progresses in the field of tumor treatment in 
recent years. This treatment method is mainly 
based on the genetic modification of T lympho-
cytes. T lymphocytes contain two subgroups: 
αβT cells and γδT cells. αβT lymphocytes in chi-
meric antigen receptor T cell Immunotherapy 
(CAR-T) have achieved unprecedented thera-
peutic effects in the treatment of patients wi- 
th hematological malignancies. However, αβT 
cells are not effective in the treatment of solid 
tumors [1, 2]. As an important participant in 
cancer immunity, γδT cells have the same anti-
tumor effect as αβT cells [3, 4], and γδT cells 
cannot cause graft versus-host disease (GVHD) 
[5]. Recent research data show that infiltration 
of γδT cells in tumors is a good prognostic indi-
cator [6, 7], and their main advantage is not 
being restricted by MHC compared with αβT 
cells. Although γδT cells account for only 1-10% 
of T lymphocytes in human peripheral blood cir-
culation [8], zoledronic acid (Zol) and low-dose 

cytokines can be used to expand γδT cells effi-
ciently in vitro. γδT cells naturally target EGFR 
signaling disruptions caused by tumor cells and 
high expression of phosphates caused by ma- 
lignant transformation [9, 10]. Therefore, γδT 
cells are considered as the most promising 
alternative to immunotherapy. However, the 
phosphoantigen secreted by tumor cells is not 
enough to recruit a sufficient number of γδT 
cells. A sufficient number of γδT cells can be 
obtained through in vitro expansion. Currently, 
researchers mostly induce γδT cells from pe- 
ripheral blood or cord blood. However, it is 
unclear which method is most optimal [11]. 
This study aimed to compare the different in- 
duction potential of γδT cells obtained from 
peripheral blood and cord blood.

With the continuous development of molecular 
and cell biology research, transfection meth-
ods that introduce foreign genes into cells have 
become routine tools for gene editing. At pres-
ent, the commonly used cell transfection meth-
ods are liposome transfection, virus transfec-
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tion, and electroporation transfection. Electr- 
oporation is more suitable for primary cells 
(such as stem cells, T cells, DCs) that are 
extremely difficult to transfect because it can 
achieve higher transfection efficiency and can 
generate site-specific knockout and targeted 
insertion of target sequences [12, 13]. At pres-
ent, there have been many studies on the edit-
ing of αβT cells. The CRISPR/CAS9 system has 
been delivered to primary T cells by electropor-
ation to knock out endogenous TRAC, B2M and 
PD1 sites to achieve the construction of “off-
the-shelf” CAR-T cells [14-17]. Electroporation 
shows good application prospects in gene edit-
ing. However, the ideal electroporation condi-
tions are unclear. This study explores the opti-
mal electroporation conditions for γδT cells and 
provides a reference for the efficient transfec-
tion of γδT cells.

Materials and methods

Isolation of mononuclear cells

A total of 30 ml of peripheral blood/cord blood 
from healthy volunteers was placed in an anti-
coagulation tube containing heparin and mixed 
upside down to avoid blood coagulation. Per- 
ipheral blood was mixed 1:1 with phosphate-
buffered saline (PBS) prewarmed in advance  
at 37°C, and lymphocyte separation solution 
(Solarbio, P8610) was used for density gradi- 
ent centrifugation to obtain mononuclear cells. 
If a large number of red blood cells were mix- 
ed in the separated cells, red blood cell lysis 
solution was added for lysis. Each group was 
induced and cultured by three different individ-
uals. This study was approved by the Human 
Research Ethics Committee of Guangxi Medi- 
cal University (No. 20170307-1).

Induction culture of γδT cells

We used RPMI 1640 medium (Gibco, C11- 
875500BT) containing 10% fetal bovine serum 
(Gibco) and 1% penicillin-streptomycin liquid 
(Solarbio, P1400) to induce cultured mononu-
clear cells and added 5 μM Zol (Sigma, SML- 
0223), 500 IU/ml IL-2 (PeproTech, 200-02-50) 
and 20 ng/ml IL-15 (PeproTech, 200-15-50) on 
day 0. From the third day, the medium was co- 
mpletely changed using complete RPMI 1640 
medium, and 200 IU/ml IL-2 and 10 ng/ml IL-15 
were added. Starting on the 3rd day, the medi-
um was completely replaced every other day. 

The cells were incubated in a humidified incu-
bator at 37°C with 5% CO2. The percentage of 
γδT cells was detected on the 13th day of cell 
culture by flow cytometry.

Electroporation of γδT cells

In this experiment, the LONZA P3 Primary cell 
4D X Kit L (V4XP-3024) was used for electro-
poration. First, to prepare the electroporation 
solution, 82 μL solution and 18 μL supplement 
provided in the kit were mixed. Next, the cells 
were resuspended in 100 μL of electroporation 
solution, and 2.5 μL of pmaxGFP (1 μg/μL) was 
added. This experiment used the Lonza AMA- 
XA 4D-Nucleofector. After electroporation, the 
cells were quickly transferred to complete RPMI 
1640 medium (containing IL-2 and IL-15) pre-
heated at 37°C in advance, and the transfec-
tion efficiency was verified after 24 hours. The 
experiment was repeated three times.

Flow cytometry

To measure the proportion of γδT cells, we 
resuspended 1×106 cells in 100 μL of PBS,  
and then added 2.5 μL CD3-PE (BioLegend, 
300308) and 2.5 μL TCRγ/δ-FITC (BioLegend, 
331208). After fully mixing, the cells were incu-
bated in the dark at room temperature for 30 
minutes and then detected on a flow cytometer 
(BD 6C). To verify the efficiency of electropora-
tion, the expression of GFP in cells was direct- 
ly detected. All data analysis used FlowJo 
software.

Statistical analysis

GraphPad Prism 8.0 software was used to ana-
lyze the data. The count data are presented as 
the mean ± standard deviation. Multiple inde-
pendent samples were analyzed using one-way 
ANOVA. Pairwise comparisons between groups 
were analyzed using an unpaired T test. P<0.05 
was considered to indicate a statistically signifi-
cant difference.

Results

Peripheral blood can generate a higher propor-
tion of γδT cells

Under the same culture conditions, Zol and 
cytokines were used to induce γδT cells in vitro 
from cord blood and peripheral blood. On the 
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13th day of induction culture, the proportion of 
γδT cells was detected by flow cytometry. The 
proportion of γδT cells induced from cord blood 
reached only 11.9 ± 2.61%, while the propor-
tion of γδT cells induced from peripheral blood 
reached 82.43 ± 5.9% (Figure 1A; Table 1). 
Therefore, a higher proportion of γδT cells can 

be obtained by inducing peripheral blood. Cord 
blood and peripheral blood have important sta-
tistical significance in inducing a high propor-
tion of γδT cells. The growth morphology of the 
cells was observed on the 13th day under a 
microscope. The results showed that γδT cells 
were irregularly rounded and protruding, and 
many irregular cells were induced from periph-
eral blood (Figure 1B). 

Optimization of the best electroporation mod-
ule

First, a high proportion of γδT cells were indu- 
ced from peripheral blood, and the cells were 
electroporated on the 13th day of induction. 
Groups of 5×106 cells were subjected to elec-
troporation under the EH-115, EH-100, EN-138 
and EO-115 modules using a LONZA 4D-Nu- 
cleofector. After 24 hours of electroporation, 
the expression of GFP was verified by flow cy- 
tometry as a measure of the transfection effi-
ciency. Flow cytometry test results showed that 
GFP expression was 0.35 ± 0.1% in the mock 
group, 52.03 ± 3.51% in the EH-115 group, 
17.97 ± 0.86% in the EH-100 group, 18.1 ± 

Figure 1. The difference in induction of γδT cells from cord blood and peripheral blood. A. The proportion of γδT 
cells was detected on the 13th day of cell induction culture, and the proportion of γδT cells induced from peripheral 
blood and cord blood was significantly different. B. The cell morphology of γδT cells induced from cord blood and 
peripheral blood on day 13 (magnification, ×200). The left image is induction from cord blood and the right image is 
induction from peripheral blood. The data are expressed as the mean ± standard deviation. ****P<0.0001.

Table 1. Comparison of the induction efficien-
cy of γδT cells between the two groups
Source γδT cell % t P
Cord blood 11.9 ± 2.61 18.94 <0.0001
Peripheral blood 82.43 ± 5.9

Table 2. Comparison of the effect of cell num-
ber on the transfection efficiency

Module Transfection  
efficiency (%)

P (vs. the EH-115 
group)

mock 0.35 ± 0.1 <0.0001
EH-115 52.03 ± 3.51
EH-100 17.97 ± 0.86 <0.0001
EN-138 18.1 ± 1.74 <0.0001
EO-115 13.2 ± 0.95 <0.0001



γδT cell expansion and electroporation

8710 Int J Clin Exp Med 2020;13(11):8707-8713

Figure 2. Optimization of the electroporation module for γδT cells. A and B. The transfection efficiency was compared under four different electroporation modules. 
The data are expressed as the mean ± standard deviation. ****P<0.0001.
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1.74% in the EN-138 group, and 13.2 ± 0.95% 
in the EO-115 group (Table 2). Using the EH- 
115 module resulted in the highest electropor-
ation efficiency, and the difference in transfec-
tion efficiency with other groups was statisti-
cally significant (Figure 2).

Optimize the number of cells in the 100 ul 
electroporation system

In this study, the LONZA 4D-Nucleofector was 
used, and the instrument only has two fixed 
electroporation reaction volumes, 20 μL and 
100 μL. Considering that a sufficient number  
of cells are required for the subsequent func-
tional test, a 100 μL electroporation system 
can accommodate a larger number of cells. 
Therefore, this study optimized the number of 
cells in a 100 μL electroporation system. We 
optimized the number of cells in the 100 μL 
electroporation system based on the previously 
validated best electroporation module EH-115. 
In this study, the cells were divided into three 
independent groups with cell numbers of 1× 
106, 3×106 and 5×106. A standard control pl- 
asmid was used for transfection, and the fluo-
rescence intensity of GFP was detected on the 
flow cytometer. The results of flow cytometry 
showed that when the number of cells in the 
100 μL transfection system was 1×106 or 5× 
106, the expression of GFP was 27.6 ± 1.45% 
and 52.03 ± 3.51%, respectively. However, 
when the number of cells was 3×106, the ex- 
pression of GFP was 69.1 ± 2.26% (Table 3). 
Therefore, when the number of cells in the 100 
μL transfection system was 3×106, the editing 
efficiency of electroporation was the highest, 
which was significantly different from that of 
the other groups (Figure 3).

Discussion

In recent years, malignant tumors have be- 
come the greatest threat to human health. The 
incidence and mortality of malignant tumors 

have continued to rise, and it is urgent to find 
effective anticancer methods. Conventional 
cancer treatments include radiotherapy, che-
motherapy and surgical resection. However, 
traditional treatment methods have not been 
able to greatly improve the cure rate of tumors. 
In recent years, cellular immunotherapy has 
made outstanding achievements in the treat-
ment of hematological malignancies because  
it has the advantages of “precision”, “flexibility” 
and “durability”. In 2017, the US Food and Drug 
Administration (FDA) approved the use of two 
CAR-T cell immunotherapy products. At pres-
ent, gene editing in clinical practice is mainly 
performed on αβT cells [18], while research on 
γδT cells is still relatively rare [19, 20]. γδT cells 
have the advantage of not causing GVHD, and 
their ability to kill tumor cells is no less than 
that of αβT cells [21, 22]. Therefore, γδT cells 
have become a promising alternative for the 
generation of cellular immunity.

As γδT cells need to be expanded in vitro, in this 
study we explored the combined application of 
Zol and cytokines to induce γδT cells from two 
different sources in vitro. Under the same con-
ditions, the proportion of γδT cells induced from 
peripheral blood reached 82.43 ± 5.9%, which 
was significantly higher than that induced from 
umbilical blood (P<0.0001). For γδT cells, gene 
editing is generally performed by electropora-
tion. Different electroporation modules may re- 
sult in different transfection efficiencies. Here, 
we used LONZA 4D-Nucleofector to optimize 
the electroporation module. By comparing 4 
different electroporation modules, we found 
that when using module EH-115, the transfec-
tion efficiency of γδT cells was the highest. 
Next, we used this electroporation module to 
optimize the number of cells during electropor-
ation. When the number of cells in the 100 μL 
electroporation system was 3×106, the elec- 
troporation efficiency was the highest, reach- 
ing 69.1 ± 2.26%.

This study still has some limitations. For exam-
ple, the optimized electroporation conditions of 
γδT cells have not been verified by the CRISPR/
CAS9 system. In the future, we will further verify 
whether the transfection method is effective 
under the CRISPR/CAS9 system.

In conclusion, the combined application of Zol, 
IL-2 and IL-15 in this study resulted in a high 
proportion of γδT cells in an in vitro culture. The 

Table 3. Comparison of the effect of cell num-
ber on the transfection efficiency

Number of cells Transfection 
efficiency (%)

P (vs. the 3×106 
group)

1×106 27.6 ± 1.45 <0.0001
3×106 69.1 ± 2.26
5×106 52.03 ± 3.51 0.0004
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optimal transfection efficiency of γδT cells in- 
duced from peripheral blood was obtained un- 
der the electroporation conditions of the EH- 
115 module and 3×106 cells in the 100 μL 
system.
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