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Abstract. v T cells are a subset of unconventional T cells
that serve a critical role in infectious diseases and various
types of cancer. Cell therapy with genetically-modified
v0 T cells is regarded as a promising tool for tumor treatment.
However, since yd T cells constitute a minority of T cells,
their large-scale expansion is difficult to realize in an efficient
and cost-effective manner. In the present study, based on
previous studies, culture protocols for yd T cells were tested
using different combinations of isopentenyl pyrophosphate
and interleukin 2 in order to satisfy different experimental
purposes. One protocol was demonstrated to be the most
suitable for lentiviral transduction. These results greatly
reinforce the promising prospects of using yd T cells in basic
research and for clinical applications.

Introduction

vd T cells, a small population of unconventional or innate
T cells, are characterized by the expression of yd receptors (1).
A variety of diseases such as tuberculosis (2), leprosy (3),
typhoid fever (4), brucellosis (5), tularemia (6), ehrlichiosis (7),
malaria (8) and toxoplasmosis (9) can stimulate the expansion
of v& T cells. yd T cell receptors (TCRs) have various
ligand-binding sites, allowing yd T cells to recognize a broad
range of pathogenic agents by common molecular patterns (10).
They can kill target cells directly because of their cytotoxic
activity or indirectly by influencing the activity of other immune
cells (11). yd T cells also exhibit antigen-presenting ability;
in particular, blood Vy962 T cells are capable of responding
to microbes, tumors as well as cluster of differentiation
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(CD)4" and CD8* T cells (12). Owing to these features shared
by innate and adaptive immune cells, yd T cells are defined as
unconventional T cells (13). VY982 T cells are a major subset
in the peripheral blood (14), and can typically be activated
by phosphomonoester antigen and expand in the blood of
infected individuals (15). In previous studies, researchers
have identified various characteristics of different yd T cell
subsets, particularly those of VY982 T cells, which include
immune defense capacity against tumors (16) and antiviral
defense ability (17,18). In infectious diseases, VY902 T cells
are capable of recognizing phosphoantigens produced via
the methylerythritol phosphate biochemical pathway of
various bacteria, parasites and fungi, after which these cells
become activated (13). Therefore, VY992 T cells have been
considered a promising candidate for immunotherapeutic
drug development and represent a novel therapeutic tool (19).
Consequently, a lot of research has focused on exploiting
the potential of Vy902 T cells, by first trying to effectively
expand this subset of cells. However, the initial proportion
of vd T cells in human peripheral blood mononuclear cells
(PBMCs) is only 3-5% (20), making their expansion in vitro
difficult, particularly during long-term culture.

There is still no widely accepted method for the specific
expansion of y0 T cells. The different culture methods for
vd T cell expansion reported globally by different laboratories
since 2000 are summarized in Table I. To yield abundant
vd T cells with high vitality, most researchers preferred to
expand y0 T cells from PBMCs instead of purifying them
prior to in vitro culture. This is reasonable because cell-cell
contact is necessary (21) for the effective expansion of
vd T cells and less donor peripheral blood is required. It is well
known that antigenic stimulant and cytokines are essential for
vd T cells (20). Multiple common antigens have been used
to stimulate expansion of yd T cells, including isopentenyl
pyrophosphate (IPP) (22), (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP) (23), zoledronate (Zometa) (24) and
bromohydrin pyrophosphate (BrHPP) (25). IPP is a natural
antigen for Vy992 T cells, which can directly stimulate these
cells in the absence of accessory antigen-presenting cells (22).
Therefore, IPP has been chosen to expand yd T cells in the
present study and typical doses (Table I) were used. The other
antigens can also effectively stimulate yd T cells through
various ways; for example, BrHPP is a synthetic analog of IPP
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and functions like IPP (26). Conversely, Zometa leads to the
accumulation of IPP (1) and HMB-PP acts as an intermediate
metabolite of microbial isoprenoid biosynthesis (1). These
two agents are regarded as indirect or synthetic simulants
of vd T cells. In addition, interleukin 2 (IL-2) is an essential
cytokine for maintaining T cell expansion and has been
widely used in culture of yd T cells (27). Considering the
non-specific function of IL-2 in terms of T cell expansion, a
step-wise increase in IL-2 concentration was tested for culture.
Low dose IL-2 (100 U/ml) was used during the early stages
of culture (0-5 days) until yd T cells reached the logarithmic
phase, allowing the other T cell subsets to die. Subsequently,
the dose of IL-2 was increased to 1,000 U/ml to offer a better
expansion environment for yd T cells in the logarithmic phase.
As a control, the effects of 1,000 U/ml IL-2 from start to finish
were also detected. To understand the effects of various treat-
ments on cell status, VY902 T cell growth in different culture
conditions was examined.

Lentiviral transduction is a highly efficient method for
genetic modification by integrating exogenous genes into
host cells (28). Lentiviruses can infect non-dividing cells
and are regarded as a powerful tool for basic research (28).
HIV-1 pseudotypes with a protein coat of vesicular stomatitis
virus glycoprotein, enables the lentivirus to be transduced
into the majority of mammalian cells (29), regardless of cell
cycle stage. However, artefacts caused by open reading frame
(ORF) disruption or gene activation, can be introduced into
the host cells, in knockdown studies or over-expression (28).
Furthermore, depending on cell types the modulation
efficiency of gene expression differs, particularly between
primary cells and cell lines (28). Therefore, experiments
should be carefully designed and a proper titration of the viral
vector is necessary. Previously, given the low cell viability and
the limitation of culturing time, transducing lentiviruses into
primary T cells has been an issue for a number of researchers,
especially in cell subsets that account for a small percentage
of cells in PBMCs such as y0 T cells (28). To solve this
problem, certain researchers have chosen to use CH-296 (30),
a recombinant human fibronectin widely used in retroviral
transduction, instead of lentiviruses. In order to achieve high
transduction efficiency, the present study aimed to find the
optimum transducing time and multiplicity of infection (MOI).
Considering that the lentivirus generally needs 5-7 days to
express completely, to guarantee that yd T cells could with-
stand the damage caused by lentiviral transduction and remain
active, cell growth was examined to find the appropriate time
when the quantity and proportion of Vy962 T cells in PBMCs
reached the highest level.

In the present study, optimal culture methods for
Vv902 T cells were investigated in order to satisfy various
experimental purposes. One protocol was confirmed to be
suitable for genetic modification of Vy932 T cells by lentiviral
transduction. The results provided effective and convenient
methods to expand Vy902 T cells that fulfill various purposes
for scientific and application studies.

Materials and methods

Donor samples. A total of 5 healthy volunteer donors without
a history of autoimmune or other diseases were recruited from
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Nanfang Hospital between January 2016 and April 2018; their
age ranged from 20-28 years old, and 3 of them were female
and 2 male. The study was approved by the Ethics Committee
of the Southern Medical University (Guangzhou, China).
Prior to sample collection, written informed consent was
obtained from all subjects. PBMCs were isolated from whole
blood collected in K2 EDTA vacuum blood collection tubes
(367525; BD Biosciences, Franklin Lakes, NJ, USA) using
Ficoll-Hypaque (Axis-Shield Diagnostics Ltd., Dundee, UK)
by density gradient centrifugation according to the manufac-
turer's protocols.

Flow cytometry. All cellnumbers were accurately counted using
flow cytometry according to the manufacturer's protocols. To
analyze the proportion of VY982 T cells, PBMCs were collected
and stained at 4°C for 20 min in the dark with the following
antibodies: Phycoerythrin (PE)-conjugated anti-yd TCR
antibody (12-9959-42; eBioscience; Thermo Fisher Scientific
Inc., MA, USA) and allophycocyanin (APC)-conjugated
anti-CD8 antibody (17-0087-42; eBioscience; Thermo Fisher
Scientific Inc.). Briefly, the cells were first collected and
counted. Then 1X PBS was used to wash the cells twice
following which, they were incubated with 1,000-fold diluted
antibody in 5% FBS PBS at 4°C for 20 min in the dark. The cells
were then washed twice with 5% FBS PBS and resuspended
in 1% paraformaldehyde (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany), then immediately analyzed using flow
cytometry (Attune NxT; Thermo Fisher Scientific Inc.) and
FlowJo version 7.0 (FlowJo LLC, Ashland, OR, USA). As
Vy962 T cells are CD4°CD8 T cells (27), VY952 T cells were
defined as yd T*CDS" cells.

Cell lines and yo T cells culture. 293 cells (cat. no. CRL-11268)
were purchased from the American Type Culture Collection
(Manassas, VA, USA) and used for lentiviral packaging. The
293 cells were cultured in Dulbecco's modified Eagle's medium
(Corning Incorporated, Corning, NY, USA) containing
10% fetal bovine serum (FBS; Corning Incorporated),
1% CTS™ GlutaMAX™-I (Gibco; Thermo Fisher Scientific
Inc.) and 1% Minimum Essential Medium Non-Essential
Amino Acids Solution (Gibco; Thermo Fisher Scientific Inc.)
at 37°C with 5% CO,.

PBMCs were stimulated with different doses of IPP
(Sigma-Aldrich; Merck KGaA) and recombinant human IL-2
(PeproTech, Inc., Rocky Hill, NJ, USA) in RPMI 1640 medium
(Corning Incorporated) supplemented with 10% FBS at 37°C
with 5% CO,. Briefly, PBMCs were isolated from whole blood
of healthy donors and the proportion of Vy962 T cells was
detected using flow cytometry. Subsequently, the cells were
divided into four groups and exposed to different culture
conditions, as described in Table II. During the 16 day culture
period, the proportion of Vy992 T cells was monitored
using flow cytometry and cell growth was observed under a
fluorescence microscope (Nikon Corporation, Tokyo, Japan).
v0 T cells were sorted from PBMCs using antiyd TCR-labeled
MACS magnetic beads (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany).

Cell Counting Kit-8 (CCK-8) assay. Cell viability of
Vy982 T cells in different culture conditions was assessed



SPANDIDOS

5 PUBLICATIONS MOLECULAR MEDICINE REPORTS 19: 1471-1480, 2019 1473
Table I. Culture methods for yd T cell expansion since 2000.
Relative increase

Author, Cytokines in the number Duration
year Cell source Stimulant (concentration) of cells (times) of culture (days) Refs.
Duault et al, PBMC BrHPP IL-2 (400 U/ml), 10-12 10 (40)
2016 IL-33 (100, 500

or 1,000 ng/ml)
Klimpel et al, PBMC None IL-2 (100 U/ml), 10-12 8 41
2003 IL-15 (1,000 U/ml)
Kondo et al, PBMC Zoledronate IL-2 (1,000 U/ml) 12-16 14 (24 42)
2011 (Zometa)
Sato et al,
2009
Barcy et al, PBMC None IL-2 (20 U/ml) 6-8 14 43)
2008 IL-7 (100 U/ml)
Rincon-Orozco et al, PBMC IPP IL-2 (100 U/ml) - 14 (44)
2005
Cabillic et al, PBMC BrHPP/Zoledronate IL-2 (400 U/ml) 12-14 14 (45)
2010 (Zometa)
Casetti et al, PBMC PP IL-2 (6.5 U/ml), 6-8 10 (46)
2009 IL-15 (10 ng/ml),

TNF-a (1.7 ng/ml)
Devilder et al, PBMC Phytohemagglutinin None 6-8 - 47
2009
Tsai et al Magnetically None None - - (48)
2015 isolated

vO T cells
McGill et al, Magnetically None IL-2 (10 U/ml) 8-10 - 49)
2016 isolated
vO T cells

BrHPP, bromohydrin pyrophosphate; IL, interleukin; IPP, isopentenyl pyrophosphate; PBMC, peripheral blood mononuclear cell; TNF-a,

tumor necrosis factor a.

using the CCK-8 assay. Cells were seeded in 96-well plates
(Shanghai ExCell Biology, Inc., Shanghai, China) at a density
of 2.5x10° cells/100 pl/well and 10 ul/well CCK-8 solution
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan)
was added. Cells were incubated at 37°C with 5% CO, for
4 h, then the supernatants were transferred to a new plate
and the absorbance was measured at 450 and 630 nm using a
Varioskan® Flash microplate reader (Thermo Fisher Scientific,
Inc.). Cell viability was calculated as the optical density (OD)
value at 450 nm divided by the OD value at the reference
wavelength 630 nm.

Lentiviral packaging and transduction. The 293 cells were
inoculated in T75 culture flasks (Nalge Nunc International,
Penfield, NY, USA) at a density of 2x10° cells and allowed
to reach 70-80% confluence the day prior to infection. The
lentiviral plasmid pHAGE-fullEF1a-MCS-1ZsGreen 6 pg, and
packaging plasmids psPAX2 4.5 ug and pMD2.G 2.4 ug (all
Invitrogen; Thermo Fisher Scientific Inc.) were transfected
into 293 cells using X-tremeGENE™ HP DNA Transfection
Reagent (Roche Applied Science, Mannheim, Germany) for
16 h at 37°C in 5% CO,, according to the manufacturer's

Table II. Expanding yd T cells using different combinations of
IPP and IL-2.

IL-2 (U/ml)
Group IPP (pg/ml) Day 0-5 Day 6-16
a 2 1,000 1,000
b 2 100 1,000
c 5 1,000 1,000
d 5 100 1,000

IL, interleukin; IPP, isopentenyl pyrophosphate.

protocol. Following 48-72 h, supernatants containing lentiviral
particles were harvested and filtered through a 0.45-um filter
(EMD Millipore, Billerica, MA, USA) to remove cell debris.
The supernatants were concentrated by ultracentrifugation at
50,000 x g at 4°C for 90 min, and the lentiviral particle pellet
was resuspended in 100% FBS and stored at -80°C. The viral
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titers of concentrated lentiviral particles were measured by
infecting 293 cells seeded at a density of 1x10° cells/well in
a 12-well plate (Nalge Nunc International) with viral serial
dilutions. Three days later, the green fluorescent protein (GFP)
expression was detected using flow cytometry and the viral
titer was calculated using the following equation: viral titer
(Tu/ul) = (% GFP* cells x number of cells transduced)/virus
volume.

For lentiviral transduction, PBMCs stimulated with IPP
and IL-2 were seeded at 1x10° cells/ml in 6-well plates (Nalge
Nunc International), and the concentrated lentivirus was
added at MOI=50 at 37°C and 5% CO,. The transduction was
repeated 2-3 times a day. After 5-7 days culture, the cells were
collected, and the expression of GFP and yd TCR was detected
using flow cytometry, as described above.

ELISA. Following lentiviral transduction, the cells were
seeded into the 96-well plates (Nalge Nunc International,
Penfield, NY, USA) for 18 h and the cell culture supernatant of
lentivirus infected or uninfected Vy992 T cells was collected
to detect secreted interferon gamma (IFN-vy) levels of using
an ELISA kit (EH008-96; Shanghai ExCell Biology, Inc.,
Shanghai, China), according to the manufacturer's protocol.

Statistical analysis. All data are presented as the
means + standard deviation and are the results of 3 independent
experiments. The IFN-y secretion levels amongst different
groups were analyzed using one-way analysis of variance
followed by least significant difference post hoc test. All
statistical analyses were performed using the SPSS version 17.0
(SPSS, Inc., Chicago, IL, USA). P-values were two-sided and
P<0.05 was considered to indicate a statistically significant
difference.

Results

Optimum culture conditions for yd T cells. The primary
proportion of Vy982 T cells in PBMCs (3.14%) was
consistent with that observed in a previous study (26) using
flow cytometry (Fig. 1A). Subsequently, different doses
of IPP and IL-2 at separate stages (Table II) were tested
in order to determine a suitable protocol for culturing
Vv962 T cells. Following 3-6 days of culture, clonal
clusters were observed (Fig. 1B), suggesting the start of
the logarithmic growth phase. To quantify the viability
of Vy9062 cells, CCK-8 assays were performed and the
results indicated no significant difference in cell viability
amongst the four different groups (Fig. 1C). Furthermore,
to determine whether different combinations of IPP and
IL-2 could influence the culture conditions of yd T cells
during the early stages of culture and encourage entry into
the logarithmic growth phase, the Vy982 T cell proportion
was determined using flow cytometry (Fig. 1D and E) and
the total number of cells in culture were counted (Fig. 1F).
The results from day 4 revealed that groups a and c, which
were exposed to high doses of IL-2 (1,000 U/ml) from the
beginning of culture, possessed significantly higher total cell
numbers and a higher proportion of Vy982 T cells compared
to groups b and d. This in turn also resulted in a higher
Vv982 T cell count (Fig. 1G). However, during the early
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stages of culture (0-5 days) there was no difference between
high and low doses of IPP in terms of the proportion of
Vv902 T cells (Fig. 1E). On day 16, the time period generally
used for ex vivo T cell long-term culture (31,32), there was no
difference in the proportion of Vy982 T cells amongst the four
groups (Fig. 1E). However, group b, where cells were cultured
in 2 ug/ml IPP plus 100 U/ml IL-2 at the early stage and
1,000 U/ml IL-2 at the later stage, demonstrated the highest
total cell count at 16 days (Fig. 1F) and the highest number
of VY962 T cells (Fig. 1G; Table I1I). These results indicated
that the group b protocol could maintain long-term culture of
Vy982 T cells, which is necessary for genetic modification
of T cells through lentiviral transduction because enough
time is allowed for expression of exogenous genes. For this
reason, the group b culture protocol was chosen to expand the
Vv902 T cells for genetic modification.

Expansion of yO T cells under optimum culture conditions for
lentiviral infection. After determining the appropriate condi-
tions for culturing Vy992 T cells, cell expansion was monitored
in order to find the optimal time point for lentiviral transduc-
tion. Since a minimum of 5-7 days is required for expression of
an exogenous gene using a recombinant lentivirus, long-term
culture of Vy982 T cells is necessary. The culture condition
with 2 ug/ml of IPP plus 100 U/ml IL-2 at the early stage and
1,000 U/ml IL-2 at the later stage (group b) was believed to
be the most suitable for genetic modification. Therefore, the
relative cell number and proportion of Vy982 T cells under
this condition were determined every 3 days. As presented in
Fig.2A, during the first 3 days of culture, the number of PBMCs
decreased greatly and only 50% of cells survived during this
period. In line with this, a lot of cell debris was observed in
the culture under the microscope. However, the proportion of
Vv962 T cells increased gradually (Fig. 2B). On day 6, the cell
count returned to the initial level, and the average proportion
of Vy982 T cells reached ~40%. Clonal clusters were also
observed under the microscope (data not shown). As the cells
entered the logarithmic growth phase (6-12 days), both the cell
count and the proportion of Vy982 T cells rapidly increased.
During the mid-logarithmic growth phase (8-14 days), the
culture contained the maximum cell count and highest propor-
tion of VY902 T cells, indicating the optimum time to perform
subsequent experiments. Finally, during the later stages of
culture (10-20 days), the plateau phase, the cell count and
proportion of VY902 T cells started to decrease.

Lentiviral transduction of yd T cells. Lentiviral transduction
is an efficient method for modulating gene expression that has
been extensively used in life science research (28). However,
the transduction protocol should be carefully designed to
improve transduction efficiency, particularly for primary
cells. According to the previous experiment, 8-10 days was
selected as the optimum culture time for yd T cells prior to
treatment. Therefore, lentivirus was added to v T cells at this
time point at an MOI=50, which has been demonstrated to
be most suitable for primary T cells (33). The reporter GFP
carried by the recombinant lentivirus was observed under a
fluorescence microscope (Fig. 3A) and quantified using flow
cytometry (Fig. 3B), 5-7 days following lentiviral transduc-
tion. The proportion of cells expressing both GFP and yd TCR
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Figure 1. Optimization of culture conditions for yd T cells. (A) Proportion of Vy992 T cells in PBMCs from healthy donors was determined using flow
cytometry. (B) Following 3-6 days of culture, the clonal clusters of yd T cells were observed using microscopy (magnification, x20). (C) Cell viability was
detected by Cell Counting Kit-8. (D and E) PBMCs were stimulated with different doses of IPP and IL-2, and the proportions of VY982 T cells were detected
using flow cytometry during the logarithmic growth phase (3-6 days) and the plateau phase (16 days). (F) Cell counts were determined to reflect the efficiency
of yd T cell expansion in different culture conditions. (G) From the total cell count and proportion of VY962 T cells, the VY932 T cell counts were calculated.
Data are expressed as the mean + standard deviation. "P<0.05, ““P<0.001. The experiments were repeated three times. CD, cluster of differentiation; IL-2,
interleukin 2; IPP, isopentenyl pyrophosphate; ns, not significant; PBMC, peripheral blood mononuclear cell, TCR, T cell receptor.

was daily detected between days 12-14 of culture. The results
confirmed that 5 days following infection (the 13th day of
the entire culturing period), there was a significantly higher
expression of GFP (P<0.001) and yd T cell expansion was
influenced by the lentivirus but still maintained high propor-

tion (Fig. 3B). To further investigate whether these yd T cells
were suitable for experimental purposes, Y0 T cells were
magnetically isolated and IFN-y secretion was measured to
confirm whether yd T cells were able to retain their function
following lentiviral transduction (Fig. 3E). According to the
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Table III. Summary of VY962 T cells harvested under four different culture conditions and recommended application for the

culture methods.

Group a b c d
Initial seeding density (x10° cells) 2.00 2.00 2.00 2.00
Day 4
Total cell count (x10° cells) 5.50+0.50 1.78+0.38 5.73+0.08 3.99+0.16
Vy982 T cell (%) 28.25+1.55 4.02+0.17 24+6.00 8.10+5.21
Vy982 T cell count (x10° cells) 1.55+0.06 0.07+0.02 1.38+0.33 0.31£0.19
Day 16
Total cell count (x10° cells) 15.8+1.10 33.00+1.00 9.90+0.80 16.40+4.40
Vy982 T cell (%) 47.75+6.76 55.15+4.39 52.50+18.09 53.25+4.40
Vy982 T cell count (x10° cells) 7.52+0.40 18.18+0.40 5.18+1.21 8.77+0.75
Application Short-term culture Long-term culture Unsuitable Unsuitable
A 3 B 80
° . 2 — 60 Y
% 21 £ ~
2 % 40
3 14 =
2 2 204
Q
= L
c T ) L T L) 0 L) T L) T T T
0 3 6 9 12 14 16 0 3 6 9 12 14 16
Days Days

Figure 2. Expansion of v T cells under optimum culture conditions for lentiviral infection. (A) Total number of peripheral blood mononuclear cells was
counted every 3 days and the highest number of total cells was observed between 8-14 days of culture. (B) Proportions of Vy992 T cells were determined using
flow cytometry every 3 days and the highest proportion of VY932 T cells was observed between 8-10 days. Data are expressed as mean + standard deviation.
“P<0.05, ““P<0.001 vs. Day 0. The experiments were repeated three times. TCR, T cell receptor.

ELISA results (Fig. 3E), cells transfected with the lentivirus
still secreted high levels of IFN-y 5 days following lentiviral
transduction, and there was no significant difference between
the uninfected control group and the lentiviral transduction
group. These results indicated that lentiviral transduction did
not affect the IFN-y secretion-ability of yd T cells. Therefore,
lentiviral infection did not appear to cause damage to cells,
and the harvested cells may be used to perform subsequent
functional experiments.

Discussion

Using different doses of IPP and IL-2, a set of methods
for VY902 T cell culture were established, for meeting
different experimental requirements. A total of four different
combinations of IPP and IL-2 tested in the present study
could effectively stimulate the expansion of Vy962 T cells.
Notably, following 16 days of culture, cell counts for the four
different groups increased 3-10 fold and the proportion of
Vy902 T cells was >50%. To quickly stimulate the expansion
of Vy962 T cells or increase the rate of VY962 T cells entering
the logarithmic growth phase, a high dose of IL-2 (1,000 U/ml)
was necessary, whereas 2 ug/ml IPP could be used for reasons
of economy. The most suitable culture method for experiments

requiring long-term culture of Vy962 T cells consisted of
adding 2 pg/ml IPP plus 100 U/ml IL-2 at the early stage, and
increasing to 1,000 U/ml IL-2 at the later stage. Under this
culture condition, the largest number of Vy992 T cells could
be harvested. This culture condition was optimal for long-term
culture of Vy982 T cells, in order to satisfy the time restraints
of lentiviral transduction. According to the growth pattern
of Vy962 T cells under this culture condition, 8-10 days was
considered the most appropriate timing to perform lentiviral
transduction. Following 5 days of lentiviral transduction, the
proportion of double-positive GFP and yd TCR cells reached
the highest level, and the harvested cells were still capable of
secreting IFN-y.

Effective expansion of VY982 T cells is necessary in order
to perform research on this subset of cells. IPP is regarded
as a direct stimulant of VY962 T cells and has been used in
previous studies for the expansion of Vy902 T cells (Table I).
In the present study, IPP was used to stimulate yd T cells in
PBMCs at a high (5 pg/ml) and low (2 ug/ml) dose, in combina-
tion with different concentrations of IL-2. Since Vy962 T cells
are CD4'CD8 T cells (27), cells were labeled with CD8 fluo-
rescent antibody to distinguish the Vy902 T cells from other
subsets of y0 T cells. By comparing the four different culture
conditions, it was observed that high doses of IL-2 at the early
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Figure 3. Optimization of lentiviral transduction efficiency in yd T cells. (A) GFP expression in cells was observed using a fluorescence microscope, 5-7 days
following lentiviral vector transduction. (B-D) Proportions of yd T cells expressing GFP were detected using flow cytometry, 5-7 days following lentiviral
vector transduction. (C-D) The proportion of GFP positive, and GFP and yd TCR double positive cells was used to select the most suitable time point for
performing subsequent functional assays. (E) IFN-y secretion was detected using ELISA to confirm functional activity of the cells. Data are expressed as
mean = standard deviation. “P<0.01, “*P<0.001 vs. 12 days. The experiments were repeated three times. GFP, green fluorescent protein; IFN-y, interferon v;

Lv_Td, lentiviral transduction; NS, not significant; TCR, T cell receptor.

stage of yO T cell culture led to an acceleration of yd T cell
expansion and increased the rate at which cells entered the
logarithmic growth phase. The different doses of IPP did not
result in any difference both in cell count and proportion of
Vv982 T cells, but the combination of the high dose of IPP
with low dose of IL-2 at the early stage was most effective
at stimulating cell expansion. Studies on the basic function of
Vv982 T cells, including cytotoxicity, cytokine and chemo-
kine secretion, antigen presentation, and immunomodulatory
activity (34-36) generally require quick and effective expan-
sion of Vy902 T cells, suggesting that initial harvesting of
sufficient VY992 T cells is necessary. Therefore, as presented
in Table III, the culture method in group a was regarded as the
most suitable for experiments focusing on Vy992 T cell func-
tional assays, as VY982 T cells could expand 2-3 times during
the 6-8-day culture period. The doses of IL-2 and IPP did not
influence the final culture results in terms of Vy982 T cell
proportion and T cell activity, indicating that all four methods

could stimulate effective expansion of Vy962 T cells. However,
in group b where 2 pg/ml IPP combined with 100 U/ml IL-2
was used at the early stage and 1,000 U/ml IL-2 at the later
stage, more Vy992 T cells were harvested compared with the
other groups. This may be because a low dose of IPP exerts
less damage on the cells compared with a high IPP dose (37),
while a low dose of IL-2 at the early stage causes other cell
subsets to die, leading to less cell competition with yd T cells.
Studies investigating other aspects of VY982 T cells, including
Vy982 T cell growth and genetic modification, generally
require a large number of cells or need longer incubation
times. Therefore, for these experiments, the group b protocol is
suitable, as the largest number of Vy932 T cells was harvested
and long-term culture of cells was possible (Table III).
Overall the results indicated two effective culture methods
for Vy992 T cells expansion. For short-term expansion of
Vy962 T cells (0-6 days), the most suitable culture method was
adding 2 pg/ml IPP and 1,000 U/ml IL-2; while for long-term
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culture of VY962 T cells to obtain a large number of cells, the
most suitable culturing method was adding 2 pg/ml IPP and
100 U/ml IL-2 at the early stage and increasing the dose of
IL-2 to 1,000 U/ml when the cells reached logarithmic growth
phase (and clonal clusters could be observed).

Lentiviral transduction is the main method for genetic
modification of primary cells and can be used in adoptive
antigen-specific T cell therapy (38). A previous study demon-
strated the anti-tumor effects of yd T cells in various cancer
types (39), leading to increasing interest in understanding
the potential application of Vy982 T cells in adoptive T cell
therapy, particularly in metastatic melanoma. Transferring
adoptive T cells to cancer patients with tumor infiltrating
lymphocytes expanded ex vivo may develop anti-tumor
immune responses (36). y0 T cells with tumor-infiltrating
ability are considered to be one of the most effective lympho-
cyte subsets because of their ability to kill tumor cells in
various types of cancers, including leukemia, neuroblastoma
and carcinomas (39). For these reasons, genetic modification
of v T cells has become a promising research tool.

Unlike cell lines, primary cells, particularly yd T cells,
which account for a small percentage of PBMCs, are difficult
to use for lentiviral transduction because of their sensitivity
to cell death and limited proliferative capacity (28).
Therefore, the experimental design should be carefully
considered to improve transduction efficiency. In the present
study, based on the different yd T cell culture methods, an
optimized lentiviral transduction protocol for yd T cells
was developed by investigating the optimum time for
transduction. Since lentiviral transduction generally requires
5-7 days for expressing an exogenous gene, long-term culture
of Vy982 T cells was necessary. Therefore, the group b
culture method using 2 pg/ml IPP plus 100 U/ml IL-2, at
the early stage and 1,000 U/ml IL-2 at the later stage was
selected. Furthermore, by monitoring yd T cells, it was
identified that the mid-logarithmic growth phase (8-10 days)
was when there was the greatest proportion of yd T cells,
indicating the most suitable time point to perform subsequent
experiments. MOI=50 is suitable for T cell lentiviral
transduction (35) because of the high transduction rate and
relatively low toxicity. In the present study, the protocol for
lentiviral transduction of yd T cells resulted in a relatively
high transduction ratio and low damage of cell function at
the same time. On day 5 post-lentiviral transduction, the
transduction rate reached the highest level, the proportion
of VY982 T cells remained high and the IFN-y secretory
function was unchanged.

In conclusion, Vy982 T cells exhibit distinct proliferation
characteristics during ex vivo culture and studies using
Vv962 T cells have to take this into account when designing
experimental procedures. In the present study, two culture
methods for expansion of Vy982 T cells were developed
to satisfy various experimental purposes, using different
combinations of IPP and IL-2 doses. However, these methods
are only tailored for culturing these cells in the laboratory.
If a larger scale culture of Vy962 T cells is required to meet
the needs of clinical applications or bioengineering, further
optimization of the methods is required. According to the
long-term culture method and the growth of Vy962 T cells,
lentiviral transduction was optimized for these cells. In the
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future, the genetic modification efficiency and functional
effects of the modified cells may be explored, to better
understand the application of these cells for biological therapy.
The present study provided a set of optimized protocols for
Vy982 T cell culture to fulfill various research purposes;
therefore, it will greatly promote basic research and clinic
application of yd T cells.
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