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miR-125b-5p and miR-99a-5p downregulate human γδ
T-cell activation and cytotoxicity

Yuli Zhu1,2,4, Siya Zhang1,4, Zinan Li1, Huaishan Wang1, Zhen Li1, Yu Hu1, Hui Chen1,
Xuan Zhang3, Lianxian Cui1, Jianmin Zhang1 and Wei He1

As an important component of innate immunity, human circulating γδ T cells function in rapid responses to
infections and tumorigenesis. MicroRNAs (miRNAs) play a critical regulatory role in multiple biological processes
and diseases. Therefore, how the functions of circulating human γδ T cells are regulated by miRNAs merits
investigation. In this study, we profiled the miRNA expression patterns in human peripheral γδ T cells from 21
healthy donors and identified 14 miRNAs that were differentially expressed between peripheral αβ T cells and γδ
T cells. Of the 14 identified genes, 7 miRNAs were downregulated, including miR-150-5p, miR-450a-5p,
miR-193b-3p, miR-365a-3p, miR-31-5p, miR-125b-5p and miR-99a-5p, whereas the other 7 miRNAs were
upregulated, including miR-34a-5p, miR-16-5p, miR-15b-5p, miR-24-3p, miR-22-3p, miR-22-5p and miR-9-5p,
in γδ T cells compared with αβ T cells. In subsequent functional studies, we found that both miR-125b-5p and
miR-99a-5p downregulated γδ T cell activation and cytotoxicity to tumor cells. Overexpression of miR-125b-5p or
miR-99a-5p in γδ T cells inhibited γδ T cell activation and promoted γδ T cell apoptosis. Additionally, miR-125b-
5p knockdown facilitated the cytotoxicity of γδ T cells toward tumor cells in vitro by increasing degranulation and
secretion of IFN-γ and TNF-α. Our findings improve the understanding of the regulatory functions of miRNAs in γδ
T cell activation and cytotoxicity, which has implications for interventional approaches to γδ T cell-mediated cancer
therapy.
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INTRODUCTION

γδ T cells, T-cell subunits with a T cell receptor (TCR)
composed of γ and δ chains, constitute only a small proportion
(3–10%) of circulating CD3+ T lymphocytes in human
peripheral blood.1 Compared with conventional αβ T cells,
γδ T cells differ in their distribution, antigen recognition and
biological function.2–5 They respond polyclonally in a major
histocompatibility complex (MHC)-unrestricted manner.6,7

Thus, γδ T cells convert innate immune pattern recognition
into a quick response to pathogens and tumors.8,9 Simulta-
neously, γδ T cells can also serve as antigen-presenting cells
(APCs) to participate in the adaptive immune response.10,11

MicroRNAs (miRNAs) are endogenous, small, non-coding
RNAs (approximately 18–25 nucleotides) that are naturally
occurring and evolutionarily highly conserved. They usually
negatively regulate post-transcriptional gene expression by
binding to the 3ʹ untranslated region (UTR) of their target
mRNAs to degrade or inhibit their translation.12,13 Increasing
evidence has demonstrated that miRNAs play crucial roles in
immune cell development and immune responses to pathogens
and cancer.14 For example, miR-150 regulates the transcription
factor c-Myb,15 miR-181 modulates T-cell antigen receptor
sensitivity,16 and miR-155 affects the differentiation of CD4+ T
lymphocytes into T helper type 1 (Th1) cells.17 In human tonsil
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germinal centers, miR-125b is upregulated in B lymphocytes,
and its target is the transcriptional repressor Blimp-1.18

miR-125b is overexpressed in human hematological tumors,
such as acute lymphoblastic leukemia and acute myeloid
leukemia, and miR-125b overexpression in hematopoietic stem
cells causes myeloid leukemia in mice.19,20

miRNA analysis has been performed using mouse lympho-
cyte subsets and 17 different highly purified human lymphocyte
subsets.21 However, the miRNA expression profiles and func-
tions in γδ T cells have not been fully characterized. In this
study, we characterized the miRNAs expression profiles of
peripheral γδ T cells and αβ T cells, and 14 differentially
expressed miRNAs were identified. Of these miRNAs, 7 were
upregulated and 7 were downregulated in γδ T cells. Functional
studies revealed that miR-125b-5p and miR-99a-5p exhibited
negative regulatory roles in γδ T cell activation and cytotoxicity.

MATERIALS AND METHODS

Sample collection
Peripheral blood samples from healthy donors were collected at
the Institute of Basic Medical Sciences at the Chinese Academy
of Medical Sciences. All samples were collected with informed
consent and approved by the ethical board of the Institute of
Basic Medical Sciences at the Chinese Academy of Medical
Sciences.

Cell isolation
Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using a Ficoll density gradient
(GE Healthcare, United Kingdom) as described previously.22,23

αβ T cells and γδ T cells were simultaneously purified from
PBMCs using magnetic-activated cell sorting (MACS). In brief,
we separated donor PBMCs into two portions to purify either
γδ T cells using a human TCRγ/δ+ T cell isolation kit (Miltenyi
Biotechnology Incorporation, Cologne, Bergisch Gladbach,
Germany) or αβ T cells using a human TCRα/β+ T-cell
isolation kit (Miltenyi Biotechnology Incorporation). The
purity of the separated T cells was detected by flow cytometry
(FCM). A purity 490% for both T-cell subsets was considered
qualifiable for the experiments.

RNA isolation and quantitative real-time PCR analysis
RNA was isolated using TRIzol LS Reagent (Life Technologies,
USA) according to a previously described protocol.24 Briefly, the
cell pellets were resuspended in TRIzol LS Reagent and homo-
genized by pipetting. Chloroform was then added to induce
phase separation, and the top, clear, aqueous phase containing
RNA was precipitated and washed several times. All extracted
RNAs were measured with a NanoDrop 8000 spectrophotometer.
The synthesized C. elegans miRNAs cel-miR-67 and cel-miR-356
were supplied extrinsically together with U1 and U6 as normal-
ization controls for miRNA quantification. cDNA was quantified
using the QuantoBio three-step quantitative PCR method. First,
polyA tails were added to the pre and mature forms of the
miRNAs with A-Plus bacterial polyA polymerase. The miRNAs
were then reverse-transcribed and universally tagged; an oligo dT

and universal tag were added, and reverse transcription was
initiated by MuLV retrotranscriptase. The first strands of the
cDNAs were then synthesized, and 5ʹ-end universal tags were
produced. Finally, real-time PCR quantification was performed
using miRNA-specific primers and 3ʹ universal primer mix.

Data treatment and statistical analyses
The raw Ct values were calculated and exported using the ABI
7500 instrument as ‘Amplification Data’ text files. In the first
screening, 6 samples and 353 detectors (347 miRNAs detectors+6
control detectors) were loaded. Candidate endogenous control(s)
were analyzed using Genorm and normalized using cel-mir-356,
cel-miR-67, U1 and U6. All samples were normalized according
to the M-value analysis. The second validation was loaded on 36
samples and 21 detectors. All samples were normalized according
to their U6 value based on the m-value analysis. The △Ct
hierarchical clustering was then analyzed using the complete
linkage method, Euclidean distance and z-score normalization.
Differential expression was tested using the paired tests (Student’s
t-tests) false discovery rate (FDR) method with an adjusted P-
value threshold of 0.05. To examine the differentially expressed
γδ T cells, αβ T cells were used as the background.

γδ T-cell activation
γδ T-cell activation and expansion were performed as described
previously.25,26 Briefly, 24-well plates were coated with 0.5 μg of
anti-pan γδ TCR mAb (Immunotech, Beckman Coulter, Brea,
CA, USA). After removal of this solution, PBMCs were added
to the plates and cultured in RPMI 1640 medium (Corning,
Corelle City, NY, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco BRL company, USA), 200 IU/ml recom-
binant human IL-2 (Beijing Read United Cross Pharmaceutical
Co., Ltd., China), 100mg/ml penicillin and 100 U/ml strepto-
mycin at 37 °C and 5% CO2 for 5 days. The PBMCs were then
transferred to culture bottles and passaged based on their
growth until a purity 490% was achieved. IL-2 was removed
after 24 h to obtain rested γδ T cells. For the isoprenyl
pyrophosphate activation pathway, 10 μM pamidronate
(PAM, Novartis, Switzerland) was added to PBMCs in com-
plete medium followed by passaging every 1–3 days.

Cytotoxicity assay
Daudi and Raji (human Burkitt’s lymphoma) tumor cell lines
were cultured in complete RPMI 1640 medium with 10% FBS,
which was obtained from the Cell Culture Center of the
Institute of Basic Medicine at the Chinese Academy of Medical
Sciences. We used the CytoTox 96 Non-radioactive Cytotoxi-
city Assay (Promega, Madison, WI, USA) to determine specific
cytotoxicity, which is based on the colorimetric detection of the
released lactate dehydrogenase enzyme. Daudi and Raji cells
were co-cultured with activated γδ T cells without IL-2 at 37 °C
at an E:T ratio of 1:1 after γδ T cells were cultured and
expanded by anti-pan γδ TCR antibodies for 10 days and the
purity reached 490%. After 6 h, the culture supernatants were
collected to detect the lactate dehydrogenase activity according
to the manufacturer’s instructions.
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DNA transfection by electroporation
miR-125b-5p and miR-99a-5p mimics or inhibitors were
commercial products purchased from Life Technologies (miR-
IDIAN microRNA mimic/miRIDIAN hairpin inhibitor). Acti-
vated γδ T cells were transfected with either 100 pmol, mimic
or inhibitor using the Amaxa Nucleofector Kit V, program
T-23. The transfected cells were assayed after a rest period of
24 h. Dead cells were removed using the Dead Cell Removal Kit
(Miltenyi Biotechnology Incorporation, Germany).

FCM
Cells were collected and sustained with different fluorochrome-
conjugated monoclonal antibodies (Biolegend, San Diego, CA,
USA). For intracellular cytokine detection, BFA (brefeldin A,
eBioscience, San Diego, CA, USA) was added to the culture
medium to inhibit protein transport from the endoplasmic
reticulum to the Golgi apparatus. Cytometric data were
acquired using a BD Accuri C6 flow cytometer (BD Bios-
ciences, Franklin Lakes, NJ, USA). The data were analyzed with
FlowJo Software (TreeStar Inc., Redmond, WA, USA), and
either the percentage of positively stained cells or the mean
fluorescence intensity is presented.

Proliferation and apoptosis analysis
The CellTrace™ CFSE Cell Proliferation Kit (Life Technolo-
gies, Carlsbad, CA, USA) and the Cell Counting Kit 8 (CCK-8)
(DOJINDO, Tokyo, Japan) were employed to detect cell
proliferation according to the associated user manuals as
described previously.27,28 Briefly, 5 mM CFSE stock solution
was added to 106 γδ T cells for 15min at 37 °C. Then, γδ
T cells were centrifuged and resuspended in fresh medium.
After staining, cell division in which CFSE was incorporated
was detected by FCM. To detect apoptosis, CCK-8 was added
to 105 γδ T cells for 4 h at 37 °C, and the OD450 value was
measured using a microplate reader. Apoptosis was detected
using the Annexin V Apoptosis Detection Kit (Life Technol-
ogies), caspase 3 (active) the FITC Staining Kit (Abcam,
Cambridge, UK), and the In situ BrdU-Red DNA Fragmenta-
tion (TUNEL) Assay Kit (Abcam). Cells undergoing early
apoptosis were FITC Annexin V-positive and PI-negative,
and cells undergoing late apoptosis and cells that were already
dead were positive for both FITC Annexin V and PI.

Lentiviral-mediated microRNA overexpression
miR-125b-5p (primer: 5ʹ-ATTTGCGGCCGCTCAGCTGAGAT
GTTCTGAGGT-3ʹ, 5ʹ-CGGAATTCTCAGTCATTTGTGCTAG
TCGT-3ʹ) and miR-99a-5p (primer: 5ʹ-CGGAATTCGTAA
TACTACATTCATGCCTC-3ʹ, 5ʹ-ATTTGCGGCCGCAGTCAA
TTGCATTCAGCCTCA-3ʹ) were amplified such that they
consisted of the stem loop structure plus 300–500 base pairs
of upstream and downstream flanking genomic sequences.
After purification, the DNA segments were ligated into the
pCDH-CMV-MCS-EF1-copGFP vector (System Biosciences,
Palo Alto, CA, USA). Then, the constructed lentiviral vectors
were co-transfected into 293T cells with a packaging plasmid
mix using Lipofectamine 2000 (ThermoFisher, USA). After 48

and 72 h, the culture supernatants were collected as pseudoviral
particles by filtration and ultracentrifugation and then used to
activate γδ T cells, which were cultured with anti-pan γδ TCR
antibodies for 10 days and reached a purity of 490%, to
overexpress the microRNAs. C. elegans miRNA was used as a
negative control.

Statistical analysis
Data are expressed as the means± s.e.m. Paired Student’s t-
tests (SPSS version 16.0 software) were used to determine
significant differences between groups. A P-value o0.05 was
considered statistically significant.

RESULTS

Identification of differentially expressed miRNAs between
human primary αβ T and γδ T lymphocytes
To characterize the differences in miRNA expression profiles
between αβ T cells and γδ T cells, αβ T and γδ T cells were
purified from 3 healthy donors, respectively. (Supplementary
Figure 1 and Supplementary Table 1). Based on the expression
levels (Supplementary Table 2), 21 differentially expressed
miRNAs were identified between γδ T cells and αβ T cells
(Figure 1), including the top 9 downregulated miRNAs (miR-
-99a-5p, miR-370, miR-125b-5p, miR-193b-3p, miR-450a-5p,
miR-150-5p, miR-29c-3p, miR-31-5p and miR-365a-3p: the
ΔΔCt cutoff value was 1.5; Figure 1b) and the top 12
upregulated miRNAs (miR-34a-5p, miR-24-3p, miR-718, miR-
-302a-3p, miR-16-5p, miR-15b-5p, miR-22-3p, miR-451a,
miR-711, miR-23a-5p, miR-9-5p and miR-22-5p: the ΔΔCt
cutoff value was 3.0; Figure 1c) in γδ T cells.

Validation of miRNAs that were differentially expressed
between human primary αβ T and γδ T lymphocytes
To verify whether the 21 miRNAs identified were in fact
differentially expressed between human primary αβ T and γδ T
lymphocytes, we performed real-time RT-PCR in αβ T cells
and γδ T cells from 18 healthy donors (Supplementary Table 3)
to examine their expression levels (Supplementary Table 4).
After real-time PCR, the ΔCt values of 21 detectors and 36
samples were analyzed by hierarchical clustering using the
complete linkage method, Euclidean distance and z-score
normalization. All samples could be clearly divided into two
groups: αβ T cells and γδ T cells (Figures 2a and b). The results
showed that the expression levels of 14 miRNAs belonging to
11 miRNA families were significantly different between αβ
T cells and γδ T cells (Po0.05). These miRNAs included 7
downregulated miRNAs (miR-125-5p, miR-99a-5p, miR-31-
5p, miR-365a-3p, miR-193b-3p, miR-150-5p and miR-450a-
5p; Figure 2c) and 7 upregulated miRNAs (miR-34a-5p,
miR-16-5p, miR-15b-5p, miR-24-3p, miR-22-5p, miR-22-3p,
and miR-9-5p) in γδ T cells (Figure 2d). However, we did not
find any miRNAs that were uniquely expressed in either αβ
T cells or γδ T cells in our two rounds of screening.
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miR-125b-5p and miR-99a-5p were downregulated in
activated γδ T cells
We sought to determine whether the differentially expressed
miRNAs varied according to the various stages of γδ T-cell
activation. In our preliminary experiments, we found that the
isoprenyl pyrophosphate preferably activated Vδ2+ γδ T cells,
which could bias the analysis of differences between αβ and γδ
T cells. Next, we activated and expanded γδ T cells with anti-
pan γδ TCR antibodies, resulting in Vδ1+ and Vδ2+ subsets
and a ratio of Vδ1/Vδ2 T similar to peripheral blood γδ T cells
(Supplementary Figure 2). Thus, the 14 differentially expressed
miRNAs were analyzed in γδ T cells during four different stages
of activation using anti-pan γδ TCR antibodies (Figure 3).

Freshly isolated γδ T cells from PBMCs were defined as being
in the non-activated stage. γδ T cells stimulated by an antibody
for 24 h were regarded as being in the early stage of activation.
The percentage of γδ T cells reached ~ 90% after being
cultured for 10 days, at which point they were in the late stage
of activation. Rested γδ T cells represented activated and
proliferated cells cultured in the absence of IL-2 for an
additional 24 h. The results showed that miR-34a-5p expres-
sion was increased 430-fold in the late-activation stage
compared with the non-activated stage. The expression levels
of miR-22-3p and miR-9-5p were increased approximately 10-
fold in the early-activation stage (Figure 3a), whereas the
expression levels of miR-450a-5p, miR-99a-5p, miR-125b-5p

Figure 1 Differentially expressed miRNAs between γδ T cells and αβ T cells. (a) Heat map of the correlated miRNAs between γδ T cells
and αβ T cells from three donors. The ΔCt values of 347 detectors and 6 samples were analyzed by hierarchical clustering after real-time
RT-PCR. (b) ΔΔCt values of the top 9 downregulated miRNAs in γδ T cells compared with αβ T cells; the ΔΔCt cutoff value was 1.5. (c)
ΔΔCt values of the top 12 upregulated miRNAs in γδ T cells compared with αβ T cells; the ΔΔCt cutoff value was 3.0. Data are shown as
the means± s.d.
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Figure 2 Differentially expressed miRNAs between γδ T cells and αβ T cells. Differential expression was determined using the paired test
(Student’s t-tests) false discovery rate (FDR) method with an adjusted P-value threshold of 0.05. (a) Hierarchical clustering of the ΔCt
values of the expression of the identified miRNAs between αβ T and γδ T cells. (b) Correlation across biological groups after imputation. (c
and d). Fold changes in differentially expressed miRNAs between αβ T cells and γδ T cells. (c) Downregulated miRNAs in γδ T cells. (d)
Upregulated miRNAs in γδ T cells. Data are shown as the means± s.e.m.
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and miR-365a-5p were decreased more than twofold in this
stage compared with those in the non-activated stage. In
addition, the expression of miR-99a-5p, miR-150-5p,
miR-125b-5p and miR-22-5p was significantly decreased in
the late stage of activation (Figure 3b). Interestingly, the
expression levels of miR-125b-5p and miR-99a-5p were con-
sistently decreased in both the early activation and late
activation stages (Figure 3b).

miR-125b-5p and miR-99a-5p were downregulated in
response to γδ T-cell cytotoxicity
Unlike αβ T cells, γδ T cells can directly cytolyze MHC-
defective tumor cells, such as Daudi cells.29 Thus, we examined
the expression of the 14 identified differentially expressed
miRNAs during γδ T-cell lysis of Daudi cells (Supplementary
Table 5). To exclude nonspecific signals, we used another type
of Burkitt's lymphoma cells, Raji cells, as a negative control,
which are resistant to the cytolytic activity of γδ T cells
(Supplementary Table 6).30 Because the lytic rate was greater
than 80% at an E:T ratio of 1:1 after 4 h of incubation, we set
2 h as the early cytolysis point and 4 h as the late cytolysis
point. To exclude individual differences, we performed the
experiments with γδ T cells sorted by MACS from three
healthy donors. The results showed that the expression levels of
most miRNAs were variable during the γδ T cell-mediated
cytolysis of Daudi cells (Figure 4). However, the expression
levels of miR-125b-5p and miR-99a-5p were consistently
reduced.

Overexpression of miR-125b-5p and miR-99a-5p mimics
induce γδ T cell apoptosis
Next, we sought to examine the effects of miR-125b-5p and
miR-99a-5p overexpression and knockdown on activated γδ
T cells. miR-125b-5p and miR-99a-5p mimics or inhibitors
were transfected into γδ T cells by electroporation. Real-time
PCR confirmed the expression of miR-125b-5p and miR-99a-
5p (Figure 5a). We found that the γδ T-cell density and
number of colonies were significantly reduced after they were
electroporated with either the miR-125b-5p mimic or the
miR-99a-5p mimic, whereas the miR-125b-5p and miR-99a-5p
inhibitors dramatically increased the number of γδ T-cell
colonies. To rule out the effects of electroporation, we removed
the dead cells with the Dead Cell Removal Kit and counted the
living cells at 24, 48 and 72 h after electroporation with the
miR125b-5p and miR-99a-5p mimics and inhibitors, and we
achieved comparable results (Figures 5b and c). Additionally,
we confirmed that the mimic negative control and inhibitor
negative control consistently showed similar results for γδ
T-cell apoptosis (Supplementary Figure 3A). Therefore, we
applied the inhibitor negative controls in all related
experiments.

Then, we examined whether the miR125b-5p and miR-99a-
5p mimics and inhibitors affected the proliferative activity of γδ
T cells with CFSE and CCK-8, but no significant differences
were observed (Figure 6a), indicating that miR125b-5p and
miR-99a-5p mimics and inhibitors did not affect the prolif-
erative activity of γδ T cells. Next, we examined whether
miR125b-5p and miR-99a-5p mimics caused γδ T-cell apop-
tosis. We found that overexpression of the miR-125b-5p and
miR-99a-5p mimics resulted in an increased number of
Annexin V+ γδ T cells (Figures 6b and c). We then detected
activated caspase 3 (Supplementary Figure 4a) and applied the
TUNEL assay (Supplementary Figure 4b) to further evaluate
apoptosis. Taken together, the results revealed that miR-125b-
5p and miR-99a-5p overexpression enhanced the apoptosis of
γδ T cells rather than affected their proliferation. Additionally,
miR-125b-5p showed stronger effects than miR-99a-5p
(Figure 6c).

miR-125b-5p and miR-99a-5p overexpression inhibits γδ
T-cell activation
We constructed a lentiviral vector (pCDH-CMV-MCS-EF1-
copGFP) to increase the efficiency of miR-125b-5p and
miR-99a-5p overexpression in freshly isolated PBMCs
(Supplementary Figure 5). We then stimulated the PBMCs
with an anti-pan γδTCR antibody and observed their activa-
tion. We found that lentiviral overexpression of miR-125b-5p
and miR-99a-5p inhibited γδ T-cell activation induced by the
anti-pan γδ TCR antibody (Figures 7a and b). The expression
levels of the early activation markers CD25 and CD69, as well
as those of the late activation marker MHC-II molecules, were
significantly reduced in γδ T cells infected by lentivirus
expressing miR-125b-5p or miR-99a-5p compared with the
lentiviral controls (Figures 7c–e).

Figure 3 Expression levels of the differentially expressed miRNAs in
different stages of γδ T cell activation. Expression levels of
upregulated miRNAs (a) and downregulated miRNAs (b) in different
stages of γδ T cell activation compared with those in the non-
activated stage. Data are shown as the means± s.d. (n=4
independent experiments). The differences (paired Student’s t-tests)
were significant (*Po0.05, ** Po0.01).
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miR-125b-5p and miR-99a-5p inhibitors promote γδ T-cell
cytotoxicity to Daudi cells
Next, we examined whether the miR-125b-5p and miR-99a-5p
mimics and inhibitors affected the cytotoxicity of γδ T cells.
We found that overexpression of the miR-125b-5p and

miR-99a-5p inhibitors strongly enhanced the cytotoxicity of
γδ T cells to Daudi cells, whereas the opposite result was
obtained for γδ T cells when the miR-125b-5p and miR-99a-5p
mimics were overexpressed (Figures 8a and b). We further
examined whether the miR-125b-5p and miR-99a-5p inhibi-
tors could activate γδ T cells to kill Raji cells. However, the
cytotoxicity of γδ T cells to Raji cells remained ato5%, even at
an E:T ratio of 10:1 (Figure 8c and d and Supplementary
Figure S3B).

miR-125b-5p and miR-99a-5p regulate γδ T cell cytotoxicity
by decreasing degranulation and inhibit the secretion of
IFN-γ and TNF-α
Next, we attempted to explore the mechanism underlying the
regulatory function of miR-125b-5p and miR-99a-5p in the
cytotoxicity of γδ T cells. We detected the cytotoxicity-related
factors CD107a (lysosomal-associated membrane protein 1,
LAMP-1), granzyme B and perforin in γδ T cells (Figure 9)
during exposure of to Daudi cells to cytotoxic of γδ T cells. As
expected, we observed a significant increase in CD107a
expression in γδ T cells after inhibition of miR-125b-5p or
miR-99a-5p, even though miR-125b-5p was more statistically
significant than miR-99a-5p. However, no significant changes

Figure 4 Expression levels of the identified miRNAs in γδ T cells
co-cultured with Daudi or Raji cells. After co-culturing γδ T cells
with Daudi or Raji cells for 2 and 4 h, the expression levels of the
miRNAs were measured by real-time PCR. To exclude nonspecific
signals, the miRNA expression levels in γδ T cells co-cultured with
Daudi cells were subtracted from those of γδ T cells co-cultured
with Raji cells.miR-99a-5p and miR-125b-5p showed the most
obvious reduction and displayed good consistency.

Figure 5 γδ T-cell numbers after miR-125b-5p and miR-99a-5p overexpression and knockdown. (a) Detection of the transfection efficiency
of electroporation by FITC-labeled transfection control. (b) Real-time RT PCR analysis of the transcriptional expression of miRNAs in γδ
T cells transfected with miR-125b-5p and miR-99a-5p mimics or inhibitors or a negative control (NC) via electroporation. (c) Cell density
analysis of living γδ T cells after removing the dead cells with the Dead Cell Removal Kit at 24, 48 and 72 h after being transfection with
miR-125b-5p and miR-99a-5p mimics or inhibitors. (d) Representative images of γδ T cells at 72 h after electroporation with miR-125b-
5p and miR-99a-5p mimics, inhibitors and the NC. Scale bar: 1 mm. Data are shown as the means± s.d. (n=4 independent
experiments). The differences (paired Student’s t-test) were significant (*Po0.05, **Po0.01).
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were observed in granzyme B and perforin expression. We
subsequently detected the secretion of IFN-γ and TNF-α in the
culture supernatant after γδ T cells were co-cultured with

Daudi cells. The results showed that overexpression of
miR-125b-5p significantly reduced the secretion of IFN-γ after
the γδ T cells were co-cultured with Daudi cells for 48 h.

Figure 6 miR-125b-5p and miR-99a-5p overexpression promoted γδ T-cell apoptosis. (a) Proliferative activity analysis of γδ T cells
cultured with CCK-8 in complete medium with IL-2 for 2 h at 24, 48 and 72 h after electroporation with miR125b-5p and miR-99a-5p
mimics or inhibitors, or the NC. (b) Flow cytometry (FCM) Annexin V-FITC and PI analyses to detect γδ T-cell apoptosis at 48 h in
complete medium with IL-2 after electroporation with the NC or the miR125b-5p and miR-99a-5p mimics or inhibitors. (c) Quantitative
analysis of the percentages of Annexin V+ cells after electroporation with the miR125b-5p and miR-99a-5p mimics or inhibitors. Data are
shown as the means± s.d. (n=5 independent experiments). The differences (paired Student’s t-test) were significant (*Po0.05,
**Po0.01).
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Figure 7 miR-125b-5p and miR-99a-5p overexpression inhibited γδ T-cell activation. PBMCs were isolated from peripheral blood and
infected by lentivirus expressing miR-125b-5p and miR-99a-5p. On days 7 (a) and 9 (b) after being stimulated with an anti-pan γδ TCR
antibody in complete medium with IL-2, γδ T-cell activation was suppressed. The percentage of γδ TCR+ cells was greatly reduced. Even
after 14 days, the γδ T-cell ratio did not exceed 70%. Simultaneously, expression of the activation markers was downregulated. Flow
cytometry (FCM) was used to examine the expression levels of CD25 (c) and CD69 (d) on day 5 and of MHC-II (e) on day 9. The image in
the right column shows the quantitative results. Data are shown as the means± s.d. (n=4 independent experiments). The differences
(paired Student’s t-test) were significant (**Po0.01).
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In contrast, inhibition of miR-125b-5p expression enhanced
the secretion of IFN-γ and TNF-α after γδ T cells were co-
cultured with Daudi cells for 48 or 72 h (Figure 10). Interest-
ingly, miR-99a-5p had no effect on the expression of CD107a,
granzyme B and perforin in γδ T cells. Taken together, these
results suggest that miR-125b-5p regulates the cytotoxicity of
γδ T cells by targeting degranulation and the expression of
IFN-γ and TNF-α.

DISCUSSION

In this study, we characterized the miRNA profiles of human
peripheral blood γδ T cells and αβ T cells. We discovered that
two miRNAs, miR-125b-5p and miR-99a-5p, are differentially
expressed between γδ T cells and αβ T cells. We found that
miR-125b-5p and miR-99a-5p play crucial roles in regulating
the activation and cytotoxicity of γδ T cells.

miR-125b-5p has demonstrated a variety of functions in
hematopoietic stem cells (HSCs), B cells, CD4+ T cells and
macrophages as a ‘star molecule.’ miR-125b-5p is highly
expressed in HSCs and promotes HSC self-renewal.31 The
expression of miR-125b-5p has been shown to gradually
decrease as HSCs differentiate into a variety of precursor
cells.20,32 miR-125b-5p has been shown to be highly expressed
in naive CD4+ T cells, but its expression decreases as CD4+
T cells differentiate into effector T cells. Further studies have
demonstrated that miR-125b-5p can inhibit CD4+ T cell
differentiation and maintain T cells in their naive state by

targeting IFN-γ, IL-2 Rβ, IL-10 Rα, PRDM1 (PR domain
containing 1 with the ZNF Domain) and other genes.21 The
study regarding the inhibition of B-cell activation by
miR-125b-5p is more comprehensive. Previous studies have
demonstrated that miR-125b-5p can inhibit pro-B cell differ-
entiation by common lymphoid progenitors (CLPs). It can also
block the differentiation of pre-B I cells into B cells by
inhibiting the immunoglobulin heavy chain transcription
activator Bright/Arid3a.33 miR-125b-5p has also been shown
to prevent B-cell differentiation in the germinal center by
inhibiting transcription factor B lymphocyte-induced matura-
tion protein-1 (BLIMP-1) and IFN regulatory protein-4 (IRF-
-4).34 However, miR-125b-5p has also been reported to
promote macrophage activation. When miR-125b-5p is over-
expressed, macrophages express more co-stimulatory molecules
and display activated functions.35

miR-99a-5p is similar to miR-125b-5p in that it is highly
expressed in HSCs, and its expression is decreased after HSCs
differentiate into progenitor cells. Simultaneously, miR-99a-5p
has been reported to inhibit cell proliferation and differentia-
tion in other somatic cells, such as keratinocytes,36 mesench-
ymal cells 37 and cardiomyocytes.38 Collectively, these findings
suggest that miR-125b-5p and miR-99a-5p serve as negative
regulators in the activation of γδ T cells. To verify this
conclusion, we further overexpressed miR-125b-5p and
miR-99a-5p in PBMCs by lentiviral infection and found that
the activation of γδ T cells was inhibited and the effect of

Figure 8 miR-125b-5p and miR-99a-5p regulate γδ T-cell cytotoxicity. (a and b) Analysis of γδ T-cell cytotoxicity to Daudi cells after
removing dead cells with the Dead Cell Removal Kit at a ratio of 0.5:1 at 24, 48 and 72 h after electroporation with the NC or the
miR125b-5p (a) and miR-99a-5p (b) mimics or inhibitors. The miR-125b-5p and miR-99a-5p inhibitors promoted the cytotoxicity of γδ
T cells to Daudi cells. (c and d) Analysis of γδ T-cell cytotoxicity to Raji cells at an E:T ratio of 10:1 at 48 h after electroporation with the
NC or the miR125b-5p (c) and miR-99a-5p (d) mimics or inhibitors. Data are shown as the means± s.d. (n=7 independent experiments).
The differences (paired Student’s t-test) were significant (*Po0.05, **Po0.01).

miR-125b-5p and miR-99a-5p downregulate γδ T cell function

Y Zhu et al

121

Cellular and Molecular Immunology



miR-99a-5p was more obvious in the early stage, which is
consistent with previous screening data.

miR-99a-5p has been reported to have many roles in cell
proliferation and apoptosis. It can inhibit cell growth and
promote apoptosis via two pathways.39,40 First, it can target
chromatin remodeling elements, such as the SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin
subfamily a member 5 (SMARCA5) and the SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin
subfamily D member 1 (SMARCD1). Second, miR-99a-5p
can target growth-regulating kinases, such as mammalian target
of rapamycin (mTOR), insulin-like growth factor 1 receptor
(IGF-1R) and fibroblast growth factor receptor 3 (FGFR3).
miR-99a-5p can also reduce the ability of DNA to repair
damage.41,42

miR-125b-5p has also been reported to regulate cell pro-
liferation and apoptosis. For example, in hepatoma cells,
miR-125b-5p can inhibit cell proliferation and promote
apoptosis by targeting the anti-apoptotic protein gene BCL-2
and the proto-oncogene LIN28B.43,44 In osteosarcoma,

miR-125b-5p can downregulate the signal transducer and
activator of transcription 3 (STAT3) gene and subsequently
inhibit cell proliferation and migration.45 However, in a few
cell types, such as human and mouse megakaryocytic progeni-
tors (MPs) and megakaryocytes/erythrocytes (MEPs),
miR-125b-5p can promote cell proliferation and self-
renewal.46 Predictive analysis of the target genes of
miR-125b-5p has identified thousands of candidate genes.
Among these candidates, hundreds of genes have been verified,
including the p53 gene 47 as the central regulator of apoptosis
and proliferation, its functionally opposite gene Bcl-2, and the
antagonistic BCL2-antagonist/killer 1 (Bak1) gene.48 Therefore,
miR-125b-5p regulation depends on the cell type and stimu-
latory conditions. By targeting p53, miR-125b-5p can regulate
either apoptosis or proliferation. Conversely, miR-125b-5p can
also directly regulate the apoptosis regulators and cell cycle
regulators of the p53 pathway, such as Igfbp3, Itch, Puma,
Prkra, Tp53inp1, Tp53, Zac1 and cyclin C, Cdc25c, Cdkn2c,
Edn1, Ppp1ca and Sel1 l, which, respectively, play roles in
regulating apoptosis and proliferation.47 In this study, we

Figure 9 miR-125b-5p and miR-99a-5p regulate the expression of CD107a, but not granzyme B and perforin. The expression levels of
CD107a (a and b), granzyme B (c and d) and perforin (e and f) in γδ T cells after co-culturing for 4 h with Daudi cells were measured by
flow cytometry (FCM). The cytotoxicity experiments were performed at 24, 48 and 72 h after γδ T cells were electroporated with the NC or
microRNAs mimics or inhibitors. A (CD107a), C (granzyme B) and E (perforin) show the FCM analysis of γδ T cells at 48 h in complete
medium (with IL-2) after electroporation with miR125b-5p or miR-99a-5p mimics or inhibitors. Data are shown as the means± s.d. (n=3
independent experiments). The differences (paired Student’s t-test) were significant (*Po0.05).
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observed that miR-125b-5p and miR-99a-5p overexpression
resulted in more γδ T-cell death due to an increased number of
apoptotic cells. Therefore, miR-125b-5p and miR-99a-5p may
also play pro-apoptotic roles in γδ T cells, which is consistent
with results reported in other cell lines.

The regulatory role of miRNAs in the killing of tumor cells
with γδ T cells has not yet been reported. The expression of
miR-125b-5p and miR-99a-5p decreased following the lysis of
Daudi cells by γδ T cells lysed; thus, reducing their expression
could significantly improve the cytotoxicity of γδ T cells.
Overexpression of miR-125b-5p and miR-99a-5p reduced γδ
T-cell cytotoxicity, although the difference was weak. Cytotoxic
T lymphocytes (CTLs) can specifically kill target cells through
perforin-granzymes, Fas/FasL, IFN-γ secretion and TNF-
related apoptosis, inducing the ligand receptor (TRAILR)
under MHC-restricted conditions. Our previous work demon-
strated that γδ T cells kill tumor cells mainly through the
perforin-granzyme pathway; the killing effects of TNF-α and
IFN-γ secreted from γδ T cells were weak.23 Therefore, we
examined the effects of miR-125b-5p and miR-99a-5p on the
expression levels of CD107a, granzyme B and perforin in γδ
T cells during cytotoxicity. However, these two microRNAs
only affected the expression of CD107a and degranulation, but
not the expression levels of granzyme B and perforin. Previous
studies have reported that miR-125b-5p can bind to the 3′ UTR
region of TNF-α and IFN-γ mRNA and directly inhibit their
transcription.21,49 In the present study, we found that
miR-125b-5p could regulate the secretion of IFN-γ and
TNF-α during the cytotoxic effects of γδ T cells on Daudi

cells. Paradoxically, we observed that the cytotoxicity was
more susceptible to the influence of miR-99a-5p, while the
changes in CD107a, TNF-α and IFN-γ were susceptible to
miR-125b-5p. Thus, factors other than miR-99a-5p must be
involved in regulating the cytotoxicity of γδ T cells. Thus,
determining the mechanisms by which miR-125b-5p and
miR-99a-5p affect the cytotoxicity of γδ T cells to tumor cells
is crucial. In our future studies, we will initially use bioinfor-
matics to predict possible target genes associated with cyto-
toxicity and then confirm the results using a luciferase reporter
assay and ‘loss of function’ and ‘gain of function’ experiments.

We further found that miR-125b-5p and miR-99a-5p were
simultaneously altered during γδ T cell activation and cyto-
toxicity. Because miR-125b and miR-99a are both located on
chromosome 21 at q21.1, their changes are often consistent,50

and they are therefore usually classified as a gene cluster in the
miRbase 18 database. However, later experiments have shown
that these two miRNAs are driven by different transcriptional
promoters. miR-99a has been confirmed to be in the hsa-let-
7c-mir-99a cluster with hsa-let-7c.31 Several questions remain
to be addressed in depth regarding miR-125b and miR-99a,
such as their relationship as regulators and whether they are
involved in regulating the same signaling pathways. Addition-
ally, additional studies are needed to determine whether these
two miRNAs affect different target genes, which may have
synergistic effects on the same biological events.

In the present study, the miRNA expression profiles of γδ
T cells and αβ T cells were analyzed, and 14 differentially
expressed miRNAs were identified. Further studies of these

Figure 10 miR-125b-5p, but not miR-99a-5p, regulates the secretion of IFN-γ and TNF-α in γδ T cells during cytotoxicity. (a and b)
ELISA was performed to analyze the expression of IFN-γ (a and b) and TNF-α (c and d) in γδ T cells during the killing of Daudi cells at
24, 48 and 72 h after electroporation with the NC, miR125b-5p or miR-99a-5p mimics or inhibitors. Data are shown as the means± s.d.
(n=3 independent experiments). *Po0.05, by paired Student’s t-test.
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miRNAs confirmed that miR-125b-5p and miR-99a-5p pro-
moted γδ T cell apoptosis and inhibited γδ T-cell activation
and cytotoxicity to tumor cells. These results suggest that
downregulating the expression of miR-125b-5p and miR-99a-
5p in vitro may improve the viability of γδ T cells while
enhancing their cytotoxicity. Enhancing the quantity and
quality of γδ T cells will be very favorable for their use in
further adoptive immunotherapy strategies.51
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