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ABSTRACT
Background Gamma delta (γδ) T cells are attractive 
effector cells for cancer immunotherapy. Vδ2 T cells 
expanded by zoledronic acid (ZOL) are the most commonly 
used γδ T cells for adoptive cell therapy. However, adoptive 
transfer of the expanded Vδ2 T cells has limited clinical 
efficacy.
Methods We developed a costimulation method for 
expansion of Vδ2 T cells in PBMCs by activating γδ T- 
cell receptor (γδTCR) and Toll- like receptor (TLR) 7/8 
using isopentenyl pyrophosphate (IPP) and resiquimod, 
respectively, and tested the functional markers and 
antitumoral effects in vitro two- dimensional two- 
dimensional and three- dimensional spheroid models and 
in vivo models. Single- cell sequencing dataset analysis 
and reverse- phase protein array were employed for 
mechanistic studies.
Results We find that Vδ2 T cells expanded by IPP plus 
resiquimod showed significantly increased cytotoxicity 
to tumor cells with lower programmed cell death protein 
1 (PD- 1) expression than Vδ2 T cells expanded by IPP 
or ZOL. Mechanistically, the costimulation enhanced the 
activation of the phosphatidylinositol 3- kinase (PI3K)–
protein kinase B (PKB/Akt)–the mammalian target of 
rapamycin (mTOR) pathway and the TLR7/8–MyD88 
pathway. Resiquimod stimulated Vδ2 T- cell expansion in 
both antigen presenting cell dependent and independent 
manners. In addition, resiquimod decreased the number 
of adherent inhibitory antigen- presenting cells (APCs) and 
suppressed the inhibitory function of APCs by decreasing 
PD- L1 and cytotoxic T- lymphocyte- associated protein 
4 (CTLA- 4) expression in these cells during in vitro 
Vδ2 T- cell expansion. Finally, we showed that human 
Vδ2 T cells can be expanded from PBMCs and spleen 
of humanized NSG mice using IPP plus resiquimod 
or ZOL, demonstrating that humanized mice are a 
promising preclinical model for studying human γδ T- cell 
development and function.
Conclusions Vδ2 T cells expanded by IPP and resiquimod 
demonstrate improved anti- tumor function and have 
the potential to increase the efficacy of γδ T cell- based 
therapies.

INTRODUCTION
Personalized adoptive T- cell transfer (ACT) 
therapies with autologous tumor- infiltrating 
lymphocytes, T- cell receptor (TCR) T cells, 
or chimeric antigen receptor T cells have 
provided major breakthroughs in the treat-
ment of a number of cancers including 
leukemia, lymphoma, and melanoma.1 2 
Current ACT research and clinical applica-
tions have focused primarily on alpha beta 
(αβ) T cells, which are human leukocyte 
antigen (HLA)- restricted in tumor cell recog-
nition.3 During cellular immunotherapy, 
tumor cells may downregulate or lose HLA 
class I or β2 microglobulin, which allows 
tumor cells to evade detection from αβ T 
cells, resulting in immune escape and treat-
ment failure.4

Gamma delta (γδ) T cells are an uncon-
ventional subset of T cells expressing 
heterodimeric TCRs composed of γ and δ 
chains, and they are HLA- unrestricted in 
tumor cell recognition.5 The recognition of 
cancer antigens, such as phosphoantigens 
(pAgs), relies on the engagement of γδTCR. 
Thus, tumors may still be targets for γδ T 
cells even if they not efficiently recognized 
by αβ T cells. High circulating levels of γδ 
T cells have been associated with improved 
5- year disease- free and overall survival after 
bone marrow transplantation in patients 
with acute leukemia.6

Toll- like receptors (TLRs) are pattern- 
recognition receptors that recognize 
pathogen- associated molecular patterns and/
or damage- associated molecular patterns. 
They are essential receptors in host defense 
against various pathogens and cancer cells.7 
Human γδ T cells express multiple TLRs, 
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including TLR7 and TLR8,8 9 and TLRs interact with 
γδTCR to modulate γδ T- cell functions.9

In humans, two major subsets of γδ T cells have been 
identified by the variable (V) gene of γδTCR, which are 
Vδ1 T cells, the predominant population in peripheral 
tissues and intestine mucosa, and Vδ2 T cells, which 
represent a majority of γδ T cells in peripheral blood and 
coexpress Vγ9 chain of TCR. Vγ9Vδ2 T cells (Vδ2 T cells) 
are unique in primates, but they only account for less 
than 5% of total T cells.10 Most of the γδ T- cell clinical 
trials to date have focused on the Vδ2 T- cell subset, given 
their relative abundance in peripheral blood.11

Vδ2 T cells are commonly expanded using bisphos-
phonates, such as zoledronic acid (ZOL) and pamidro-
nate, or pAgs, such as isopentenyl pyrophosphate (IPP), 
a natural intermediate of the mevalonate pathway12 and 
the potent microbial compound (E)- 4- hydroxy- 3- methyl- 
but- 2- enyl pyrophosphate (HMBPP). Vδ2 T cells can be 
expanded over 13 000- fold.13 ZOL is the most common 
compound to expand clinical grade Vδ2 T cells.14 Limited 
efficacy has been reported in clinical trials that explored 
the transfer of ex vivo- expanded autologous or allogeneic 
Vδ2 T cells. The failures of such strategies likely involve 
multiple factors, such as γδTCR diversity and heteroge-
neity of the function of Vδ2 cell after expansion. Exhaus-
tion of expanded γδ T cells is a major issue that has not 
been addressed.15

The clinical success of ACT depends on the effi-
cient expansion of T cells in vitro, and perhaps more 
importantly the quality of the expanded T cells.2 16 In 
the current studies, we discover that costimulation of 
γδTCR and TLR7/8 using IPP and resiquimod effectively 
expand Vδ2 T cells from peripheral blood mononuclear 
cells (PBMCs). These expanded Vδ2 T cells show better 
cytotoxicity and lower expression of PD- 1 proteins than 
Vδ2 T cells expanded by ZOL. Resiquimod enhances the 
PI3K–Akt–mTOR pathway in Vδ2 T cells and suppresses 
inhibitory functions of adherent antigen- presenting cells 
(APCs) in the culture. The new method of in vitro- Vδ2 T 
cell has the potential to improve the treatment efficacy of 
γδ T cell- based therapies.

MATERIALS AND METHODS
Study design
The study presented here was designed to develop a 
new method to expand Vδ2 T cells from PBMC ex vivo 
for adoptive T cell therapy (ACT). For in vitro and in 
vivo biomarker tests and antitumor assays, a minimum 
of three independent cytotoxicity experiments were 
performed as detailed further unless otherwise noted. 
Investigators were not blinded during the in vivo studies. 
In reverse- phase protein array (RPPA) analysis, each 
group included five healthy donor PBMC samples, and 
the data were analyzed by independent and blinded 
investigators.

Reagents
TLR1/2 agonist Pam3CSK4 (tlrl- pms), TLR2/NOD2 
agonist CL429 (tlrl- C429), TLR2/4 agonist lipopolysac-
charide (LPS)- EB (LPS from Escherichia coli O111:B4, 
tlrl- eblps), TLR4 agonist Monophosphoryl Lipid A 
(MPLA) Synthetic (tlrl- mpls), TLR5 agonist FLA- ST 
(flagellin from Salmonella typhimurium, tlrl- stfla), TLR7 
agonists imiquimod (R837, tlrl- imqs) and gardiquimod 
(tlrl- gdqs) were purchased from InvivoGen (Cali-
fornia, USA). TLR7/8 agonist resiquimod (R848, 
SML0196), IPP triammonium salt solution (I0503), and 
ZOL (1724827) were purchased from Sigma- Aldrich 
(Missouri, USA). Antihuman PD- 1 antibody, pembroli-
zumab (Keytruda, Merck & Co, New Jersey, USA; 
R014267), was stored at −80°C at 25 mg/mL before use. 
MyD88 inhibitor ST- 2825 was purchased from MedChe-
mExpress (New Jersey, USA). mTOR inhibitors torin1 
(S2827; Selleck Chemicals, Texas, USA) and rapa-
mycin (NC9362949, LC Laboratories, MA, USA) were 
described previously.17

Primary cells and cell lines
PBMCs and monocytes were obtained from Human 
Immunology Core at the University of Pennsylvania, 
which were obtained from healthy donors. For γδ T- cell 
expansion, PBMCs were cultured with RPMI1640 media 
supplemented with 10% FBS (HyClone; GE Healthcare, 
Utah, USA), 100 U/mL penicillin–streptomycin, 2 mM 
L- glutamine, 1/1000 2- mercaptoethanol (2- Me) (Gibco; 
Thermo Fisher Scientific, Massachusetts, USA) (or 
without 2- Me as indicated) and 200 units/mL of recombi-
nant human interleukin (IL)- 2 (PeproTech, New Jersey, 
USA) in 24- well microplates, new media added and 
supplemented every other day. γδ T cells were expanded in 
24- well tissue culture treated microplates that were coated 
with mouse- monoclonal anti- pan- TCR γδ antibody (1.0 
μg/mL in phosphate- buffered saline (PBS); IMMU510, 
IM1349, Beckman). For naive γδ T- cell isolation, PBMCs 
were purified using a commercial human TCR γ/δ T- cell 
Isolation Kit (Miltenyi Biotec, Germany). Purified naive 
γδ T cells routinely exceeded >95% concentration by flow 
cytometry. Human melanoma cell lines A375, A2058, 
WM9, 903 were obtained from Meenhard Herlyn’s 
laboratory (The Wistar Institute, Philadelphia, Pennsyl-
vania, USA), and they were routinely tested for myco-
plasma and DNA fingerprinted.17 Lung cancer cell line 
H1975, colon cancer cell line HT- 29, and gastric cancer 
cell line NCI- N87 were purchased from American Type 
Culture Collection (ATCC). Daudi cells were obtained 
from Andrei Thomas- Tikhonenko Lab at the University 
of Pennsylvania and Children’s Hospital of Philadelphia, 
K562 cells were obtained from Michael Milone Lab at the 
University of Pennsylvania. BRAF inhibitors (BRAFi) and 
MEK inhibitors (MEKi) combination therapy- resistant 
(CR) cell lines WM9- CR and A2058- CR were generated as 
described before.18
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Nude mice and xenograft
All animal procedures were approved by the Institu-
tional Animal Care and Use Committees at the Univer-
sity of Pennsylvania and Wistar Institute. For xenograft, 
single A375 cell suspensions (2 million in 200 μL PBS) 
were injected into the left flank of each nude mouse 
(Jackson Laboratories) subcutaneously to obtain mela-
noma xenografts. Six mice per group for human IL- 2 
(intraperitoneally) only as negative control group, IL- 2 
(intraperitoneally)+γδ T cells (intratumorally) expanded 
by IPP, and IL- 2 (intraperitoneally)+γδ T cells (intra-
tumorally) expanded by IPP plus resiquimod. The first 
treatment was given when palpable tumor could be 
detected and tumor size reached approximately 50 mm3 
and treated four times in 12 days. Tumors were measured 
with a ruler and volumes were calculated in micrometer 
(mm) as length ×width×height/2.

Humanized mice (Hu-mice)
Humanized mice were generated at the Wistar Institute 
as described.19 Briefly, the humanized mouse model is 
developed by reconstituting immunodeficient NSG mice 
with fetal liver- derived CD34+ human hematopoietic stem 
cells, grafted intravenously, and autologous fetal thymus 
chunks, grafted under the renal capsule, to promote 
rapid human T- cell differentiation.

Flow cytometry
PBMCs and γδ T- cell phenotypes were analyzed by flow 
cytometry. Briefly, single- cell suspensions were surface- 
stained for 30 min at 4°C in the dark, and intercellular 
staining was performed for 60 min after fixation and 
permeabilization using a True- Nuclear Transcription 
Factor Buffer Set (BioLegend, California, USA). Carboxy-
fluorescein succinimidyl ester (CFSE) Cell Proliferation 
Kit for flow cytometry was purchased from Invitrogen 
(Thermo Fisher). Fluorescein- conjugated antibodies 
are listed in online supplemental table S4. Data were 
acquired on LSRA/B or Fortessa B flow cytometers (BD 
Biosciences, New Jersey, USA) at Flow Cytometry and Cell 
Sorting Resource Laboratory at the University of Penn-
sylvania and analyzed with FlowJo software (Tree Star, 
Ashland, Oregon, USA).

ELISA
Interferon gamma (IFN-γ), IL- 17A, and tumour necrosis 
factor alpha (TNF-α) levels of supernatant were deter-
mined by using commercial human ELISA kits from 
BioLegend (430104, 433914, and 430204, respectively). 
PBMCs were cultured in a 24- well microplate; superna-
tants were harvested and centrifuged at 5000 rpm for 5 
min to remove lymphocytes without further purification. 
Samples were aliquoted and stored at −80C until use and 
detected.

Cytotoxicity
Cytotoxicity of γδ T cells against melanoma cells was 
measured by lactate dehydrogenase (LDH) release using 
the CytoTox 96 Non- Radioactive Cytotoxicity Assay kit 

(G1780; Promega, Wisconsin, USA) as described.20 Briefly, 
melanoma cells were seeded at 4×104 cells/well in 50 μL 
standard growth medium in 96- well plates, while γδ T cells 
were seeded at effector:target (E:T) ratio (E:T=5:1) in the 
same volume of PBMC culture media at the same time. 
After the indicated time, plates were spin down briefly 
and 50 μL supernatants were then harvested for further 
analysis. Absorbance at 490 nm was read using a BioTek 
Synergy HT reader (BioTek Instruments, Vermont, USA) 
after LDH activity detection, the percentage of cytotox-
icity was calculated as (experimental−effector sponta-
neous−target spontaneous)/(target maximum−target 
spontaneous)×100.

Melanoma spheroid
Multicellular melanoma spheroids were cultured as 
described.21 Briefly, the 96- well plate was precoated 
with 50 μL 1.5% agarose before seeding CFSE (Thermo 
Fisher) labeled A2058 melanoma cells at 2×104 cells/
well and allowed to form spheroids over 48 hours. After 
coculturing with γδ T cells, an annexin V/propidium 
iodide (PI) or PI (Biolegend) staining was performed 
for further analysis by flow cytometry or confocal micro-
scope, respectively. The supernatant was harvested 
for cytotoxicity by LDH releasing assay (Promega) as 
described earlier.

Single- cell RNA sequencing (scRNA- seq) dataset 
scRNA- seq data of sorted γδ (Vδ2) T cells from three 
healthy human donor PBMCs were published by Pizzo-
lato et al22 and obtained from NCBI GEO data set reposi-
tory (GSE128223). Three preprocessed mRNA datasets of 
GSM3667468 (763 cells), GSM3667470 (1277 cells), and 
GSM3667472 (1720 cells) were downloaded and analyzed 
with pipelines provided by Seurat Package.23

Identification of markers of γδ T-cell fates and cluster 
analysis of signaling pathways
To characterize the stage of maturation of γδ T cells, 
seven upregulated genes (NKG7, GZMA, IFNG, GZMB, 
FCGR3A, CST7, and KLRF1) and downregulated genes 
(CCR7, LEF1, LTB, SELL, and IL7R) during γδ T- cell acti-
vation and differentiation were employed as makers for 
cluster analysis. All three donor γδ T cells were combined 
for the uniform manifold approximation and projection 
(UMAP) representation. Cut- off setting was performed 
on each gene within each cell as 25% of all 12 genes to 
identify naive cells and terminally differentiated effector 
memory T cells. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway and Genontology (GO) anal-
ysis of significantly different expression genes of naive 
γδ T cells and terminally differentiated effector memory 
T cells were performed using DAVID bioinformatics 
resources.24 25 Phosphoproteins in Functional_Cate-
gories analysis were specifically analyzed for signaling 
pathways. The single- sample gene set enrichment anal-
ysis (ssGSEA) of single cell selected were performed as 
described.26
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RPPA assay
RPPA assay was performed as described previously.17 
PBMCs from five healthy donors were cultured with IPP 
(5 μg/mL) or IPP (5 μg/mL) plus resiquimod (10 μg/
mL) for 3 or 4 days, then harvested and lysed for RPPA 
analysis. The array was probed with 297 antibodies and 
profiled by the RPPA platform at the MD Anderson Func-
tional Proteomics Core facility by a standard operating 
practice as described previously.27 KEGG pathway and 
GO analysis were performed as described earlier.24 25 Heat 
maps were generated using Multiple Experiment Viewer 
(WebMeV) software as described.25

Statistical analysis
Statistical analysis was performed with GraphPad V.6.0 
(Prism software package version) and Microsoft Excel 
2016 software. Data are presented as mean±SEM, and 
significant differences were examined with paired 
Student’s t- test. A p value of <0.05 was considered statisti-
cally significant.

RESULTS
TLR agonists enhance Vδ2 T-cell expansion in vitro
To identify TLR agonists that are costimulators for 
Vδ2 T- cell expansion in vitro, we screened several TLR 
agonists that were reported as potential adjuvants,7 
including Pam3CSK4 (TLR1/2, 0.3 μg/mL), CL429 
(TLR1&NOD2, 10 μg/mL), LPS- EB (TLR4, 10 μg/mL), 
MPLA (TLR4, 10 μg/mL), FLA- ST (TLR3, 10 μg/mL) 
and resiquimod (TLR7/8, 10 μg/mL) with IPP (5 μg/
mL) (figure 1A and online supplemental material S1A). 
Although Vδ2 T cells in PBMCs from different donors 
showed different degrees of responses to IPP, nearly 
all TLR agonists demonstrated costimulatory effect 
(figure 1A). Since we are interested in discovering small 
molecule stimulators that may be used to expand clinical 
grade γδT cells, we focused our research on the TLR7/8 
agonists, which are clinically available or have been tested 
in clinical trials. We compared the costimulatory effect 
of three imidazoquimoline TLR7/8 agonists, imiquimod, 
gardiquimod and resiquimod on Vδ2 T- cell expansion 
from PBMCs. The result showed that all three TLR7/8 
agonists promoted Vδ2 T- cell expansion (figure 1B,C), 
but resiquimod showed the best efficacy with the least 
cytotoxicity. IPP plus resiquimod induced proliferation 
of Vδ2 T cells specifically, but not other cell populations, 
including CD56+ NK cells, in PBMCs (online supple-
mental figure S1B,C). 2- Mercaptoethanol, an antioxidant 
used in the culture medium, did not affect Vδ2 T- cell 
expansion (online supplemental figure S1D). Resiquimod 
also enhanced IPP- induced proliferation of purified γδ T 
cells from PBMC. Costimulation of purified γδ T cells 
with IPP plus resiquimod induced more cell proliferation 
(CFSE dye dilution) and bigger colonies than IPP alone 
(figure 1D,E). TLR agonists alone showed only a modest 
effect on purified γδ T- cell expansion (online supple-
mental figure S2A). The naïve γδ T cells express a similar 

level of TLR7 as monocytes but a lower level of TLR8 than 
monocytes (online supplemental figure S2B).

The costimulatory effect of resiquimod was not only 
seen in IPP- induced Vδ2 cell expansion but also in pan- 
anti-γδTCR antibody- mediated Vδ2 T- cell expansion 
(online supplemental figure S3A- E). In addition, we 
found that the costimulatory effect of resiquimod was 
dependent on the simultaneous activation of γδTCR and 
TLR7/8 during the early stage of Vδ2 T- cell expansion. 
The addition of resiquimod to IPP containing Vδ2 T 
culture at day 5 did not increase the yield of Vδ2 T cells 
(online supplemental figure S4). We recently discovered 
that there is large interindividual heterogeneity of Vδ2 
cell expansion capacity that is independent of expansion 
methods.21 Vδ2 T- cell expansion capacity correlated well 
with basal Vδ2 cell concentration in the PBMCs.21 Since 
different donors were used in the experiments, this inter-
individual heterogeneity contributes to the variability of 
Vδ2 T- cell expansion efficiency seen in the data.

TLR7/8 activation regulates Vδ2 T-cell functional marker 
expression and cytokine release
To gain insight into TLR7/8 activation- induced func-
tional changes in Vδ2 T cells, we determined the expres-
sion of functional markers and secretion of cytokines after 
expansion. Compared with expansion by IPP only, Vδ2 
T cells expanded by IPP plus resiquimod showed more 
activation potential by expressing lower level of PD- 1 and 
higher level of CD86 after 8 days of culture, while there 
was no significant change in CTLA- 4 level (figure 2A–C). 
Meanwhile, IFN-γ, TNF-α and IL- 17A protein levels in the 
medium (figure 2) and expression levels of cytotoxicity 
markers, granzyme B and CD107a (figure 2G–H) were 
significantly elevated in Vδ2 T cells expanded by IPP plus 
resiquimod than by IPP alone. No significant change of 
Fas- ligand and NKG2D was detected (figure 2I,J). These 
results support that resiquimod increases antitumor func-
tion and decreases the potential exhaustion of Vδ2 T cells 
in the culture.

TLR7/8 activation enhances cytotoxicity of Vδ2 T cells both in 
vitro and in vivo
γδ T cells were expanded by IPP or pan- anti-γδTCR anti-
body with or without resiquimod for approximately 13 
days. Expanded γδ T cells were incubated with mela-
noma cells (903 cells) at different E:T ratios of 10:1, 5:1, 
2.5:1, and 1.25:1. E:T ratio=5:1 showed the best tumor 
killing and less spontaneous LDH releasing (online 
supplemental figure S5). E:T ratio=5:1 was used for 
other cytotoxicity assays in vitro. Different types of tumor 
cells, such as melanoma, lung cancer, gastric cancer, and 
colon cancer cells were tested. Resiquimod significantly 
enhanced the cytotoxic effect of γδ T cells expanded 
using IPP or pan- anti-γδTCR antibody to two melanoma 
cell lines that were resistant to BRAF inhibitor and MEK 
inhibitor combination therapy (A2058CR and WM9CR)18 
(figure 3A), and to gastric, colon and lung cancer cells 
(online supplemental figure S6). Three- dimensional 
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melanoma spheroids (A2058) were cultured with Vδ2 
T cells expanded by IPP or IPP plus resiquimod and 
stained with CFSE and propidium iodide (PI). Vδ2 T cells 
expanded by IPP and resiquimod induced significantly 
more PI stained dead tumor cells (figure 3B, red), more 
early (Annexin V+PI-) and late (Annexin V+PI+) apop-
totic cells by FACS (figure 3C,D), and significantly more 
cell death by LDH cytotoxicity assay (figure 3E). We then 
tested the antitumor effect of the γδ T cells in a nude 

mouse xenograft model (figure 3F). A375 melanoma 
cells were injected into the flank of nude mice. When 
the tumor became palpable (50–100 mm3), expanded 
Vδ2 T cells were injected intratumorally. IL- 2 was given 
intraperitoneally to sustain Vδ2 cells in vivo. Vδ2 T cells 
expanded by either IPP or IPP plus resiquimod signifi-
cantly reduced tumor volume compared with the control 
group that was treated with IL- 2 alone (figure 3G). These 

Figure 1 γδTCR and TLR costimulation promotes Vδ2 T- cell expansion. (A) Concentrations of human Vδ2 T cells in cultured 
PBMCs at day 5 or 7. Two million PBMCs were added in each well. IPP (5 µg/mL) and different TLR agonists were added in 
each well. Concentrations of Vδ2 T cells were measured by FACS (n=5). (B,C) Concentrations of human Vδ2 T cells in cultured 
PBMCs at day 7 after costimulation with IPP and different TLR7/8 agonists. Different concentrations of TLR7/8 agonists were 
used, and representative flow chats are shown in (B) and statistical analysis in (C). n=5. Data are presented as mean±SEM. 
*P<0.05, **P<0.01, ***P<0.001. (D) Purified naïve γδ T cells from PBMCs were cultured with indicated stimulation for 4 and 6 
days. Purified naïve γδ T cells (100 K) were labeled with CFSE and added to each well. Rapid dividing cells (daughter cells) are 
determined to be cells showing a decrease in MFI compared with the initial CFSE staining level. Flow was gated on fast dividing 
cells (CFSE diluted daughter cells). (E) Brightfield photos of cultured purified naïve γδ T cells at day 4. Purified naïve γδ T cells 
(100 K) were added to each well and then cultured with indicated compounds. Scale bar indicates 1 mm. FLA- ST, flagellin from 
Salmonella typhimurium; IPP, isopentnyl pyrophosphate; MFI, mean fluorescence intensity; NS, no significant difference; PBMC, 
peripheral blood mononuclear cell; TCR, T- cell receptor; TLR, toll- like receptor; FSC, forward scatter; SSC, side scatter.
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results support that costimulation of γδTCR and TLR7/8 
promotes γδ T- cell cytotoxic functions and enhance 
tumor control.

TLR7/8 activation enhances the PI3K–Akt–mTOR signaling 
pathway in Vδ2 T cells
To explore the underlying mechanisms of Vδ2 T- cell 
proliferative capacity and costimulation of γδTCR and 
TLR7/8 in Vδ2 T cells, we analyzed published Vδ2 T- cell 
scRNA- seq data from three healthy donors.22 The matura-
tion status of Vδ2 T cells was assessed using 12 genes that 

were selected based on genes associated with Vδ2 T- cell 
activation and maturation (J Jacques Fournié, unpub-
lished dataset form in 2020). These genes included genes 
that were upregulated in Vδ2 T- cell activation and matu-
ration, including NKG7, GZMA, IFNG, GZMB, FCGR3A, 
CST7, and KLRF1, and downregulated genes including, 
CCR7, LEF1, LTB, SELL, and IL7R (online supplemental 
figure S7A, Table S1). Clustering by UMAP identified 
three clusters of Vδ2 T cells that represented naive, 
terminally differentiated effector memory and other 

Figure 2 TLR7/8 activation regulates functions of expanded Vδ2 T cells. (A–C) PD- 1 (A), CTLA- 4 (B), and CD86 (C) expressions 
in Vδ2 T cells. PBMCs from different donors were used in the experiments and each paired dot represented one donor. Two 
million PBMCs were added to each well and cultured with IPP or IPP plus resiquimod for 8 days. Protein expression on 
Vδ2 T cells was measured by FACS. (D–F) IFN-γ (D), TNF-α (E), and IL- 17A (F) concentrations in the medium. PBMCs were 
cultured with IPP or IPP plus resiquimod for 8 days. Cytokine levels in the culture supernatant were measured by ELISA. (G–I) 
Cytotoxicity- associated marker expression on Vδ2 T cells. PBMCs were cultured with IPP or IPP plus resiquimod for 8 days. 
Granzyme B (G), CD107a (H), FasL (I), and NKG2D (J) expressions in Vδ2 T cells were measured by FACS. *P<0.05, **P<0.01, 
***P<0.001. FasL, Fas- ligand; IFN-γ, interferon gamma; IL, interleukin; IPP, isopentenyl pyrophosphate; PBMC, peripheral blood 
mononuclear cell; TLR, toll- like receptor; TNF-α, tumour necrosis factor alpha.
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Figure 3 TLR7/8 activation promotes cytotoxicity of Vδ2 T cells. (A) Cytotoxicity of expanded Vδ2 T cells to melanoma cells 
in two- dimensional culture. Vδ2 T cells were expanded from PBMCs using IPP or IPP plus resiquimod for approximately 13 
days. 2×104 A375 and A2058 melanoma cells were used in each well. E:T ratio was 5:1 in the coculture. LDH release assay 
was performed after coculturing Vδ2 T cells and melanoma cells for 16 hours. (B) Cytotoxicity of expanded Vδ2 T cells to 
melanoma cells in three- dimensional culture. A2058 melanoma spheroids were coculturing with Vδ2 T cells expanded using 
IPP or IPP plus resiquimod for 24 hours. Green denotes CFSE- stained viable tumor cells, while red denotes PI- stained dead 
cells. Representative confocal immunofluorescence images show cell death after treatment. Scale bar 1 mm. (C,D) Apoptosis 
and cell death in A2058 melanoma spheroids after coculturing with Vδ2 T cells. Representative flowcharts after coculturing for 
24 hours (C) and statistical analysis of early and late apoptosis cells (D). Each paired dot represents one healthy donor. Data 
are shown as mean±SEM. (E) LDH release assay showing cell death in A2058 melanoma spheroids after coculturing with Vδ2 T 
cells. Data are shown as mean±SEM. (F) Treatment schema of A375 melanoma xenograft model treated with Vδ2 T cells. 5×106 
melanoma cells were injected into the flanks of nude mice (n=6). Vδ2 T cells from three different donors were expanded from 
PBMCs using IPP or IPP plus resiquimod for 13 days. The last donor was a good expander, and Vδ2 T cells from the last donor 
were used to treat all the mice twice. Expanded Vδ2 T cells from a donor were injected into all the mice to avoid donor- related 
bias. (G) Melanoma tumor volume after treatment. Tumor volume was measured at least two times per week. All data are shown 
as mean±SEM. *P<0.05, **P<0.01, ***P<0.001. E:T, effector:target; IPP, isopentnyl pyrophosphate; LDH, lactate dehydrogenase; 
PBMC, peripheral blood mononuclear cell; PI, propidium iodide; TLR, toll- like receptor.
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memory cells, respectively, demonstrating the distinct 
maturation and fate stages of Vδ2 T cells (figure 4A–C). 
Signaling pathway analysis (figure 4 and online supple-
mental figure S7B) and ssGSEA (figure 4F–H and online 
supplemental figure S7C) of selected naive cell cluster 
and terminally differentiated effector memory cell cluster 
were performed and, in particular, indicated that the 
PI3K–Akt pathway is one of the most relevant pathways 
in the process.

The RPPA data also showed that multiple path-
ways were activated, particularly, the PI3K–Akt–mTOR 
pathway (figure 4I,J and online supplemental figure 
S8, and tables S2,3). To confirm the findings, we used 
two mTOR inhibitors, rapamycin and torin1, to inhibit 
the mTOR signaling in Vδ2 T cells. We found that the 
expansion of Vδ2 T cells induced by IPP was significantly 
reduced, and the inhibition was more prominent in Vδ2 
T cells expanded by IPP plus resiquimod (figure 4K,L). 
In addition, we inhibited the TLR7/8–MyD88 pathway 
by a MyD88 dimerization inhibitor, ST2825, and found 
that inhibition of TLR7/8–MyD88 pathway eliminated 
the costimulatory function of resiquimod (figure 4M,N). 
These results support the idea that resiquimod promotes 
Vδ2 T- cell proliferation through the TLR7/8–MyD88 and 
PI3K–Akt–mTOR signaling pathways.

Advantages of Vδ2 T-cell expansion by IPP plus resiquimod 
over bisphosphonates
ZOL is the most commonly used agent to expand Vδ2 
T cells from PBMCs as it is more efficient than IPP to 
induce Vδ2 T- cell expansion. We compared the effi-
ciency of Vδ2 T- cell expansion using ZOL versus IPP plus 
resiquimod. Our data showed that the expansion rate of 
γδ T cells using IPP plus resiquimod was comparable with 
ZOL (figure 5A–C and online supplemental figure S9A). 
However, Vδ2 T cells expanded by IPP plus resiquimod 
expressed higher levels of granzyme B and IFN-γ and a 
lower level of PD- 1 compared with ZOL- induced expan-
sion (figure 5D). Furthermore, IPP plus resiquimod 
expanded Vδ2 T cells showed more cytotoxicity against 
A375 melanoma cells and Daudi and K562 lymphoma 
cells than Vδ2 T cells expanded by ZOL (figure 5E and 
online supplemental figure S9B). Interestingly, expansion 
of PBMCs with ZOL and resiquimod did not increase Vδ2 
T- cell expansion but rather decreased the yield of Vδ2 T 
cells, particularly in higher concentrations (figure 5F,G, 
and online supplemental figure S9C), which is similar to 
the result shown by Serrano et al recently.28

APCs are essential for Vδ2 T cell expansion induced 
by ZOL. APCs release IPP to the surrounding microen-
vironment and present pAgs to γδTCR by BTN3A1 and 
BTN2A1.29 Using purified naive γδ T cells from PBMC 
and CFSE staining, we found that TLR7/8 activation 
promoted IPP, but not ZOL, and induced Vδ2 T- cell 
proliferation (figure 5H,I, and online supplemental 
figure S9D). However, when PBMCs (CFSE− popula-
tion in online supplemental figure S9D) which contain 
monocyte- derived dendritic cells were added in the 

culture system, ZOL regained the capability of inducing 
Vδ2 T cell (CFSE+) proliferation (figure 5H,I, and online 
supplemental figure S9D; ZOL +PBMCs). These results 
demonstrate that although the expansion efficiency 
of IPP plus resiquimod is equivalent to ZOL, these two 
expansion methods are mechanistically different. IPP 
plus resiquimod induced Vδ2 T- cell expansion in a 
manner that is independent of APCs.

TLR7/8 agonist suppresses inhibitory function of adherent 
APCs
APCs are derived from CD14+ monocytes in the PBMCs 
during in vitro culture, which are adherent and highly 
express CD80 that binds to CD28 and CTLA- 4.30 
Adherent APCs from PBMCs cultured with IPP or IPP 
plus resiquimod were distinctively different. Abundant 
adherent cells were present in the PBMCs cultured with 
IPP, but few with IPP plus resiquimod (figure 6A). Further 
analysis demonstrated that the adherent cells were CD14- 
CD80+, and they highly expressed PD- L1 and CTLA- 4 
(figure 6B). CD80+ cells were rare in fresh isolated 
PBMCs, but all CD80+ cells were highly expressed CD14, 
PD- L1, and CTLA- 4 (online supplemental figure S10A). 
Resiquimod induced apoptosis and cell death in some 
monocytes (online supplemental figure S10B- C). These 
results suggest that CD14+ monocytes in PBMCs give rise 
to the adherent CD80+ APCs that express high levels of 
PD- L1 and CTLA- 4.

To further decipher the function of adherent APCs 
during γδ T- cell expansion, we isolated the adherent 
APCs after culturing PBMCs with IPP for 3 days. These 
adherent cells were then added to PBMCs from the 
same donor that has been stimulated with IPP, IPP plus 
resiquimod, or ZOL for 3 days. Cells were harvested for 
Vδ2 T- cell FACS analysis 3 additional days later. In a sepa-
rate group, adherent cells and resiquimod were added 
to PBMCs that had been stimulated with IPP for 3 days 
to test whether the timing of TLR7/8 activation affected 
Vδ2 T- cell proliferation. The results showed that adherent 
APCs significantly inhibited the enrichment of Vδ2 T cells 
induced by IPP plus resiquimod and ZOL (figure 6C,D). 
The effect of TLR7/8 activation occurred early during 
Vδ2 T- cell expansion as the addition of resiquimod at day 
3 did not affect Vδ2 T- cell expansion (figure 6C,D). To 
further evaluate the inhibitory role of APCs, we analyzed 
checkpoint protein expression on CD80+CD86+ APCs in 
the cultured PBMCs (both adherent and non- adherent 
cells) after incubation with IPP, resiquimod, IPP plus 
resiquimod or ZOL, respectively. We found that the pres-
ence of resiquimod, with or without IPP, inhibited the 
expression of PD- L1 and CTLA- 4 on CD80+CD86+ APCs 
(figure 6E–G). However, anti- PD1 antibodies failed to 
reverse the inhibitory effect of APCs in Vδ2 cell expansion 
induced by IPP and functional marker expression (online 
supplemental figure S11). These results support that acti-
vation of TLR7/8 suppresses formation of adherent APCs 
and their inhibitory functions.
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Figure 4 TLR7/8 agonist activates MyD88- dependent and PI3K–Akt–mTOR signaling pathways in Vδ2 T cells. (A) Two- 
dimensional UMAP panel showing the cluster analysis of Vδ2 T cells with relative expression of seven upregulated genes 
(red) and five downregulated genes (black) identified as unique to γδ T- cell activation and differentiation. scRNA- seq data 
from three healthy donors were analyzed. (B) Heat map showing marker gene expression hits in naive Vδ2 T cells and 
terminally differentiated effector memory Vδ2 T cells. (C) UMAP sets showing clusters of selected naive Vδ2 T cells and 
terminally differentiated effector memory Vδ2 T cells for further analysis. (D) Functional categories of significantly different 
hits between selected naive Vδ2 T cells and terminally differentiated effector memory Vδ2 T cells. (E) KEGG pathway analysis 
of phosphoprotein of significantly different hits in (D). (F) Heap map showing the ssGSEA of single cell selected. (G) UMAP 
showing ssGSEA score of PI3K–Akt signaling pathway- related genes. (H) Violin plots showing the ssGSEA score of PI3K–Akt 
signaling pathway related genes. (I) Heat map of cluster analysis of significantly different protein hits of RPPA assay analysis. 
(J) KEGG pathway analysis of significantly different protein hits of RPPA assay analysis. (K) Inhibition of Vδ2 T- cell expansion 
from PBMCs by mTOR inhibitors. PBMC was incubated with IPP or IPP plus resiquimod as well as mTOR inhibitors, Rapa or 
Torin. Representative flow cytometry results showing the concentrations of Vδ2 T cells. (L) Statistical analysis of K, data shown 
as mean±SEM. (M) Inhibition of Vδ2 T- cell expansion from PBMCs by a MyD88 inhibitor ST2825. PBMCs were incubated with 
IPP or IPP plus resiquimod as well as ST2825 with indicated concentrations. Representative flow cytometry results showing the 
concentration of Vδ2 T cells. (N) Statistical analysis of M; data are shown as mean±SEM. *P<0.05, **P<0.01, ***P<0.001. IFN, 
interferon; IPP, isopentenyl pyrophosphate; KEGG, Kyoto Encyclopedia of Genes and Genomes; NS, no significant difference; 
PBMC, peripheral blood mononuclear cell; Rapa, rapamycin; RPPA, reverse- phase protein array; scRNA- seq, single- cell RNA 
sequencing; ssGSEA, single- sample gene set enrichment analysis; TCR, T- cell receptor; TLR, toll- like receptor; TNF, tumour 
necrosis factor; Torin, torin1; UMAP, uniform manifold approximation and projection.
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Figure 5 Advantage of Vδ2 T- cell expansion by IPP plus resiquimod over ZOL. (A–C) Vδ2 T- cell expansion using IPP plus 
resiquimod (IR) or ZOL. Two million PBMCs were added in each well with indicated stimulation for 10 days. Representative 
flowcharts (A) and statistical analysis results showing Vδ2 T- cell concentration (B) and absolute number (C, independent 
experiments) of Vδ2 T cells expanded by IPP plus resiquimod or ZOL from PBMCs on day 10, n=4. Data are shown as 
mean±SEM. P value is labeled. (D) Functional marker expression on Vδ2 T cells expanded by IPP plus resiquimod or ZOL from 
PBMCs on day 8 and statistical analysis. Data are shown as mean±SEM, n≥7. (E) LDH assay results showing the cytotoxicity 
of Vδ2 T cells expanded and sorted by IPP plus resiquimod or ZOL from PBMCs to melanoma cells A375 in vitro using different 
E:T ratios, n=3. Data are presented as mean±SEM. (F,G) Representative flowcharts (F) and statistical analysis (G) results 
showing resiquimod do not promote ZOL stimulation of Vδ2 T- cell proliferation from PBMCs in low concentration and inhibits its 
function in higher concentrations. Data are presented as mean±SEM. (H,I) CFSE proliferation assay of purified naïve γδ T cells. 
Purified naïve γδ T cells were labeled with CFSE and stimulated with IPP plus resiquimod or ZOL for 3 days. PBMCs from the 
same donor were not labeled with CFSE and used in the ZOL +PBMC group. Representative flowcharts are shown in (H) and 
statistical analysis in (I). Data are presented as mean±SEM. *P<0.05, **P<0.01, ***P<0.001. E:T, effector:target; IFN-γ, interferon 
gamma; IPP, isopentnyl pyrophosphate; LDH, lactate dehydrogenase; NS, no significant difference; PBMC, peripheral blood 
mononuclear cell; TCR, T- cell receptor; ZOL, zoledronic acid.
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Figure 6 TLR7/8 activation suppresses formation and inhibitory function of adherent APCs. (A) Adherent cells during Vδ2 T 
expansion from PBMCs. Representative bright- field images (phase- contrast) of adherent cells from PBMCs cultured with IPP 
or IPP plus resiquimod on day 3. Scale bar, 100 µm. (B) Adherent CD14−CD80+APC cells induced by IPP express both PD- L1 
and CTLA- 4. Representative flowcharts to characterize adherent cells after culturing PBMCs with IPP for 3 days. The adherent 
cells are mostly CD14−. A majority of these adherent cells are CD14−CD80+APCs. (C,D) Inhibitory function of adherent APCs. 
Adherent APCs were induced by culturing PBMCs for 3 days. The adherent APCs were collected and then added to PBMCs 
that have been stimulated with IPP and IPP plus resiquimod for 3 days; concentrations of Vδ2 T cells were measured by FACS 
3 days later. In a separate group (IPP day 0+resiquimod day 3), both adherent cells and resiquimod were added to PBMCs 
that have been stimulated with IPP for 3 days. Representative flowcharts are shown in (C) and statistical analysis in (D). Data 
are shown as mean±SEM, n=5. (E–G) Flow cytometry and statistical analysis showing PD- L1 and CTLA- 4 expression on 
CD80+CD86+ cells in cultured PBMCs with indicated stimulations. Representative flowcharts of PD- L1 and CTLA- 4 expression 
(E), merged PD- L1 and CTLA- 4 expression from a single donor and aggregated PD- L1 and CTLA- 4 data from different donors 
are shown in (F,G), respectively. n=3, Data are shown as mean±SEM. *P<0.05, APC, antigen- presenting cell; IPP, isopentnyl 
pyrophosphate; NS, no statistical significance; PBMC, peripheral blood mononuclear cell; TCR, T- cell receptor; ZOL, zoledronic 
acid.
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Vδ2 T-cell expansion in Hu-mice
NSG mice that were engrafted with human hematopoi-
etic stem (CD34+) cells or peripheral blood leukocytes 
(Hu- mice) are a useful tool to study immunotherapy19; 
however, it is unclear whether these mice have functional 
human γδ T cells. Here, we showed that CD3+Vδ2+ T cells 
were in the PBMCs of Hu- mice (figure 7A). We cultured 
PBMCs from four Hu- mice using human PBMCs culture 
media and stimulated them with IPP plus resiquimod 
or ZOL for 10 days. Peripheral Vδ2 T cells in Hu- mice 
responded to the stimulations and showed approximately 
a thousand times of expansion (figure 7B). Vδ2 T from 
Hu- mice expanded by IPP plus resiquimod showed more 
granzyme B expression than by ZOL (figure 7C). These 
data show that Hu- mice engrafted human peripheral Vδ2 
T cells and may be a useful preclinical model for γδ T- cell 
functional study.

DISCUSSION
γδ T cells are a good candidate for ACT,10 but their poten-
tial has not been fully realized in the clinic. To better 
use γδ T cells for therapy, we discovered a costimulation 
strategy that activates γδTCR and TLR7/8 using a natural 
and less potent pAg, IPP, and a potent TLR7/8 agonist, 
resiquimod to expand Vδ2 T cells from PBMCs. The 
combination of IPP and resiquimod induces efficient Vδ2 
T- cell expansion and produces Vδ2 T cells with better 
antitumor function and lower PD- 1 expression than Vδ2 
T cells expanded by ZOL.

Several established methods have been used to obtain 
a sufficient number of Vδ2 T cells from PBMCs for 
therapy.13 Most of the clinical studies used ZOL to expand 
Vδ2 T cells from PBMCs.14 The efficacy of adoptive cell 
transfer of Vδ2 T cells is suboptimal despite minimal 
adverse events being observed.11 14 The failures of such 

Figure 7 Human γδ T cells in Hu- mice. (A) Human Vδ2 T cells in Hu- mice blood. Hu- mice blood was collected and analyzed by 
FACS or cultured with IPP plus resiquimod or ZOL. Flow cytometry results showing human T- cell population (using antihuman- 
CD3 antibodies) and few Vδ2 T cells in Hu- mice blood. Vδ2 T cells increased significantly after expansion for 10 days. (B) 
Absolute number of Vδ2 T cells expanded by IPP plus resiquimod or ZOL, results shown as mean±SEM, n=4. (C) Human Vδ2 
T cells in Hu- mice spleen. Flow cytometry results show the percentage of human Vδ2 T cells in the spleen. Portion of mouse 
spleen was digested and cultured with IPP plus resiquimod or ZOL. Functional marker expression levels of Hu- mice spleen Vδ2 
T lymphocytes. ***P<0.001. Hu- mice, humanized mice; IL, interleukin; IPP, isopentnyl pyrophosphate; I+R, IPP plus resiquimod; 
NS, no significance; PBMC, peripheral blood mononuclear cell; TCR, T- cell receptor; ZOL, zoledronic acid.
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a strategy is most likely related to insufficient γδTCR 
responses,11 activation- induced cell death, functional 
exhaustion, and aging of T cells before encountering 
target cells.31 Recently, Kouakanou et al reported that 
vitamin C promoted the expansion and function of γδ T 
cells; however, the method was only effective for purified 
naïve cells.32 Inspired by the manner of costimulation in 
αβ T cells,33 we found that Vδ2 T cells respond to costim-
ulation from γδTCR and TLR7/8 activation. Our method 
can be used to expand both purified Vδ2 T cells and Vδ2 
T cells in PBMCs.

Unlike αβ T cells, the full activation of γδ T cells does 
not require both signal one and signal two from γδTCR 
and costimulatory pathways. However, stimulation 
through γδTCR and costimulatory pathways (such as 
CD27, CD28, and 4- 1BB), cytokine receptors,31 NKG2D, 
and TLRs7 34 can enhance the response and function of 
γδ T cells. Serrano et al recently demonstrated that TLR8 
ligands (resiquimod, TL8- 506 and motolimod) potently 
stimulated the pAg- induced IFN-γ production in the 
Vδ2 T cells. However, these compounds suppressed the 
in vitro expansion of Vδ2 T cells in response to ZOL or 
HMBPP.28 A similar finding was observed in our study 
when we combined resiquimod with ZOL during Vδ2 
T- cell expansion. HMBPP is known to be 10,000 times 
more potent than IPP35 and ZOL is also a potent bisphos-
phonate. Our study surprisingly showed that resiquimod 
does not inhibit IPP- induced Vδ2 T- cell expansion but 
significantly enhances Vδ2 cell expansion. The resulting 
Vδ2 T cells expressed lower levels of PD- 1 and had better 
antitumor activity than Vδ2 T cells expanded by ZOL. 
These results suggest that optimizing γδTCR stimulation 
intensity is crucial for designing costimulation strategies 
for Vδ2 T- cell expansion.

A scRNA- seq study of purified γδ T cells performed by 
Jean Jacques Fournié and colleagues offered a landmark 
transcriptomic resource for analyzing the gene expres-
sion of γδ T cells during activation and maturation.22 
Reanalysis of that dataset showed the PI3K–Akt–mTOR 
pathway played a crucial role in the activation, prolif-
eration, and maturation of Vδ2 T cells. Our RPPA data 
demonstrated that coactivation of γδTCR with IPP and 
resiquimod enhanced the phosphorylation levels of the 
PI3K–Akt–mTOR pathway in Vδ2 T cells. Inhibition of 
this pathway using rapamycin or Torin abolished this 
effect. Similarly, inhibition of TLR7/8- MyD88 pathway 
also suppressed Vδ2 proliferation. MyD88 is known to 
affect the function of PI3K–Akt–mTOR pathway in T 
cells. These data support that TLR7/8 activation acts as 
a costimulatory signal to enhance Vδ2 T- cell expansion.

APCs play an important role in bisphosphates (such 
as ZOL) and pAgs induced expansion of Vδ2 T cells 
by releasing soluble IPP. The majority of APC cells 
during PBMCs culturing are CD14+ monocyte- derived 
dendritic cells (Mo- DCs) which are characterized by 
their adherence.36 37 pAgs recognition of Vδ2T cells 
relies matured Mo- DCs.34 Our data confirmed that 

APCs are indispensable during ZOL- mediated Vδ2 T- cell 
expansion. Recently, Serrano et al found that the TLR8 
and TLR7/8 ligands promote Vδ2 T- cell functions via a 
monocytes- dependent costimulation manner38 and also 
showed a critical role of monocyte- derived cytokines 
such as IL- 1β, IL- 18 and others.38 39 Immature DCs can 
inhibit functional T cells in vitro.40 We analyzed the 
phenotypes of adherent Mo- DCs and identified them as 
APCs playing inhibitory function with high- level expres-
sion of PD- L1 and CTLA- 4.30 TLR agonists are known 
to promote APC maturation and function.41 We discov-
ered that resiquimod significantly decreased the number 
of adherent Mo- DCs and the expression of PD- L1 and 
CTLA- 4 in the CD80+ CD86+APCs. For the first time, 
we demonstrate that activation of TLR7/8 inhibits the 
expression of checkpoint proteins on the APCs, which 
contributes to better IPP- induced Vδ2 T- cell expansion 
and function.

Costimulation of IPP and resiquimod promoted Vδ2 
T- cell cytotoxicity to tumor cells both in vitro and in 
vivo. Nevertheless, we noticed that γδ T cells cannot 
survive long in nude mouse xenograft model, and it is 
not possible to study tumor homing and infiltration using 
this model. Humans have evolved specific γδ T- cell subsets 
that are different from rodents, which severely limit the 
study of human γδ development and function in mouse 
models. To overcome this limitation, we evaluated the 
potential of Hu- mice as a model for γδ T- cell studies. 
We found that γδ T cells could be identified in multiple 
organs with the highest concentration in the spleen. 
Peripheral Vδ2 T cells from Hu- mice PBMCs and spleen 
could be significantly expanded by IPP plus resiquimod 
or ZOL. Expanded Vδ2 T cells had similar surface marker 
expression as Vδ2 T cells from human PBMCs. Neverthe-
less, generating Hu- mice is time consuming and costly. 
The model needs to be further refined to study Vδ2 T- cell 
homing and its impact on the tumor microenvironment.

In conclusion, our studies demonstrate that IPP plus 
resiquimod enhances proliferation and antitumor activity 
of Vδ2 T cells. Resiquimod promotes the expansion of 
Vδ2 T cells through activating the TLR7/8–MyD88 and 
mTOR signaling pathways and regulates the differentia-
tion and inhibitory function of APCs. The data support 
that the combination of IPP with resiquimod may 
be used to expand Vδ2 T cell ex vivo for adoptive cell 
immunotherapy.
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Figure S1.  Resiquimod promotes IPP induced Vδ2 T cell expansion in vitro. (A) Concentrations of human Vδ2 T cells in cultured 

PBMCs at day 8. 2 million PBMCs were added in each well. Different doses of IPP were added with resiquimod (10 μg/ml). The cells 

were expanded for 8 days. Vδ2 T cell concentration was measured by FACS. n=3. (B) Overlaid of IPP and IPP plus resiquimod 

stimulated PBMCs at day 8. PBMCs were labeled with CFSE dye and cultured with IPP or IPP plus resiquimod for 8 days. 

Representative flow charts gated on TCR Vδ2 positive (+) and negative (-) populations. (C) NK cells are a minority of cells after Vδ2 

T cells expansion. 2 million PBMCs were cultured for 8 days with indicated stimulation. NK cell concentration was measured by 

FACS. (D) Concentration of Vδ2 T cells in cultured PBMCs expanded by IPP plus Resiquimod for 8 days using full RPMI 1640 

medium with or without 2-Me. N=3. Data are presented as mean ± S.E.M., * p<0.05, NS means no significant difference.  

Figure S2.  (A) TLR agonists alone have a modest effect on purified Vδ2 T cell expansion. 100K purified γδ T cells were labeled with 

CFSE and cultured with indicted TLR agonists for 3 days. Representative flow results of CFSE staining show TLR agonists alone had 

a moderate effect on γδ T cells expansion. (B) TLR7 and TLR8 expression in monocytes and γδ T cells  freshly isolated from PBMCs. 

Figure S3.  Resiquimod promotes pan-anti-γδ TCR antibodies induced Vδ2 T cell expansion. (A and B) Typical flow charts and 

statistical analysis showing concentrations of Vδ2 cells in cultured PBMCs at day 8 stimulated by pan-anti-γδ TCR antibodies (5 

μg/per well) with or without resiquimod (10 μg/ml), n=13. (C) Absolute number of Vδ2 T cells expanded by pan-anti-γδ TCR 

antibodies with or without resiquimod (10 μg/ml), n=3. (D) Concentrations of Vδ2 T cells expanded from PBMCs by indicated 

stimulation on day 6, 8, 10 and 13. PBMCs were from the same donor. (E) Bright-field photos showing the colony formation of γδ T 
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cells in cultured PBMCs with pan-anti-γδ TCR antibodies plus resiquimod on day 3. Data are presented as the mean ± S.E.M. 

*p<0.05, ***p<0.001.  

Figure S4. (A-B) Concentrations of Vδ2 T cells in cultured PBMCs at day 10 after incubation with IPP and/or resiquimod (A) and 

statistical analysis (B). IPP or resiquimod was added at different time points. PBMCs were collected at day 0; IPP (day5) + 

resiquimod: PBMCs were stimulated with IPP (5 μg/ml) starting on day 0 and resiquimod (10 μg/ml) was added on day 5 and cultured 

for another 5 days. Resiquimod (day 5) + IPP: PBMCs were stimulated with resiquimod starting on day 0 and IPP was added on day 5 

and cultured for another 5 days. n=3. Data are presented as mean ± S.E.M., * p<0.05, NS means no significant difference. (C) 

Resiquimod was added into cultured PBMCs at early stage (day 1-5) or late stage (day 6-12), and the concentrations of Vδ2 T cells 

were measured at day 13. Data are presented as the mean ± S.E.M. *p<0.05, ***p<0.001.  

Figure S5.  Resiquimod promotes cytotoxicity of γδ T cells expanded by pan-anti-γδ TCR antibodies in different E:T ratio. 

LDH release assay result showing cytotoxicity of γδ T cells expanded by pan-anti-γδ TCR antibody without or with resiquimod 

(10μg/ml) to melanoma A375 cells in different E:T ratios. n=3, data shown as Mean±S.E.M., **p<0.01, ***p<0.001. 

Figure S6. Resiquimod promotes cytotoxicity of γδ T cells expanded by pan-anti-γδ TCR antibodies to a variety of tumor cells.  

(A) LDH release assay result showing cytotoxicity of γδ T cells expanded by pan-anti-γδ TCR antibody (5 μg per well) with or 

without resiquimod (10 μg/ml) at E:T ratio=5:1 to multiple melanoma cell lines. A2058CR and WM9CR melanoma cell lines are 
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resistant to BRAF and MEK inhibitors. A2058 and WM9 are their parental cell lines. LDH release assay was performed after 

coculture Vδ2 T cells and tumor cells for 16 hours. n=5-7, data shown as Mean±S.E.M. (B) LDH release assay result showing 

cytotoxicity of γδ T cells expanded by pan-anti-γδ TCR antibody without or with resiquimod (10μg/ml) at E:T ratio=5:1 to epithelial 

cancer cell lines, n=5-6, data shown as Mean±S.E.M.  **P<0.01, ***P<0.001.  

Figure S7. Single-cell transcriptomics data set identifies distinct signaling pathway profiling during Vδ2 T cell fates. (A) Heat 

map showing the marker gene expression hits in relatively naive Vδ2 T cells and terminally differentiated effector memory Vδ2 T 

cells. (B) Gene-Ontology analysis of significantly different hits of phosphoprotein related to Figure 4D. (C) UMAP and violin plots 

showing ssGSEA score of signaling pathway related genes of Figure 4E. 

Figure S8. Gene-Ontology analysis of significantly different protein hits of RPPA analysis. 

Figure S9. Vδ2 T cell expansion by IPP plus resiquimod vs ZOL. (A) Independent experiment results showing expansion folds of 

Vδ2 T cells from PBMCs on day 8 stimulated by IPP plus resiquimod (10 μg/ml) or ZOL (5 μM), n=4. Data are presented as the mean 

± S.E.M. (B) Cytotoxicity of expanded Vδ2 T cells to lymphoma cells. Vδ2 T cells were expanded from PBMCs using ZOL or IPP 

plus resiquimod for approximately 13 days. 2x10
4
 Daudi or K562 cells were added in each well. Effector:Target (E:T) ratio was 5:1, 

2:1 and 1:1 in the coculture. LDH release assay was performed after coculturing Vδ2 T cells and lymphoma cells for 4 hours. Data 

shown as Mean±S.E.M. **p<0.01, ***p<0.001. (C) Concentrations and absolute number of human Vδ2 T cells in cultured PBMCs at 
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day 7 after co-stimulation with ZOL and Resiquimod. Data are presented as the mean ± S.E.M, ***p<0.001. (D) Gating strategy of 

flow cytometry result of Figure 4C group “ZOL+PBMCs” on day 3, purified naïve γδ T cells were labeled with CFSE, while PBMCs 

were not labeled.  

Figure S10. (A) APC phenotypes and checkpoint protein expression in PBMC monocytes. Four populations were shown based on the 

expression levels of CD14 (Monocyte’s marker) and CD80 (APC marker), Monocyte-divided APCs showing higher forward and side 

scatter values, and checkpoint protein (PD-L1 and CTLA-4) expression in health donor PBMCs. (B) PBMCs were cultured with IPP 

or IPP plus resiquimod for 48h, and the viability and mortality of monocytes and lymphocytes were detected with Annexin V/7-AAD 

apoptosis kit and flow cytometry. (C) Purified monocytes were cultured with resiquimod for 24h with indicated concentration, and the 

viability and mortality were detected with Annexin V/7-AAD apoptosis kit and flow cytometry. 

Figure S11. Vδ2 T cell expansion using IPP or IPP plus resiquimod (IR) in the presence of anti-PD-1 antibody (pembrolizumab, 

4μg/ml) for 10 days. (A) Two million PBMCs were added to each well with indicated stimulation for 10 days. Results showing Vδ2 T 

cell concentration and absolute number of Vδ2 T cells. Data are shown as the mean ± S.E.M, 3 replicates. (B) Functional marker 

expression on Vδ2 T cells. 
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