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ABSTRACT
Human Vγ2Vδ2 (also termed Vγ9Vδ2) T cells play important roles in microbial and tumor immunity by 
monitoring foreign- and self-prenyl pyrophosphate metabolites in isoprenoid biosynthesis. Accumulation of 
isoprenoid metabolites after bisphosphonate treatment allows Vγ2Vδ2 T cells to recognize and kill tumors 
independently of their MHC expression or burden of non-synonymous mutations. Clinical trials with more than 
400 patients show that adoptive immunotherapy with Vγ2Vδ2 T cells has few side effects but has resulted in only 
a few partial and complete remissions. Here, we have tested Vγ2Vδ2 T cells for expression of inhibitory receptors 
and determined whether adding PD-1 checkpoint blockade to adoptively transferred Vγ2Vδ2 T cells enhances 
immunity to human PC-3 prostate tumors in an NSG mouse model. We find that Vγ2Vδ2 T cells express PD-1, 
CTLA-4, LAG-3, and TIM-3 inhibitory receptors during the 14-day ex vivo expansion period, and PD-1, LAG-3, and 
TIM-3 upon subsequent stimulation by pamidronate-treated tumor cells. Expression of PD-L1 on PC-3 prostate 
cancer cells was increased by co-culture with activated Vγ2Vδ2 T cells. Importantly, anti-PD-1 mAb treatment 
enhanced Vγ2Vδ2 T cell immunity to PC-3 tumors in immunodeficient NSG mice, reducing tumor volume nearly 
to zero after 5 weeks. These results demonstrate that PD-1 checkpoint blockade can enhance the effectiveness of 
adoptive immunotherapy with human γδ T cells in treating prostate tumors in a preclinical model.
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Introduction

Recent advances in cancer immunotherapy have revolutionized 
treatment. Checkpoint blockade can treat a variety of different 
cancers by releasing neoantigen-specific T cells directed against 
the cancer that are held dormant by inhibitory receptors. 
Treatment with chimeric-antigen receptor (CAR) T cells specific 
for B cell surface receptors can induce durable remissions in 
lymphoma, acute lymphoblastic leukemia, chronic lymphocytic 
leukemia, and multiple myeloma. Despite these clinical advances, 
efficacy is still limited. Present CAR T cells can only treat B cell 
malignancies and the majority of patients treated with checkpoint 
blockade do not achieve durable remissions. Thus, new approaches 
are needed.

The use of γδ T cells for cancer treatment is one such approach. 
γδ T cells represent a third lineage of adaptive immune cells along 
with αβ T cells and B cells that arose in the earliest vertebrates.1 γδ 
T cells bridge adaptive and innate immunity with their ability to 
rearrange their T cell antigen receptors (TCR) and develop immu
nological memory but they use their TCRs more for pattern- 
recognition.2 Their TCRs mediate unconventional recognition of 
non-MHC proteins, such as butyrophilins (BTN), and non-peptide 
compounds leading to unique niches in immunity and in roles 
beyond the conventional immune system.

Human γδ T cells play important roles in tumor and 
microbial immunity that are now being more clearly 
defined. The major circulating V-gene subset express 
diverse Vγ2Vδ2 (also termed Vγ9Vδ2) TCRs. Vγ2Vδ2 T 
cells respond to both eukaryotic apicomplexan parasites, 
such as those causing malaria and toxoplasmosis, as well 
as many prokaryotic bacteria, such as those in the 
Enterobacteriaceae and Mycobacteriaceae families, with 
rapid expansions to high numbers (up to 50% of circulating 
T cells), production of interferon (IFN)-γ and tumor necro
sis factor (TNF)-α, along with killing of infected cells and 
reduction in the number of circulating bacteria.3

Stimulation of Vγ2Vδ2 T cells by this wide variety of 
microbial pathogens is through their TCRs. Unlike con
ventional CD8 and CD4 αβ T cells that respond to pep
tides presented by MHC class I and class II molecules, 
Vγ2Vδ2 TCRs are triggered by shared intracellular isopre
noid metabolites and other phosphorylated metabolites 
also commonly termed as phosphoantigens. Foreign phos
phorylated metabolites, such (E)-4-hydroxy-3-methyl-but 
-2-enyl pyrophosphate in the 2-C-methyl-D-erythritol 
4-phosphate isoprenoid synthesis pathway, or overpro
duced endogenous isoprenoid metabolites, such as 
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isopentenyl pyrophosphate (IPP) in the mevalonate 
pathway,4 are sensed by the intracellular B30.2 domain of 
BTN3A1.5,6 Binding is signaled to its extracellular domain 
through an unknown mechanism and, in conjunction with 
BTN2A1,7,8 leads to recognition by the Vγ2Vδ2 TCR and 
T cell activation. This sensor system allows Vγ2Vδ2 T cells 
to surveil the cytoplasm of cells and eliminate those with 
aberrant isoprenoid metabolism because of mutagenesis or 
infection.

Both BTN3A1 and BTN2A1 are expressed by all malignant 
human cells tested,9 allowing Vγ2Vδ2 T cells to recognize and 
kill tumor cells with altered isoprenoid metabolism, either 
through pharmacological manipulation by aminobisphospho
nate drugs, such as pamidronate or zoledronic acid,10 or through 
undefined defects, such as those present in some B cell tumors 
such as Daudi,11 RPMI 8226,12 and XG-7.13–15 Vγ2Vδ2 TCR 
stimulation by these tumor cells is clearly mediated by 
BTN3A114 and BTN2A115. A number of different alterations 
in endogenous isoprenoid metabolism such as overexpression of 
HMG-CoA reductase,16 inhibition of FDPS or isopentenyl 
diphosphate isomerase through siRNA/shRNA treatment,10,17 

or addition of the rate limiting metabolite, mevalonate10 can 
convert tumor cells into activators for Vγ2Vδ2 T cells. 
However, it is not clear what specific genomic mutations or 
epigenetic modifications are present in activating tumors. But 
treatment with bisphosphonates, prenyl pyrophosphates, or acti
vating anti-BTN3 or anti-BTN2A mAbs can render all lineages 
of tumor cells stimulatory for Vγ2Vδ2 T cells.

The presence of γδ T cells infiltrating solid tumors has been 
found to be the most favorable prognostic cell association when 
~18,000 tumor across 39 malignancies were studied.18 Indeed, 
in prostate cancers, both Vγ2Vδ2 and Vδ1 T cells infiltrate these 
tumors with a trend for lower numbers of infiltrating γδ T cells 
with higher-grade tumors.19 The ability of Vγ2Vδ2 T cells to 
recognize all lineages of malignant cells without off-target auto
reactivity and their ability to mediate tumor immunity suggests 
an explanation for the favorable prognostic association. Tumor 
recognition by Vγ2Vδ2 T cells requires neither MHC protein 
expression nor non-synonymous genomic mutations in the 
tumor. Vγ2Vδ2 T cells are not alloreactive and therefore can 
be used as “off-the-shelf” treatments by cryopreserving 
expanded Vγ2Vδ2 T cells from normal donors foregoing 
lengthy isolation and expansion from patient’s blood or tumor 
biopsies. Large numbers of cytotoxic Vγ2Vδ2 T cells can be 
grown ex vivo by stimulating with aminobisphosphonate or 
prenyl pyrophosphates. Thus far, the results of 15 clinical trials 
have been reported for 444 patients treated with the adoptive 
transfer of Vγ2Vδ2 T cells including those with non-small cell 
lung cancer (NSCLC), renal cell cancer, melanoma, colorectal 
cancer, breast cancer, cholangiocarcinoma, gastric cancer, mul
tiple myeloma, and pancreatic cancer.20–34 There have been 
relatively few grade 3/4 adverse events unless patients are con
currently treated with zoledronic acid and IL-2.22,23 Adoptive 
transfer of Vγ2Vδ2 T cells has induced a durable remission in 
a patient with metastatic kidney cancer,35 induced remission in 
patient with breast cancer,22 and increased overall survival of 
patients with advanced liver and lung cancer.32 However, the 
most common beneficial clinical response was stable disease 
underscoring the need to improve the efficacy of this treatment.

One potential reason for the poor efficacy of Vγ2Vδ2 T cell 
treatments is the tumor microenvironment (TME). Tumors 
employ a variety of defenses against attack by tumor-reactive 
T cells.36 One major defense is the expression of ligands on 
tumor cells or on other cells in the TME for inhibitory recep
tors expressed by T cells, such as programmed cell death ligand 
1/2 (PD-L1/PD-L2) for PD-1 and B7-1/B7-2 for cytotoxic 
T lymphocyte-associated protein 4 (CTLA-4). Besides PD-1 
and CTLA-4, T cells can express T cell immunoglobulin- and 
mucin-domain-containing molecule 3 (TIM-3), lymphocyte- 
activation gene-3 (LAG-3), T cell immunorecepter with immu
noglobulin and immunoreceptor tyrosine-based inhibitory 
motif domain (TIGIT), and V-domain immunoglobulin sup
pressor of T cell activation (VISTA).37 Some of these receptors 
can be concurrently expressed on both CD4 and CD8 tumor 
infiltrating lymphocytes through a co-inhibitory gene 
module.38

Engagement of these inhibitory receptors blocks T cell effec
tor functions. Direct evidence for PD-1/PD-L1 checkpoint 
inhibition has been found in melanoma patients.39 Patients 
who responded to PD-1 blockade had higher densities of 
CD8 αβ T cells at their tumor margins prior to treatment. 
Releasing T cells from PD-1 inhibition further increased CD8 
αβ T cell densities, T cell proliferation, and granzyme B levels. 
CD8 αβ T cells reacting to tumor antigens secrete IFN-γ. As 
predicted, phosphoSTAT1 (the immediate downstream effec
tor upon IFN-γ binding to its receptor) and PD-L1 at the 
invasive margins increased after PD-1 blockade.39 The close 
proximity of PD-1+ CD8 T cells and PD-L1+ cells (tumor cells, 
lymphocytes, and macrophages) prior to and during treatment 
correlated with response to PD-1 checkpoint blockade.39

Besides expression on “exhausted” T cells,40 these inhibitory 
receptors are also expressed in CD8 αβ T cells after activation.41 

PD-1 blockade, either by anti-PD-1 mAbs or by PD-1 disrup
tion, has been shown to enhance the activity of CAR T cells 
against solid tumors in preclinical models and in patients pro
viding evidence that checkpoint blockade can also enhance 
adoptive T cell therapies.42 Solid tumors, such as prostate can
cer, have low mutation rates and have shown minimal responses 
to PD-1 checkpoint blockade (although they can express high 
levels of PD-L143) and limited responses to CAR T cells.44

Here, we have investigated the efficacy of combining adop
tive immunotherapy with Vγ2Vδ2 T cells with PD-1 check
point blockade for immunity against human prostate cancer. 
We find that Vγ2Vδ2 T cells upregulate multiple inhibitory 
receptors, including PD-1, CTLA-4, TIM-3, and LAG-3 during 
ex vivo expansion. PC-3 prostate cancer cells express high level 
of PD-L1 and PD-L2 ligands. We find that combination treat
ment of PC-3 prostate cancers in NSG mice by adoptively 
transferring Vγ2Vδ2 T cells along with anti-PD-1 blockade 
greatly enhanced tumor immunity.

Materials and methods

Reagents

Monoclonal antibodies (mAb) used for flow cytometric ana
lyses in this study are detailed in Supplemental Table I in the 
Supplementary material and methods. Pamidronate (3 mg/ml) 
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was from Hospira, Inc. (Lake Forest, IL). Zoledronic acid was 
provided by Dr. Eric Oldfield. For in vivo studies, anti-human 
PD-1 (CD279) (clone J116) and control mouse IgG1 (clone 
MOPC-21) antibodies were from Bio X Cell (West 
Lebanon, NH).

Ex vivo expansion of Vγ2Vδ2 T cells by pulse zoledronic 
acid stimulation

PBMC were isolated from random donor leukopaks (AllCells, 
LLC, Alameda, CA) by density centrifugation over Ficoll- 
Hypaque (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) 
and cryopreserved for later use. For expansions, complete media 
(C-Media) was used that was prepared as previously described 
with prescreened 8% fetal calf serum, 2% human serum, and 
1000 IU/ml IL-2 (Proleukin, Chiron, Emeryville, CA).45 For 
T cell functional assays and for culturing tumor cells, human 
serum and IL-2 were omitted and 12 ml of FCS was substituted.

For expansion of Vγ2Vδ2 T cells, thawed PMBC were 
suspended at 1 × 106 cells/ml in C-media lacking IL-2 with 
100 μM zoledronic acid for 4 h at 37°C and 5% CO2, washed 
three times with PBS, and resuspended in C-Media without 
zoledronic acid. Expansions were performed in 75 cm2 flasks 
standing upright. On day 3, 50% of the media was removed and 
replaced with media containing 2000 IU/ml IL-2. PBMC were 
incubated for 14 d at 37°C and 5% CO2. Cell growth was 
monitored by microscopic examination and media color. 
Every 2–4 d, 50% of the media was changed with fresh 
C-Media (containing IL-2 but without zoledronic acid) and 
the cells were split 1:2 depending on cell density. On day 14, the 
cells were harvested, washed twice with PBS, and counted.

Purification and cryopreservation of expanded Vγ2Vδ2 T 
cells and flow cytometry

After ex vivo expansion for 14 d, Vγ2Vδ2 T cells were 
positively purified using anti-allophycocyanin (APC)-coated 
magnetic beads (MACS, Miltenyi Biotec, San Diego, CA) as 
detailed.45 Briefly, expanded cells were washed once with PBS 
and reacted with APC-conjugated anti-human Vδ2 mAb 
(clone B6). Cells were then washed twice with purification 
buffer and anti-APC magnetic beads added. After incubation 
on ice for 15 min, the cells and beads were washed twice, 
resuspended in 500 μl of purification buffer, and then loaded 
onto an LS column for positive selection using a Miltenyi 
VarioMACS separator. Retained Vδ2 T cells were washed on 
the column three times with 3 ml of buffer, removed from the 
magnetic field, and then eluted, washed, and either immedi
ately used or cryopreserved. Purified Vγ2Vδ2 T cells were 
cryopreserved by resuspending cells in 4°C FCS and adding 
dropwise an equal volume of FCS with 20% DMSO (Hybri- 
Max, Sigma-Aldrich, St. Louis, MO). Cells were frozen at 
−1°C/min in Mr. Frosty freezing containers (Nalgene) in 
a − 80°C freezer and then transferred to liquid N2 on the 
next day. Levels of γδ and Vγ2Vδ2 T cells and their differ
entiation state were assessed by flow cytometric analysis using 
an LSR II flow cytometer (BD Biosciences) using BD 

CompBead particles to set compensation. Analysis was per
formed using FlowJo software (FlowJo, LLC) and plotted 
using bi-exponential axes.

For in vivo experiments, cryopreserved PBMC from the leuko
pak of one healthy donor (LP.25) were used to diminish variability. 
The donor’s PBMC had 48.8% CD3+ T cells with Vγ2Vδ2 T cells 
constituting 6.6% of total CD3+ T cells. Vδ1 T cells and total γδ 
T cells constituted 1.5% and 9.1% of T cells, respectively. The 
majority of the Vγ2Vδ2 T cells (81.3%) were early or central 
memory T cells expressing CD28 and CD27. Other subsets con
stituted 4.0% CD28+CD27−, 7.3% CD28−CD27+, and 7.4% 
CD28−CD27− (TEMRA). After stimulation with pulse zoledronic 
acid, the Vγ2Vδ2 T cells expanded ~774- to 858-fold during the 
14-day culture. For example, at the end of expansion but before 
purification Vγ2Vδ2 T cells constituted 96.5%, 94.5%, and 95.1% 
of total T cells for three lots. After purification, Vγ2Vδ2 T cells 
constituted 98.8%, 98.7%, and 98.6% of total T cells with 1.2%, 
1.3%, and 1.4% presumed CD3 αβ T cell contamination. After 
expansion, most Vγ2Vδ2 T cells have lost expression of CD27 and 
CD27 (89.1%). The donor used in this paper, LP.25, has a slightly 
higher proportion of such cells (89.1%) compared with other 
donors. Other memory subsets constituted 5.9% CD28+CD27+, 
4.8% CD28+CD27−, and 0.2% CD28−CD27+. LP.25 values are 
shown as red dots among values for 12 other donors along with 
the gating strategy used to delineate memory subsets 
(Supplemental Figure 1). Cell yields of cryopreserved Vγ2Vδ2 T 
cells after overnight incubation in C-media with IL-2 were 
between 60% and 70% of the cells counted immediately after 
thawing. Cell purity was evaluated by flow cytometry and the 
Vγ2Vδ2 T cells used were at least 98% Vδ2 cells.

Intracellular cytotoxic protein and cytokine expression 
after stimulation of expanded Vγ2Vδ2 T cells

To assess the functional activity of purified Vγ2Vδ2 T cells 
after cryopreservation, the intracellular levels of granzyme 
B and interferon-γ in previously cryopreserved Vγ2Vδ2 T 
cells were compared to those of fresh Vγ2Vδ2 T cells. 
Previously, cryopreserved or fresh Vγ2Vδ2 T cells were sti
mulated with ionomycin (2 μg/ml) and phorbal 12-myristate 
13-acetate (PMA) (50 ng/ml) (both from Sigma-Aldrich, 
St. Louis, MO) for 4–6 h in the presence of 4 µl of 
GolgiStop (monensin) (BD Biosciences) per 6 ml media. For 
flow cytometric analysis, PBMC were first stained with Live/ 
Dead Blue (Invitrogen), to exclude dead cells followed by 
staining with APC-Cy7-conjugated anti-CD3 and FITC- 
conjugated anti-Vδ2 mAbs. The cells were then washed, 
fixed, and permeabilized using the Cytofix/Cytoperm Kit 
(BD Biosciences) and then intracellularly stained with either 
PE-conjugated anti-IFN-γ or anti-granzyme B mAbs. 
Cytokine and cytotoxic protein levels in Vδ2 T cells were 
then assessed by flow cytometry.

Expression of inhibitory receptors on Vγ2Vδ2 T cells

PBMC from LP.25 were stimulated using pulse zoledronic acid 
and cultured with IL-2 as detailed above. At various times after 
stimulation, the expression of inhibitory receptors was measured 
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Figure 1. Increasing Vγ2Vδ2 T cell numbers or changing the route of transfer does not improve immunity against human PC-3 prostate tumors in immunodeficient NSG 
mice. (a) Schema of treatment protocol used to evaluate the anti-tumor efficacy of Vγ2Vδ2 T cells. Human PC-3 prostate cancer cells were injected s.c. into 
immunodeficient NSG mice on day 0. On day 13, pamidronate (50 μg/kg) was given i.v. On day 14, cryopreserved purified Vγ2Vδ2 T cells expanded using pulse 
zoledronate stimulation were inoculated i.v. or i.p. Treatments were repeated weekly until week 6. Longitudinal and transverse diameters of the tumors were measured 
weekly. (b) (left panel) Increasing the number of cryopreserved Vγ2Vδ2 T cells does not improve anti-tumor immunity. Mean PC-3 tumor volume ± SD is shown for 3–8 
mice per group treated with either pamidronate alone (closed circles), or pamidronate with 1 × 106 (open circles), 31 × 106 (open triangles), or 62 × 106 (open inverted 
triangles) purified Vγ2Vδ2 T cells. (right panel) Tumor volumes at week 6 for individual mice. Bars represent mean values. (c) (left panel) Changing the route of 
adoptively transferred Vγ2Vδ2 T cells does not improve anti-tumor immunity. Mean PC-3 tumor volume ± SD is shown for 5–6 mice per group treated with either 
pamidronate alone (closed circles), or pamidronate with 1 × 106 purified Vγ2Vδ2 T cells given i.v. (open circles) or i.p. (open triangles). (right panel) Tumor volumes at 
week 7 for individual mice. Bars represent mean values. *p < .05, **p < .01, ***p < .001 compared with the tumor volume in mice treated with pamidronate alone using 
the Mann-Whitney U test.
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by staining with APC-Cy7-anti-CD3, FITC-anti-Vδ2, Live/Dead 
Blue, and PE-, APC-, or PE-Cy7-conjugated mAbs to the various 
inhibitory receptors. To assess inhibitory receptor expression on 
previously cryopreserved expanded Vγ2Vδ2 T cells, PC-3 cells 
were first treated with mitomycin C (100 μg/ml) for 1 h at 37°C in 
PBS. The PC-3 cells were then washed and cultured in FK-12 
medium with 200 μM of pamidronate overnight. After culture, 
PC-3 cells were then washed twice. For restimulation, 5 × 105 

pulsed PC-3 cells were co-cultured with 1 × 106 freshly thawed 
purified Vγ2Vδ2 T cells from LP.25 in 2 ml of C-media with IL- 
2 per well of a 24-well plate at 37°C in a 5% CO2 incubator. The 
co-cultured cell mixture was harvested at day 0, 1, 3, 5, 7, and 10, 
and stained with FITC-anti-Vδ2 and PE-anti-PD-1, PE-anti- 
CTLA-4, PE-anti-LAG-3, PE-anti-TIM-3, or PE-anti-TIGIT on 
ice for 30 min. Hoechst staining was used to gate out of dead cells. 
Surface expression of the inhibitory receptors was analyzed using 
an LSR II flow cytometer. Data were analyzed using Flowjo soft
ware and plotted using bi-exponential scaling with the linear scale 
optimized for display.

Effect of Vγ2Vδ2 T cells and IFN on PD-L1 expression on 
PC-3 cells

PC-3 cells were cultured without or with 200 µM pamidronate 
overnight. After washing, unpulsed or pamidronate-pulsed PC-3 
cells were cultured with purified Vγ2Vδ2 T cells at an E:T ratio 
of 10:1 and added either to the inner well or to the outer well of 
a Transwell where the wells are separated by a 0.4 µm polycar
bonate membrane (Transwell 24-well plate, Corning, Corning, 
NY). Culture supernatants were harvested after 48 h and IFN-γ 
levels measured by DuoSet sandwich ELISA (R&D Systems, 
Minneapolis, MN). Cells were harvested from the outer wells, 
washed, and then stained with anti-PD-L1 mAb and analyzed by 
flow cytometry gating on PC-3 cells. To determine the effects of 
interferon on PD-L1 expression on PC-3 cells, PC-3 cells were 
cultured with either 100 (500 IU), 200 (1,000 IU), or 400 (2,000 
IU) ng/ml IFN-γ (ThermoFisher Scientific (Waltham, MA)) or 
200 ng/ml (1,000 IU) IFN-α (human hybrid IFN-α A/D, PBL 
Assay Science (Piscataway, NJ)) for 48 h. To assess BTN3, PD-1, 
PD-L1, and PD-L2 levels, PC-3 cells were stained with the 
appropriate mAb and analyzed by flow cytometry.

Human prostate cancer xenograft and adoptive transfer 
of Vγ2Vδ2 T cells with PD-1 checkpoint blockade in 
immunodeficient mice

To assess the anti-tumor activity of adoptively transferred 
Vγ2Vδ2 T cells, human PC-3 cancer cells were xenotransplanted 
into immunodeficient mice using a model developed by the Scotet 
laboratory46 except that treatment was started one dayearlier (day 
13 rather than day 14) and purified Vγ2Vδ2 T cells were used. 
Five-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 
mice were purchased from the Jackson Laboratory (Bar Harbor, 
ME) and used at six weeks of age. For tumor xenotransplantation, 
1 × 107 human PC-3 prostate cancer cells were suspended in 
200 μl of sterile PBS and inoculated subcutaneously into the 
right flank of NSG mice on day 0. Each treatment group consisted 
of eight mice. Note that due to husbandry problems that have 
been reported with NSG mice,47 there were sporadic mouse 

deaths in some experiments due to commensal infections leading 
to lower group sizes. These deaths were independent of tumor size 
or treatment and did not affect the overall results. On day 13 
(when tumor diameter had reached >5 mm), mice were injected i. 
v. with pamidronate (50 μg/kg). The mice weighed 17 to 19 g and 
therefore received 0.85 to 0.95 μg of pamidronate. For PD-1 
checkpoint blockade, anti-PD-1 or isotype control mAbs were 
administrated intraperitoneally at 200 μg/mouse on day 13 after 
tumor inoculation. This was followed on day 14 with the i.v. 
injection of 1 × 106 (or the indicated cell number) freshly thawed 
purified Vγ2Vδ2 T cells. Two days later, mAb injections were 
repeated. Treatments were repeated weekly until week 6 for a total 
of 5 treatments. For each experiment, cryopreserved Vγ2Vδ2 T 
cells from the same donor and lot were used. Transferred cell 
numbers were based on the number of thawed Vγ2Vδ2 T cells 
that remained one day after culture in C-media to correct for 
T-cell loss due to cryopreservation (between 30% and 40% loss). 
Note that purified Vγ2Vδ2 T cells were used to avoid αβ T cell 
outgrowth that can occur in immunodeficient mice even with 
low levels (3–5%) of αβ T cell contamination.48 Although the 
purified Vγ2Vδ2 T cells in these experiments were contaminated 
with ~1–2% αβ T cells, 50-fold fewer T cells were given per 
transfer compared with our previous study decreasing the prob
ability of αβ T cell outgrowth.48 Control mice received only 
pamidronate treatments with or without mAbs. Note that in 
this model, pamidronate by itself only minimally inhibits the 
growth of PC-3 tumors.46 Tumor size was assessed once weekly 
by external measurement of the longitudinal and transverse 
tumor diameter using a digital vernier caliper. Tumor volume 
was calculated using the modified ellipsoidal formula where 
tumor volume (mm3) = (y × x2)/2, where “y” is the longitudinal 
length and “x” is the transverse width. All experiments involving 
animals, including their housing and care in pathogen-free con
ditions and the experimental protocols used, were conducted in 
accordance with relevant laws and institutional guidelines, and 
were approved by the local IACUC committee.

Statistical analyses

For statistical analyses, the nonparametric Mann-Whitney 
U test was used as indicated with p < .05 considered statistically 
significant. Statistical analyses were done in Prism version 7.0a 
(GraphPad Software, La Jolla, CA).

Results

Neither increasing the number of adoptively transferred 
Vγ2Vδ2 T cells nor changing the route of transfer improves 
anti-tumor immunity to human prostate cancer cells in 
immunodeficient NSG mice

Vγ2Vδ2 T cells after cryopreservation produced granzyme 
B and IFN-γ at levels and frequencies similar to those of freshly 
purified Vγ2Vδ2 T cells (Supplemental Figure 2). However, 
their effectiveness in mediating in vivo tumor immunity was 
slightly less. Tumor immunity by cryopreserved Vγ2Vδ2 T 
cells was assessed against prostate cancer tumors in an adoptive 
transfer model in immunodeficient NSG mice, adapted from 
the Scotet laboratory,46 that we previously used to test fresh 
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Vγ2Vδ2 T cells.45 In this model, human PC-3 prostate cancer 
cells are subcutaneously implanted in the flanks of immuno
deficient NSG mice. After 13 days, pamidronate is intrave
nously injected followed 1 day later by the adoptive transfer 
of purified Vγ2Vδ2 T cells. This treatment is repeated five 
times (Figure 1a).

Previously cryopreserved Vγ2Vδ2 T cells inhibited the 
growth of PC-3 tumors slightly less than freshly expanded 
Vγ2Vδ2 T cells that were previously studied.45 Cryopreserved 
Vγ2Vδ2 T cells inhibited tumor growth such that tumor 
volume was 29% (Figure 1b) and 7.4% (Figure 1c) of control 
tumors at week 7. However, in our previous study, freshly 
purified Vγ2Vδ2 T cells inhibited the growth of PC-3 tumors 
more effectively to 11.2% and 6.1% of control tumors at week 
7,45 with little tumor growth from week 5 to week 7. Thus, 
Vγ2Vδ2 T cells retain most of their in vivo anti-tumor activity 
after cryopreservation allowing their use in the preclinical 
studies reported here and suggesting that they could be used 
for clinical treatments.

In murine studies, transferring higher numbers (10–100- 
fold more) of CD8 αβ T cells from Pmel-1 TCR transgenic mice 
can overcome potency differences between T cell subsets to 
provide equivalent immunity to murine B16 melanoma cells.49 

To determine if human Vγ2Vδ2 T cells behave similarly, the 
number of adoptively transferred Vγ2Vδ2 T cells was increased 
31- and 62-fold. Despite these increases, tumor immunity did 
not improve further (Figure 1b) with similar mean tumor 
volumes between the different groups (Figure 1b, right 
panel). Also, there was no significant difference between 
Vγ2Vδ2 T cells that were intraperitoneally injected compared 
with those that were intravenously injected (Figure 1c). Thus, 
unlike CD8 αβ T cells, there was no improvement in tumor 
immunity with the transfer of higher number of Vγ2Vδ2 T 
cells. These findings and the fact that even fresh Vγ2Vδ2 T cells 
cannot shrink the size of established PC-3 prostate tumors 
suggest that the tumor microenvironment may be preventing 
further control of tumor growth.

Expanded Vγ2Vδ2 T cells express inhibitory receptors

One of the major mechanisms by which established solid 
tumors evade tumor-specific T cells is through their expression 
of ligands for inhibitory receptors expressed by T cells. To 
characterize the expression of inhibitory receptors on 
Vγ2Vδ2 T cells, their levels were measured during ex vivo 
expansion. Three previous studies have demonstrated similar 
kinetics and level of expression of PD-1 during Vγ2Vδ2 expan
sion with levels peaking between days 2 to 4 with an average of 
75% of Vγ2Vδ2 T cells (range 40–90%) expressing PD-1 and 
with levels returning to near baseline at 14 days on all 15 
+ donors tested.50–52 We therefore tested the donor previously 
used in our in vivo studies for expression of PD-1 as well as 
other inhibitory receptors. The surface expression of PD-1, 
CTLA-4, LAG-3, and TIM-3 were measured at day 0, 3, 7, 10, 
and 14 of culture (Figure 2a). Vγ2Vδ2 T cells expressed inhi
bitory receptors during expansion. PD-1, CTLA-4, LAG-3, and 
TIM-3 were all upregulated by day 3 with 73% of the Vγ2Vδ2 T 
cells expressing PD-1 (Figure 2a). By day 14, Vγ2Vδ2 T cells 
had lost expression of PD-1 and CTLA-4 (Figure 2a). In 

contrast, LAG-3 and TIM-3 continued to be expressed at 
high levels by most Vγ2Vδ2 T cells (>73%). Thus, expression 
of PD-1 on Vγ2Vδ2 T cells from our donor showed identical 
kinetics and similar expression levels that are typical for 
healthy adult donors from previous studies and was well suited 
for additional in-vitro and in vivo studies.

Cryopreserved Vγ2Vδ2 T cells retained expression of LAG- 
3 and TIM-3 upon thawing (Figure 2b). When restimulated 
through their TCRs by exposure to pamidronate-pulsed PC-3 
cells, Vγ2Vδ2 T cells rapidly upregulated expression of PD-1 
and TIGIT (another inhibitory receptor) by day 1 which were 
lost by day 10. CTLA-4 was not expressed. TIM-3 expression 
decreased after day 5 until lost by day 10 whereas LAG-3 
expression was maintained on 59% of cells on day 10. Thus, 
PD-1 can be reexpressed after TCR stimulation by exposure to 
pamidronate-pulsed PC-3 tumor cells. PD-1 and other inhibi
tory receptors, such as TIGIT, LAG-3, and TIM-3 on expanded 
Vγ2Vδ2 T cells makes their anti-tumor activity subject to 
inhibition upon interaction with ligands for these inhibitory 
receptors in the tumor microenvironment.

PC-3 prostate cancer cells express PD-L1 and PD-L2 
ligands for PD-1

As shown above, adoptively transferred Vγ2Vδ2 T cells express 
checkpoint receptors that could inhibit their anti-tumor activ
ity. To determine whether checkpoint receptors expressed by 
Vγ2Vδ2 T cells alter their activity in vivo, expression of inhi
bitory and stimulatory ligands as well as other adhesion ligands 
by PC-3 prostate cancer cells was determined. PC-3 cells 
expressed high levels of PD-L1 and PD-L2 ligands for the 
PD-1 checkpoint receptor (Figure 3). PC-3 cells also express 
nectin-2/CD112 and PVR/CD155 that are the ligands for the 
inhibitory receptors, TIGIT and CD96 (binds only CD155), 
and the stimulatory receptor, DNAM-1. Note that a previous 
study found that PC-3 cells do not express the CTLA-4 ligands, 
B7-1 (CD80) and B7-2 (CD86), nor do they express the LAG-3 
ligand, MHC-class II unless induced by IFN-γ.53 One TIM-3 
ligand, phosphatidylserine, would be expected to be present on 
apoptotic but not viable PC-3 cells.54,55

PC-3 cells express CD59 and LFA-3/CD58 that are ligands 
for the CD2 adhesion molecule expressed by Vγ2Vδ2 T 
cells56 as well as CD166/ALCAM, the ligand for the CD6 
adhesion molecule that is also expressed by Vγ2Vδ2 T cells 
and that functions as an alternative to LFA-1/ICAM-1 
adhesion.57 PC-3 cells also express high level of BTN3 as 
well as MHC class I proteins (Figure 3). Vγ2Vδ2 T cells 
express the NKG-2D/CD314 C-type lectin that functions to 
enhance stimulation by aminobisphosphonates and prenyl 
pyrophosphates.58,59 PC-3 cells express a variety of ligands 
for NKG2D including MICA/B, ULBP-1, −2, and −3 
(Figure 3). PC-3 cells did not express SLAMF3/CD299, 
SLAMF4/CD48, SLAMF5/CD84, SLAMF6/NTB(A), 
SLAMF7/CRACC, or SLAMF8. Thus, PC-3 prostate cells 
do not express ligands for CTLA-4 but could display the 
phosphatidylserine ligand for TIM-3 if undergoing apoptosis 
and the MHC class II ligand for LAG-3 if exposed to IFN-γ. 
They do express PD-L1 and PD-L2 ligands for PD-1 at high 
levels.
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Figure 2. Vγ2Vδ2 T cells express inhibitory receptors after bisphosphonate stimulation. (a) Inhibitory receptors are expressed on Vγ2Vδ2 T cells during in vitro expansion. 
PBMC from a normal donor were pulsed for 4 h with 100 μM zoledronic acid, washed, and then cultured in C-media with IL-2 for 14 days to expand Vγ2Vδ2 T cells. 
Surface expression of various inhibitory receptors was assessed by flow cytometric analysis at the times indicated. (b) PD-1 inhibitory receptors are re-expressed on 
Vγ2Vδ2 T cells after stimulation by bisphophonate-treated PC-3 prostate cancer cells. Mitomycin C-treated PC-3 cells were cultured overnight with 200 μM pamidronate, 
washed, and then cultured with thawed purified Vγ2Vδ2 T cells in C-media with IL-2 for 10 days. Surface expression of inhibitory receptors was assessed by flow 
cytometric analysis at the times indicated, analyzed using FloJo software, and plotted with bi-exponential scaling. N.D. = not determined. Solid histograms show the 
specific antibody staining while open histograms show control mAb staining.
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Stimulation of Vγ2Vδ2 T cells increases PD-L1 surface 
expression by PC-3 cells

After adoptive transfer, tumor-specific CD8 αβ T cells first 
accumulate at the periphery of the tumor where their migra
tion is arrested upon encountering antigen-expressing tumor 
cells.60 However, cytokines secreted by the T cells penetrate 
further into the tumor interior. The expression of PD-L1 and 
PD-L2 by PC-3 cells suggests a potential mechanism by which 
tumors can inhibit tumor immunity by Vγ2Vδ2 T cells. To 
determine the effects of cytokines produced by Vγ2Vδ2 T cells 
on surrounding tumor cells after stimulation of the T cells by 
bisphosphonate-treated tumor cells, purified Vγ2Vδ2 T cells 
were stimulated in the inner well of a Transwell where they 
were separated from PC-3 cells in the outer well by a 0.4 µm 
membrane. Stimulation of Vγ2Vδ2 T cells with pamidronate- 
treated PC-3 cells in the inner well increased PD-L1 expression 
by PC-3 cells located in the outer well to similar levels as when 
the cells were co-cultured in the outer well (Figure 4). This 
suggests that a soluble cytokine mediates this increase.

The increase in PD-L1 on PC-3 cells correlated with ele
vated IFN-γ levels in the cultures (Figure 4b, left panel). To 
directly assess the effects of interferon on PD-L1 levels, PC-3 
cells were cultured with either IFN-α or IFN-γ for 48 h. and the 
surface levels of BTN3, PD-1, PD-L2, and PD-L2 were mea
sured. Treatment with either IFN-α or IFN-γ significantly 
increased the expression of PD-L1 (MFI increased 4.3-fold 
for IFN-α and 6.2-fold for IFN-γ) but had a lesser effect on PD- 
L2 (MFI increased 1.3-fold for IFN-α and 1.6-fold for IFN-γ) 
(Figure 5). The surface expression of BTN3 was not affected by 
either treatment while PD-1 levels decreased (MFI decreased 
up to 2.6-fold) (Figure 3). These results suggest that IFN-γ or 

other cytokines released by Vγ2Vδ2 T cells upon tumor recog
nition can further increase PD-L1 levels on surrounding tumor 
cells potentially decreasing tumor immunity.

Combination therapy with PD-1 checkpoint blockade 
and adoptive transfer of Vγ2Vδ2 T cells significantly 
improves tumor control in a preclinical NSG mouse 
model of prostate cancer

Given that PC-3 cells express PD-L1 and that Vγ2Vδ2 T cells 
rapidly upregulate PD-1 upon reactivation, the effect of combin
ing the adoptive transfer of human Vγ2Vδ2 T cells with PD-1 
checkpoint blockade on immunity to PC-3 tumors was tested in 
immunodeficient NSG mice. Treatment with an anti-PD-1 mAb 
or an isotype control was begun at day 13 along with pamidronate 
followed by the adoptive transfer of Vγ2Vδ2 T cells one day later 
(day 14). A second dose of mAb was administered on day 16 
(Figure 6a). This cycle of treatment was repeated weekly for 
a total of five cycles. We found that the addition of anti-PD-1 
mAb or isotype control mAb treatment to pamidronate-treated 
mice had no effect on PC-3 tumor growth (Figure 6b). Treatment 
with pamidronate and adoptively transferred Vγ2Vδ2 T cells 
slowed PC-3 tumor growth but did not diminish tumor size. 
However, the addition of the anti-PD-1 mAb to adoptively trans
ferred Vγ2Vδ2 T cells, significantly reduced PC-3 tumor volume 
to near zero as compared to the tumor volume in mice treated 
with an isotype control mAb or left untreated (Figure 6b). This 
treatment was not curative because tumor growth was noted by 
1.5 weeks after treatment ended. In conclusion, the addition of 
PD-1 checkpoint blockade to adoptively transferred Vγ2Vδ2 T 
cells with pamidronate treatment significantly enhanced anti- 
tumor immunity shrinking tumor volumes to near zero.

Figure 3. PC-3 prostate cancer cells express PD-L1, PD-L2, and other receptor ligands. PC-3 cancer cells were cultured in F12K medium for at least one passage and then 
washed and reacted with various mAbs. Surface expression was then assessed by flow cytometry, analyzed using FloJo software, and plotted with bi-exponential 
scaling. Solid histograms show the specific antibody staining while open histograms show control mAb staining.
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Discussion

Adoptive transfer of Vγ2Vδ2 T cells for cancer immunother
apy has been proven safe in clinical trials but needs to be more 
effective. In this study, various approaches were tried to 
improve Vγ2Vδ2 T cell therapy. We first sought to determine 
if increasing the number of transferred Vγ2Vδ2 T cells would 
enhance tumor immunity in NSG mice. Despite increasing 
Vγ2Vδ2 T cells by 62-fold, no improvement in tumor immu
nity was observed. This finding suggested that the inability of 
Vγ2Vδ2 T cells to stop tumor growth was not simply due to 
insufficient numbers of Vγ2Vδ2 T cells. Instead, the tumor 
microenvironment might play a key role in determining treat
ment effectiveness. The expression of ligands for checkpoint 
receptors is one way that tumors protect themselves from 
T cells. Therefore, we examined the expression of checkpoint 
receptors by Vγ2Vδ2 T cells during the 14-day ex vivo expan
sion period used in clinical trials. During expansion, Vγ2Vδ2 T 
cells rapidly upregulated PD-1 and CTLA-4 followed by high- 

level expression of TIM-3 and LAG-3 checkpoint receptors. 
Cryopreserved Vγ2Vδ2 T cells continued to express TIM-3 
and LAG-3 upon thawing and re-expressed PD-1 upon stimu
lation with bisphosphonate-treated PC-3 cells. These findings 
suggested that engagement of these receptors on Vγ2Vδ2 T 
cells might inhibit their tumor immunity. The potential impor
tance of the PD-1/PD-L1 interaction was demonstrated by the 
fact that checkpoint blockade with anti-PD-1 mAbs enhanced 
Vγ2Vδ2 T cell tumor immunity to effect near complete remis
sions of established PC-3 prostate tumors in mice. Taken 
together, these findings provide support for the addition of 
PD-1 checkpoint blockade to adoptive immunotherapy with 
Vγ2Vδ2 T cells to increase tumor immunity. However, further 
studies with other tumors are required to establish the broad 
applicability of checkpoint therapies in adoptive Vγ2Vδ2 T cell 
therapy.

To facilitate the development of Vγ2Vδ2 T cell thera
pies, it would be useful if expanded Vγ2Vδ2 T cells could 
be cryopreserved. This would allow for the use of 

Figure 4. Co-culture with activated Vγ2Vδ2 T cells increases surface expression of PD-L1 on PC-3 cells through a soluble cytokine. PC-3 cells were cultured overnight with 
or without pamidronate (200 μM) and then washed twice. Treated PC-3 cells were cultured with or without purified Vγ2Vδ2 T cells in either the inner or outer wells in 
a Transwell plate separated by a 0.4 μm membrane under the indicated conditions for 48 h. PC-3 cells in the outer well were harvested, stained with anti-PD-L1 mAb, 
and the surface expression of PD-L1 assessed by flow cytometry. Culture supernatants were harvested after 48 h and assayed for IFN-γ levels by ELISA. (a) PD-L1 
expression by PC-3 cells cultured under the indicated conditions. Representative of two experiments. Solid histograms show the specific antibody staining while open 
histograms show control mAb staining. (b) Expression of PD-L1 (MFI) on PC-3 cells in the outer well and supernatant IFN-γ levels after co-culture with Vγ2Vδ2 T cells and 
PC-3 cells (either untreated or treated with pamidronate) for 48 h.
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centralized facilities where Vγ2Vδ2 T cells could be 
expanded under good manufacturing practices and costs 
and efficiency optimized. Because Vγ2Vδ2 T cells show no 
alloreactivity,61 cancer patients can be treated, even if their 

Vγ2Vδ2 T cells cannot be expanded, by using allogeneic 
Vγ2Vδ2 T cells as an off-the-shelf treatment. Such an 
approach has been used to successfully treat a patient 
with cholangiocarcinoma31 and to improve the survival of 

Figure 5. IFN-γ and IFN-α increase the surface expression of PD-L1 on PC-3 prostate cancer cells. PC-3 cells were treated with IFN-γ or IFN-α at the indicated concentrations 
for 48 h. Cells were then stained with various mAbs and surface expression of BTN3, PD-1, PD-L1, and PD-L2 assessed by flow cytometric analysis. (a) Representative 
histograms of surface expression of various proteins by PC-3 cells cultured under the indicated conditions. Representative of two experiments. Solid histograms show the 
specific antibody staining while open histograms show control mAb staining. (b) Expression of PD-L1 (MFI) on PC-3 cells after treatment with IFN-γ or IFN-α for 48 h.
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patients with liver and lung cancer.32 We therefore evalu
ated cryopreserved Vγ2Vδ2 T cells for their functional 
activity. We used standard laboratory cryopreservation 
techniques using a 10% DMSO/90% FCS cryopreservation 
solution for freezing both the original leukopac PBMC and 
the purified Vγ2Vδ2 T cells. Although cryopreserved 
Vγ2Vδ2 T cells could control tumor growth in vivo, they 
were not as potent as freshly expanded Vγ2Vδ2 T cells.45 

These findings are similar to those of others who have 
noted slightly reduced or similar activity on cryopreserva
tion of T and NK cells.62 Decreasing the concentration of 
DMSO to 5–7.5% might improve Vγ2Vδ2 T cell tumor 
immunity given that freezing αβ T cells twice in 10% 
DMSO diminishes their cytotoxic activity but no decreases 
were noted with 5% DMSO.63 Although cryopreservation 
in 5% DMSO caused subtle damage to CAR T cells, freez
ing did not diminish their clinical effectiveness64 and cryo
preserved CAR T cells showed similar activity to freshly 
prepared CAR T cells in a mouse model.65 The use of 6% 

pentastarch with 4% human serum albumin64 or a Plasma- 
Lyte/human serum albumin/dextrose/dextran solution 
(used by the June laboratory)66 might improve activity 
and is compatible with direct use in patients. Finally, the 
use of a controlled rate freezer during the freezing process 
would be preferable for consistency and thawing in 5% 
human serum albumin has been shown to decrease 
Vγ2Vδ2 T cell death.67

Studies with murine CD8 αβ T cells have demonstrated that 
anti-tumor immune responses correlate with the number of 
transferred T cells such that increasing the number of tumor- 
specific CD8 αβ T cells improves tumor control and prolongs 
survival.49 Although certain subsets control tumor growth 
more efficiently, even inefficient T cell subsets control tumor 
growth if higher numbers are transferred.49 In contrast, we 
found that increasing the number of transferred Vγ2Vδ2 T 
cells, even by 62-fold, does not lead to better tumor control. 
These results suggested that the tumor microenvironment 
might be limiting the effectiveness of their tumor immunity.

Figure 6. PD-1 checkpoint blockade enhances immunity by adoptively transferred Vγ2Vδ2 T cells against PC-3 prostate tumors. (a) Schema of treatment protocol used 
to evaluate the anti-tumor efficacy of Vγ2Vδ2 T cells with PD-1 checkpoint blockade. Human PC-3 prostate cancer cells were injected s.c. into NSG mice on day 0. On day 
13, pamidronate (50 μg/kg) was given i.v. with either an anti-PD-1 or an isotype control mAb (200 μg/mouse) injected i.p. On day 14, 1 × 106 purified Vγ2Vδ2 T cells 
were inoculated i.v. Two days later, mAb injections were repeated. Treatments continued until week 6. Longitudinal and transverse diameters of the tumors were 
measured weekly. (b) (left panel) Combination of PD-1 checkpoint blockade and adoptive transfer of Vγ2Vδ2 T cells significantly reduces prostate tumor volume in NSG 
mice compared with adoptive transfer only. Mean PC-3 tumor volume ± SD is shown for 6–8 mice per group treated with either pamidronate alone (open triangles), 
pamidronate with purified Vγ2Vδ2 T cells (open squares), pamidronate with control mAb (open circles), pamidronate with anti-PD-1 mAb (closed inverted triangles), 
pamidronate with purified Vγ2Vδ2 T cells and control antibody (closed triangles), or pamidronate with purified Vγ2Vδ2 T cells and anti-PD-1 mAb (closed circles). 
**p < .01, mean tumor volume of mice treated with anti-PD-1 mAb and adoptive transfer of Vγ2Vδ2 T cells versus adoptive transfer of Vγ2Vδ2 T cells alone using the 
Mann-Whitney U test. (right panel) Tumor volume at week 7 of individual mice treated with pamidronate and anti-PD-1 mAb (open triangles), pamidronate with 
purified Vγ2Vδ2 T cells and control mAb (open circles), or pamidronate with purified Vγ2Vδ2 T cells and anti-PD-1 mAb (closed circles). Bars represent mean values. 
**p < .01, ***p < .001 using the Mann-Whitney U test.
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One way that tumors inhibit T cell immunity is to express 
ligands for inhibitory receptors. In our earlier study, Vγ2Vδ2 T 
cells controlled the growth of established PC-3 tumors but 
could not shrink them.45 Vγ2Vδ2 T cells activation at the 
periphery of the tumor might limit the killing of tumor cells 
located more centrally. Here, we demonstrate one possible 
mechanism. Vγ2Vδ2 T cells stimulated by pamidronate- 
pulsed tumor cells secreted IFN-γ leading to PD-L1 upregula
tion on bystander PC-3 cells (Figure 4). If this occurs in vivo, 
this increase in PD-L1 expression could protect PC-3 tumor 
cells from attack by Vγ2Vδ2 T cells. The 6.2-fold increase in 
PD-L1 on PC-3 cells with IFN-γ treatment is consistent with 
studies detailing the responsiveness of PC-3 cells to IFN-γ 
treatment and the effects of IFN-γ treatment on PD-L1 expres
sion on other tumor cells. The PC-3 cell line is responsive to 
IFN-γ as evidenced by upregulaton of HLA class I and HLA- 
DR molecules after IFN-γ treatment.53 IFN-γ treatment 
increased PD-L1 an average of 4.9-fold on 28/30 tumor cell 
lines of various lineages.68 The increased PD-L1 levels were 
noted at the earliest time-point tested (24 h) with an EC50% of 
0.5–1.0 ng/ml and maximal levels at 10 ng/ml IFN-γ.68 This 
level is below the IFN-γ levels measured in our transwell 
experiments. Thus, the 6.2-fold increase in PD-L1 by PC-3 
cells after IFN-γ treatment is similar to other tumor cell lines. 
Upregulation of PD-L1 requires IFN-γ binding to the type II 
interferon receptor activating the JAK1/JAK2/STAT1/STAT2/ 
STAT3/IRF1 axis as described for melanoma cells69 and other 
tumors.68,70,71 Thus, PD-L1 could be inhibiting anti-tumor 
immunity by Vγ2Vδ2 T cells if they express PD-1.

Consistent with this possibility, Vγ2Vδ2 T cells express PD- 
1 as well as other inhibitory receptors during expansion for 
adoptive transfer and when restimulated by bisphosphonate- 
treated tumor cells (Figure 2). During the two-week expansion 
period typically used in clinical trials, PD-1, CTLA-4, LAG-3, 
and TIM-3 were rapidly upregulated on Vγ2Vδ2 T cells by day 
3. The expression of PD-1 is consistent with previous studies 
demonstrating increased surface PD-1 expression during ex 
vivo expansion of Vγ2Vδ2 T cells on all donors tested.50– 

52,72,73 While surface expression of PD-1 and CTLA-4 was 
lost by day 14, high-level expression of LAG-3 and TIM- 
3 persisted.

The upregulation of inhibitory receptors on Vγ2Vδ2 T cells 
after TCR stimulation is very similar to their upregulation on 
human CD8 αβ T cells.74 Three days after activation by anti- 
CD3 and anti-CD28 mAbs, human CD8 αβ T cells upregulate 
PD-1, CTLA-4, LAG-3, and TIM-3, as well as BTLA.41 The 
inhibitory receptors are expressed on a homogeneous, activated, 
blast population leading the authors to conclude that the expres
sion of inhibitory receptors does not always mark dysfunctional 
exhausted T cells, but expression can also be tightly linked to 
activation and differentiation of normal T cells.41

Further insights into how the expression of the inhibitory 
receptors is controlled have been reported for murine CD8 
T cells. Like in humans, naive murine CD8 αβ T cells stimu
lated with anti-CD3/CD28 upregulate multiple inhibitory 
receptors (PD-L1, LAG-3, CTLA-4, TIM-3, and TIGIT) that 
can be strongly enhanced by IL-27, a cytokine in the IL-12 
family.75 The main difference is that PD-1 is not upregulated in 

these naive CD8 αβ T cells and some inhibitory receptors were 
only expressed on a small proportion of the cells without IL-27. 
Expression of the inhibitory receptors increases with the 
strength of anti-CD3/CD28 signaling. With weak TCR stimu
lation, inhibitory receptor expression either requires or can be 
strongly enhanced by IL-27. Thus, like in humans, murine CD8 
αβ T cells upregulate inhibitory receptors after TCR activation 
although with an increased requirement for IL-27. They did 
not test memory T cells that may require less IL-27 signaling.75

IL-27 links inhibitory receptor expression on normal T cells 
due to activation by TCR and CD28 with inhibitory receptor 
expression on “exhausted” T cells found in chronic viral infec
tions and cancer where inhibitory receptors are constitutively 
expressed on non-blastic T cells. “Exhausted” murine TIL cells 
isolated from melanoma tumors, express a module of co- 
inhibitory receptors (PD-1, LAG-3, TIM-3, and TIGIT).38 

These receptors are part of a larger co-inhibitory gene program 
that is shared in several physiological contexts and driven by 
IL-27. The transcription factors, PRDM1 and c-MAF, function 
as cooperative regulators of the module.38 We propose that 
strong TCR stimulation of Vγ2Vδ2 T cells, such as is afforded 
by exposure to bisphosphonate-treated tumor cells, partially 
activates the co-inhibitory module due to induction of PRDM1 
and/or c-MAF perhaps through IL-27- or TCR-signaling. 
A similar array of inhibitory receptors is expressed by 
Vγ2Vδ2 T cells as is expressed by activated CD8 αβ T cells 
and exhausted TIL cells including PD-1, CTLA-4, TIM-3, 
LAG-3, and TIGIT. Unlike the situation with exhausted 
T cells, co-inhibitory module expression is transient and not 
chronic. This may serve to limit Vγ2Vδ2 T cells activity to 
prevent tissue damage.

The expression of inhibitory receptors has conventionally 
been associated with the “exhaustion” of T cells that have been 
chronically stimulated. “Exhausted” Vγ2Vδ2 T cells may exist 
given that PD-1 is expressed on 20% of anergic bone marrow 
Vγ2Vδ2 T cells in patients with multiple myeloma.76 Our 
findings demonstrate that coordinate inhibitory receptor 
expression on Vγ2Vδ2 T cells also occurs during their activa
tion and differentiation. Because our expansion protocol clo
sely follows those used in clinical trials and because PD-1 
expression has been observed on activation of Vγ2Vδ2 T cells 
for all donors tested,50–52 expression of inhibitory receptors on 
Vγ2Vδ2 T cells might play a role in limiting their clinical 
effectiveness.

If expanded Vγ2Vδ2 T cells lack expression of PD-1 after 
cryopreservation, how does PD-1 checkpoint blockade 
enhance their in vivo tumor immunity? We propose that this 
effect is due to the transient expression of PD-1 following 
activation of Vγ2Vδ2 T cells in vivo. Systemic bisphosphonate 
(pamidronate) treatment of the tumor-bearing immunodefi
cient mice inhibits FDPS in PC-3 cells resulting in increases in 
IPP levels that persist for 2–3 days and that are sensed by 
BTN3A1.46 Vγ2Vδ2 T cells adoptively transferred 1 day after 
pamidronate treatment will encounter stimulatory PC-3 cells 
that activate Vγ2Vδ2 T cell through their TCRs for killing and 
cytokine release, including IFN-γ. Activation upregulates PD-1 
and other inhibitory receptors on the Vγ2Vδ2 T cells as 
observed in vitro (Figure 2b) and the IFN-γ released 
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upregulates PD-L1 on tumor cells. PD-1 binding to PD-L1 on 
PC-3 cells inhibits tumor immunity by the infiltrating 
Vγ2Vδ2 T cells. This inhibition can be reversed by PD-1 
checkpoint blockade explaining the increased tumor immunity 
observed.

Given that PD-1 upregulation requires TCR stimulation, we 
hypothesize that this delay in expression coupled with strong 
TCR stimulation and the lack of upregulation of PD-L1 on the 
tumor targets makes it difficult to see the effects of anti-PD-1 
mAbs in short-term in vitro assays. In contrast, in vivo tumor 
immunity likely requires repeated tumor cell killing over days 
after TCR activation allowing for PD-1 upregulation on 
Vγ2Vδ2 T cells as well as upregulation of PD-L1 on tumor 
cells. We propose that this is why anti-PD-1 mAbs show 
activity in vivo whereas it is difficult to demonstrate activity 
in vitro. Our findings are consistent with studies reported by 
the Minato lab.50 They could only demonstrate PD-1-mediated 
inhibition with weak TCR stimulation by Daudi cells that 
overexpress PD-L1. PD-L1 overexpression on Daudi cells trea
ted with zoledronic acid, only slightly inhibited cytotoxicity 
and anti-PD-L1 mAbs had no effect on cytotoxicity or CD107a 
epxression by PD-1+ Vγ2Vδ2 T cells cultured with various 
tumor cell lines treated with zoledronic acid (six were tested 
including PC-3 cells). Similarly, anti-PD-1 mAbs had no effect 
on Vγ2Vδ2 T cell lysis of three AML tumor cell lines treated 
with zoledronic acid or on CD107a expression stimulated by 
four different tumor cells treated with zoledronic acid.72

How do these results with Vγ2Vδ2 T cells relate to T cells 
from cancer patients? In a study by Gestermann et al.,77 TIL 
cells were isolated from melanoma patients and expanded 
in vitro (many TILs were Melan-A-specific). Expanded TILs 
(10–14 days after anti-CD3+IL-2 stimulation) upregulate PD-1 
by day 2 and continue to express PD-1, LAG-3, TIM-3, and 
BTLA at day 5.77 Moreover, autologous melanoma cells, co- 
cultured with TILs, upregulate PD-L1 as well as MHC class 
I and class II.77 Despite the fact that the TILs express inhibitory 
receptors, mAbs against these receptors did not enhance TIL 
IFN-γ production in short-term 5-hour assays. However, if the 
co-culture period was extended to 5 days, anti-LAG-3 and anti- 
LAG-3 plus anti-PD-1 mAbs enhanced IFN-γ production.77 

Further supporting our findings, anti-PD-1 mAbs helped to 
boost natural- and antibody-dependent cellular cytotoxicity by 
Vγ2Vδ2 T cells against B cell lymphoma cells treated with anti- 
CD20 mAbs in short-term preclinical mouse studies.78 Thus, 
the findings observed with Vγ2Vδ2 T cells closely parallel those 
with CD8 αβ TILs.

There are several limitations to this study. First, there are 
significant differences in the microenvironment in immunode
ficient NSG mice and in human patients. Immunodeficient 
mice do not have regulatory T cells so these are not present 
in the tumor microenvironment. The mice lack CD4 and CD8 
T cells as well as NK cells and B cells so there is no recruitment 
of other T, NK, or B cells to the tumor. Also, murine ligands for 
co-inhibitory, co-stimulatory, and adhesion receptors do not 
always bind to human receptors potentially limiting interac
tions between murine and human cells. Mice lack BTN3A1 and 
BTN2A1 molecules that are essential for stimulation by prenyl 
pyrophosphates and bisphosphonate such that Vγ2Vδ2 T cells 

cannot be stimulated through their TCRs by murine cells. 
Despite these restrictions, murine PD-L1 does bind to human 
PD-1 with similar affinity to allow checkpoint blockade 
activity.76 Thus, the PC-3 model does allow one to test the 
effect of anti-PD-1 treatment in the setting of infiltrating mur
ine stromal and other cells making up the tumor microenvir
onment. Although these murine cells cannot present 
phosphoantigens, these cells can express murine PD-L1 mole
cules that are capable of binding to human PD-1 and transmit
ting negative signals to the Vγ2Vδ2 T cells.76

Second, because only one prostate cancer cell line was 
tested in this study, assessing additional tumors from dif
ferent lineages would be important in future studies to 
extend the applicability of our results. The PC-3 prostate 
cancer line used was established from a bony metastasis 
from a patient treated with castration and diethylstilbestrol 
(a synthetic estrogen analog). There were no malignant cells 
in the prostate on autopsy indicating that cancer at the site 
of its origin was cured.79 PC-3 cells have characteristics of 
prostatic small-cell carcinoma. These tumors are of neu
roendocrine origin and lack androgen receptors and PSA.80 

Although de novo prostatic small-cell carcinomas are rare 
(0.5–2% of prostate tumors),81 treatment-emergent small- 
cell neuroendocrine prostate cancers (which was likely to 
have been the case with PC-3) are present in nearly 20% of 
patients with metastatic castration-resistant prostate 
cancer.82 Both diseases have poor prognoses. The PC-3 
prostate cell line is an important cell line for the study of 
prostate cancer and has been cited in numerous publica
tions (6,678 publication on PubMed) underscoring its 
importance as a major model cell line for human prostate 
cancer. The PC-3 mouse model is a well-established model 
for assessing Vγ2Vδ2 T cell tumor immunity.46 However, 
adoptive transfer of Vγ2Vδ2 T cells has not been used to 
treat metastatic prostate cancer so there is no clinical evi
dence at present supporting their use.

Third, although a number of clinical trials are ongoing, 
reported studies suggest that currently available checkpoint 
inhibitors have only limited efficacy in prostate cancer 
patients.83–85 There are certain molecular subtypes of prostate 
cancer that do respond, such as those that are deficient in 
mismatch repair genes (dMMR/microsatellite instability- 
high), have high tumor mutational burdens, and tumors with 
biallelic CDK12 mutations, but these subsets likely constitute 
less than 10% of all prostate cancers.86–88 The lack of response 
to immunotherapy in most patients is likely due to a low tumor 
mutational burden (7–15 times lower than melanoma or lung 
cancer)83 and a highly immunosuppressive tumor 
microenvironment.84

Given the lack of efficacy of checkpoint inhibition in pros
tate cancer, the potential differences in the tumor microenvir
onment in patients versus immunodeficient mice, and the fact 
that clinical trials with Vγ2Vδ2 T cells are targeting a number 
of different tumor types, it might be better to test anti-PD-1 
therapy with Vγ2Vδ2 T cell treatment in a clinical trial with 
tumor types already approved for anti-PD-1 treatment. Then, 
treatment with Vγ2Vδ2 T cells would be in addition to an 
established, FDA-approved therapy.
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The findings in this study are consistent with studies on the 
adoptive transfer of conventional or CAR-transduced αβ 
T cells. In preclinical studies, the addition of anti-PD-1 to 
CAR T therapy enhanced immunity against solid tumors.89– 

92 Preclinical studies have demonstrated increased tumor 
immunity by human CAR T cells after PD-1 expression is 
disrupted93,94 and there are clinical trials in progress testing 
this approach.95 In clinical studies, the adoptive transfer of 
neoantigen-specific tumor-infiltrating lymphocytes and PD-1 
checkpoint blockade resulted in a complete remission in 
a patient with metastatic breast cancer.96 Mesothelioma 
patients treated with locally delivered mesothelin-specific 
CAR T cells and systemic anti-PD-1 antibodies also have 
shown encouraging clinical responses. Similarly, successful 
treatment of patients with metastatic non-small cell lung can
cer with TILs has included continued treatment with the anti- 
PD-1 mAb, nivolumab.97 Thus, the combination of PD-1 
checkpoint blockade and Vγ2Vδ2 T cell therapy has strong 
support from studies with αβ T cells.42

The expression of other inhibitory receptors (CTLA-4, TIM-3, 
and LAG-3) by Vγ2Vδ2 T cells suggests that further improvements 
in tumor immunity could be achieved by combining PD-1 check
point blockade with antibodies to other inhibitory receptors. 
A recent study provides support for this idea. Guo et al. found 
that adding anti-TIM-3 mAbs to treatment with a bi-specific anti
body for CD3 and EpCAM and Vγ2Vδ2 T cells, further increased 
in vivo tumor immunity to breast cancer tumors in immunodefi
cient mice.98 LAG-3 is also highly expressed on expanded 
Vγ2Vδ2 T cells. Checkpoint blockade with anti-TIM-3 or anti- 
LAG-3 antibodies primarily serves to enhance the effector phase of 
tumor immunity with less potential immune-related adverse 
effects.99 Therefore, antibodies to these receptors might be safely 
combined with anti-PD-1 treatment.

Conclusion

Our findings support the premise that combining PD-1 block
ade with the adoptive transfer of Vγ2Vδ2 T cells is an effective 
strategy to control tumor growth in vivo. This could be readily 
tested in patients by the addition of approved anti-PD-1 mAbs 
to therapy with Vγ2Vδ2 T cells. The identification of addi
tional inhibitory receptors that can be targeted suggests 
a potential roadmap to improve the efficacy of Vγ2Vδ2 T cell 
tumor therapy through further combinations. Because 
Vγ2Vδ2 T cells target tumors through their isoprenoid meta
bolism by a mechanism that is independent of their MHC 
expression and tumor mutational burden, Vγ2Vδ2 T cells 
could have wide utility in the treatment of solid tumors.
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