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One Sentence Summary: 19 

Opsonin-secreting γδ T cells exhibit potent antitumor activity against mouse models of 20 

osteosarcoma and represent an allogeneic cell therapy platform. 21 
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ABSTRACT 22 

T cell-based cancer immunotherapy has typically relied on membrane-bound 23 

cytotoxicity enhancers such as chimeric antigen receptors expressed in autologous αβ T 24 

cells. These approaches are limited by tonic signaling of synthetic constructs and costs 25 

associated with manufacturing. γδ T cells are an emerging alternative for cellular therapy, 26 

possessing innate anti-tumor activity, potent antibody-dependent cellular cytotoxicity, and 27 

minimal alloreactivity. We present an immunotherapeutic platform technology built around 28 

the innate properties of the Vγ9Vδ2 T cell, harnessing specific characteristics of this cell 29 

type and offering an allo-compatible cellular therapy that recruits bystander immunity. We 30 

engineered γδ T cells to secrete synthetic tumor-targeting opsonins in the form of an 31 

scFv-Fc fusion protein and a mitogenic IL-15Ra–IL-15 fusion protein (stIL15). Using GD2 32 

as a model antigen, we show that GD2-specific opsonin-secreting Vγ9Vδ2 T cells (stIL15-33 

OPS-γδ T cells) have enhanced cytotoxicity and promote bystander activity of other 34 

lymphoid and myeloid cells. Secretion of stIL-15 abrogated the need for exogenous 35 

cytokine supplementation and further mediated activation of bystander natural killer cells. 36 

Compared to unmodified γδ T cells, stIL15-OPS-γδ T cells exhibited superior in vivo 37 

control of subcutaneous tumors and persistence in the blood. Moreover, stIL15-OPS-γδ 38 

T cells were efficacious against patient-derived osteosarcomas in animal models and in 39 

vitro, where efficacy could be boosted with the addition of zoledronic acid. Together the 40 

data identify stIL15-OPS-γδ T cells as a candidate allogeneic cell therapy platform 41 

combining direct cytolysis with bystander activation to promote tumor control. 42 

  43 
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Editor’s Summary: 44 

Both tumor antigen-specific antibodies and cellular therapies based on those antibodies, 45 

such as chimeric antigen receptor (CAR) T cells, have shown promise as cancer 46 

therapies. Here, Fowler et al. opted to combine the two and added a third feature – the 47 

use of γδ T cells instead of their αβ counterparts. The authors engineered γδ T cells, 48 

which have the potential to be used as an allogeneic therapy, to secrete opsonins that 49 

bound the tumor antigen GD2 and activated Fc receptors on immune cells. They also 50 

included an IL-15Rα-IL-15 fusion protein to further improve γδ T cell function and 51 

persistence. The opsonins produced by the γδ T cells activated the engineered cells as 52 

well as bystander immune cells in vitro and in vivo. This resulted in efficacy against 53 

multiple tumor models in vivo, including orthotopic patient-derived osteosarcomas, 54 

particularly when zoledronic acid was used as well. Together, these data support further 55 

development of opsonin-secreting γδ T cells as a cancer immunotherapy. –Courtney Malo  56 
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INTRODUCTION 57 

Cellular immunotherapy using genetically modified T cells has shown striking 58 

success against hematological malignancies(1). Synthetic immunotherapeutic modules 59 

such as chimeric antigen receptors (CARs), which link tumor-associated antigen 60 

recognition to T cell effector function, have been in development since the 1990s(2). 61 

There has, however, been a relative paucity of clinical success against solid tumors, 62 

driven in part by the highly immunosuppressive tumor microenvironment and poor 63 

penetration of the tumor by the engineered cells. 64 

Vγ9Vδ2 T cells are a versatile subset for cellular immunotherapy, possessing 65 

many helpful properties that include potent antibody-dependent cellular cytotoxicity 66 

(ADCC) capacity(3–6), a tissue-tropic homing profile(7), and a range of innate tumor-67 

sensing receptors minimizing the likelihood of tumor escape(8). Furthermore, γδ T cells 68 

are straightforward to expand to clinically useful numbers(6, 9, 10), cause minimal graft-69 

versus-host disease in the allogeneic setting(11) and, when present in the tumor 70 

microenvironment, are a strong positive correlate with good clinical outcome(12, 13). This 71 

combination of features makes Vγ9Vδ2 T cells an attractive candidate for engineered cell 72 

therapy. 73 

Although progress has been made in “armoring” CAR-T with secreted cytokines, 74 

most T cell engineering strategies rely on membrane-bound constructs. This confines any 75 

enhanced activity to the engineered cells; un-engineered cells in the product and 76 

bystander immune cells receive little, if any, benefit. We sought to overcome these 77 

challenges by designing an allo-compatible cell therapy platform producing secreted 78 

mediators only: a synthetic tumor-targeting antibody-like opsonin in the form of an scFv-79 

Fc fusion protein (SFP), and a mitogenic interleukin 15 receptor (IL-15R)a-IL-15 cytokine 80 
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fusion protein referred to as stIL15.  Containing the variable portions of both the heavy 81 

and light chains of an antibody, fused to the constant region of the heavy chain, scFv-Fc 82 

fusion proteins have a smaller genetic footprint than whole antibodies and form 83 

homodimers in solution.  We demonstrated that the combination of engineered cytokine 84 

armoring and opsonin production drives Vγ9Vδ2 T cell product persistence and activity, 85 

as well as direct and bystander cytotoxicity in a manner that can be enhanced with 86 

zoledronic acid (ZOL) combination treatment. Moreover, we evaluated the therapeutic 87 

efficacy of these engineered γδ T cells using patient-derived preclinical models of 88 

osteosarcoma.  89 
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RESULTS 90 

γδ T cells can be engineered to deliver multiple immune-active secreted payloads 91 

The nomenclature used to describe the various cell types in this manuscript is 92 

outlined in table S1. To indicate the binder specificity of cells that have been engineered 93 

to express constructs encoding antigen-targeting SFP or CAR, the nomenclature is 94 

prefixed with the antibody clone from which the scFv component was derived, as listed in 95 

table S2; for example, γδ T cells engineered to secrete GD2-specific SFP are referred to 96 

as “14G2a OPS-γδ T cells”. 97 

Vγ9Vδ2 cells from healthy donors were expanded and transduced with viral 98 

vectors to constitutively express either a secreted SFP, a secreted IL-15 construct, or 99 

both (fig. S1A and S1B), preceded by either a CD34 tag or GFP marker gene. Genes 100 

encoding proteins were separated by virally-derived 2A sequences, which induce 101 

ribosomal skipping with subsequent separated protein product translation. Transduction 102 

efficiencies and Vγ9Vδ2 purities of each preparation are shown in fig. S1C. We show that 103 

cells can be transduced to secrete SFP against a range of tumor-associated antigens, 104 

including GD2, CEACAM5, and CD20 (binder-specific scFv sequences are listed in the 105 

Supplementary Materials and Methods). Binder production was validated by incubating 106 

target cells with respectively-transduced cell supernatant, followed by detecting 107 

opsonization through staining the labelled target cells with a secondary anti-Fc 108 

monoclonal antibody (mAb) (Fig. 1A and fig. S1D). We chose to focus on GD2-targetting 109 

binder 14G2a as a model to evaluate OPS-γδ T cell functional performance. GD2 is a 110 

proven immunotherapeutic target expressed on neuroblastoma, Ewing sarcoma, and 111 

osteosarcoma(14–17), with limited expression in healthy tissue. 112 

 113 
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Figure 1: gd T cells can be engineered to deliver multiple immune-active secreted 114 
payloads. (A) Flow cytometry of SUP-T1-wt and SUP-T1-GD2 cells exposed to culture 115 
supernatant from either unmodified-gd T cells or 14G2a OPS-gd T cells. Phycoerythrin 116 
(PE)-conjugated anti-human Fc was used to detect SFP binding. 1µg/mL purified whole 117 
IgG1 against GD2 (Ch14.18) was used as a positive control. Representative plots from 3 118 
donors are shown. (B) Percentage killing as measured by flow cytometry of SUP-T1-wt 119 
and SUP-T1-GD2 cells by unmodified-gd T cells or 14G2a OPS-gd (n = 13 across 13 120 
donors) in an overnight co-culture at an E:T ratio of 1:1. Statistical comparisons are from 121 
one-way ANOVA with Sidak’s multiple comparison correction. (C) CD3+Vd2+ T cell counts 122 
over time during the expansion of unmodified-gd T cells, IL15-gd and stIL15-gd as 123 
measured by flow cytometry. Cultures were supplemented with IL-2 every 2-3 days either 124 
continuously (“IL-2 replenished”) or only up until day 7 (“IL-2 dropped”). Data from n=3 to 125 
6 donors. (D and E) Expression of key markers of cell signaling, cell cycle, apoptosis, 126 



 8 

and cytotoxic function (D) as well as phosphorylation of TCR signaling mediators (E) were 127 
assessed in unmodified-gd or 14G2a stIL-15-OPS-gd T cells on day 12 of expansion using 128 
mass cytometry. Differences were normalized to unmodified-gd T cells as the baseline 129 
and heatmaps show EMD of n=4 across 2 donors (2 replicates per donor). (F) SUP-T1-130 
wt and SUP-T1-GD2 cell counts over time as measured by flow cytometry during initial 131 
challenge at an E:T of 1:1 and then following post-clearance re-challenge. n=3 for tumor 132 
alone, n=6 across 2 donors for co-cultures. Statistical comparison is from an unpaired t 133 
test. **p<0.01, ****p<0.0001. Data are presented as mean ± SEM. 134 

 135 

 136 

 137 

 138 

The restriction of GD2 expression to specific tissues facilitates use of isogenic 139 

GD2+ and GD2- lines to determine antigen-specific effects. Cytotoxicity of unmodified-γδ 140 

T cells against wild-type SUP-T1 (SUP-T1-wt, a T cell lymphoblastic lymphoma cell line), 141 

which do not express GD2, and SUP-T1-GD2, engineered to express high amounts of 142 

GD2, was equivalent (fig. S1E). Supernatant from 14G2a OPS-γδ T cells contained 143 

6.1±1.7ng/ml anti-GD2 SFP at day 12 of expansion (n=3 representative donors, 144 

determined by flow cytometry standard curve method), equivalent to 3.97±1ng per 1x106 145 

cells (fig. S1F). In GD2 isogenic SUP-T1 models, 14G2a OPS-γδ T cells displayed 146 

enhanced antigen-specific cytotoxicity compared to unmodified-γδ T cells (Fig. 1B). 147 

Although 14G2a OPS-γδ T cells had lower cytotoxicity than 2nd generation 14G2a 28z 148 

CAR-γδ T cells in short-term killing assays (fig. S2A and B), in longer-term (7 day) co-149 

cultures their ability to control SUP-T1-GD2 growth was equivalent to that of the CAR-γδ 150 

T cells, consistent with the requirement for opsonin accumulation to effect OPS-γδ T cell 151 

cytotoxicity (fig. S2C). We then compared the checkpoint receptor phenotype of OPS- 152 

and CAR-γδ T cells in the absence of target exposure. 14G2a OPS-γδ T cells and CAR-153 
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γδ T cells were harvested from manufacture at day 10 and analyzed by flow cytometry. 154 

Compared to CAR-γδ T cells, OPS-γδ T cells showed significantly lower expression of 155 

checkpoint receptors TIM-3, LAG-3, and TIGIT (p <0.0001 in all cases by one way 156 

ANOVA), consistent with target-independent signaling mediated by CAR- but not OPS-157 

constructs (fig. S2D). 158 

 IL-15 is a proliferation-supporting cytokine commonly used in γδ T cell expansion 159 

protocols(6, 10, 18, 19). γδ T cell dependence on its exogenous supply has been previously 160 

described (20). Armoring of γδ T cells with membrane bound IL-15 is clinically beneficial 161 

(21). The activity of IL-15 can be enhanced by generating a fusion protein with the sushi 162 

domain of IL-15Ra(22, 23); we denote this ‘stabilized IL-15’ or ‘stIL15’. Such stabilized IL-163 

15 constructs have been used both as drugs in their own right and as armoring strategies 164 

for CAR-αβ T cells(23–27). We genetically modified γδ T cells to secrete either IL-15 or 165 

stIL15, using eGFP as a marker of transduction. Transduction efficiencies were higher for 166 

the eGFP-2A-stIL15 construct compared to eGFP-2A-IL-15, despite equal multiplicity of 167 

infection (MOI) of lentiviral vector used (fig. S3A and B). 168 

To investigate the dependence of expanding unmodified or cytokine-engineered 169 

γδ T cells on exogenous cytokine support for sustained expansion, we compared γδ T 170 

cell expansion over 14 to 28 days in cultures that were either continuously supplemented 171 

with 100U/ml IL-2 or supplemented up to day 7 only (fig. S3C). γδ T cells engineered to 172 

secrete IL-15 or stIL15 continued to expand in the absence of exogenous IL-2 support, 173 

but unmodified-γδ T cell numbers collapsed once IL-2 was removed, consistent with a 174 

requirement of external cytokine support for unmodified-γδ T cell maintenance (Fig. 1C). 175 

γδ T cells engineered with the eGFP-2A-stIL15 cassette yielded higher concentrations of 176 

detectable cytokine than native IL-15, irrespective of IL-2 supplementation (fig. S3D). Due 177 
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to the higher transduction efficiency and amount of detectable secreted protein observed 178 

with stIL15-γδ T cells compared to IL-15-γδ T cells, we progressed the stIL15 module for 179 

further testing. 180 

We interrogated the effects of stIL15 on γδ T cell signaling using mass cytometry 181 

followed by Earth Mover’s Distance (EMD) analysis to determine differences in 182 

abundance of key signaling and phenotypic (28). Compared to unmodified-γδ T cells, 183 

stIL15-γδ T cells had increased abundance of phosphorylated (p) signal transducer and 184 

activator of transcription 5 (STAT5), protein kinase B (AKT), extracellular signal-regulated 185 

kinase (ERK) and nuclear factor kappa-light-chain enhancer of activated B cells (NFkB 186 

(p65/RelA)), consistent with IL-15-driven responses (fig. S3E). stIL15-γδ T cells showed 187 

higher markers of proliferation (iododeoxyuridine (IdU) incorporation and phosphorylated 188 

retinoblastoma protein (Rb)) without concurrent upregulation of apoptotic markers such 189 

as cleaved poly(ADP-ribose) polymerase (PARP) or cleaved Caspase 3, suggesting that 190 

stIL15-γδ T cells are more activated but no more prone to apoptosis than donor-matched 191 

unmodified-γδ T cells (fig. S3E). Consistent with a more favorable tumor-targeting profile, 192 

stIL15-γδ expressed higher CD16, CD95L (FAS-L), TNF-related apoptosis-inducing 193 

ligand (TRAIL), DNAX accessory molecule 1 (DNAM1) and NKp30, though NKp44 194 

expression was not affected (fig. S3F). In the absence of any additional cytokine support, 195 

stIL15-γδ T cells were still detectable in the blood of immunodeficient mice challenged 196 

with an intratibial injection of a GD2+ osteosarcoma line 14 days after intravenous 197 

infusion, whereas unmodified-γδ T cells and 14G2a 28ζ CAR-αβ T cells were not, 198 

indicating that stIL15 armoring enhanced γδ T cell persistence in the absence of 199 

exogenous human cytokine supplementation (fig. S4A). 200 
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Having separately demonstrated the benefit of the OPS- and stIL15-modules, we 201 

combined them to produce stIL15-OPS-γδ T cells (fig. S1B). Transduction efficiency using 202 

RDPro-pseudotyped lentivector remained high (75±2.5% mean±SEM for n=13 over 8 203 

representative donors) and co-expression of stIL15 and SFP opsonin was demonstrated 204 

by enzyme-linked immunosorbent assay (ELISA) and flow cytometry, respectively (fig. 205 

S4B and C).  When 14G2a stIL15-OPS-γδ T cells were harvested at day 12 of expansion 206 

and re-seeded into fresh media, opsonin yield 72 hours later was higher than that 207 

observed from OPS-γδ T cells at matched T cell density (fig. S4D), with a yield of 208 

1.55±0.05ng per 106 cells seeded (mean of n=3 representative donors). Western blot 209 

analysis confirmed the presence of secreted, dimerized opsonin in 14G2a stIL15-OPS-210 

γδ T cell supernatant (107.4kDa), with no detection of monomeric opsonin (53.7kDa, fig. 211 

S4E). Although OPS-γδ T cells produced opsonins, the production appeared to falter over 212 

time, whereas stIL15-OPS-γδ T cells displayed sustained opsonin secretion. This is 213 

possibly due to the more favorable expansion kinetics and activation profile conferred 214 

onto γδ T cells by stIL15 engineering. Indeed, 14G2a stIL15-OPS-γδ T cells showed 215 

enhanced expansion and Vγ9Vδ2 cell purity compared to unmodified-γδ T cells (fig. S4F 216 

and G). Provided appropriate and regular media replenishment and cell splitting, cytokine 217 

armoring enabled 14G2a stIL15-OPS-γδ T cells to continue expanding for a month 218 

following transduction (fig. S4H). 219 

Compared to unmodified-γδ T cells, stIL15-OPS-γδ T cells retained the increased 220 

IdU incorporation and pRB observed in stIL15-γδ T cells but also had increased 221 

expression of apoptosis-associated cleaved caspase 3 and cleaved PARP (Fig. 1D, fig. 222 

S5A). Consistent with their enhanced activation and cytotoxicity, stIL15-OPS-γδ T cells 223 

had higher expression of Perforin and Granzyme B compared with unmodified-γδ T cells 224 

(Fig. 1D and fig. S5B). Indicative of activation-related transcriptional changes, 14G2a 225 
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stIL15-OPS-γδ T cells had elevated pNFkB abundance, also showing evidence of 226 

intracellular signaling typical of T cell activation, including ITAM-dependent 227 

phosphorylated zeta-chain associated protein kinase 70 (pZAP70), as well as pAKT and 228 

pERK with relative downregulation of the γδ T cell receptor (TCR) (Fig. 1E and fig. S5C). 229 

Cytotoxicity of 14G2a stIL15-OPS-γδ T cells was antigen-specific when measured 230 

against isogenic SUP-T1-wt (GD2-) or SUP-T1-GD2 (GD2+) targets; moreover, 231 

cytotoxicity was persistent in an in vitro re-challenge system (Fig. 1F, fig. S5D). 14G2a 232 

stIL15-OPS-γδ T cells but not unmodified-γδ T cells continued to proliferate following the 233 

initial tumor challenge, though proliferation in response to the antigen positive SUP-T1-234 

GD2 cells was attenuated compared with the antigen negative SUP-T1-wt (fig. S5E). 235 

Furthermore, 14G2a stIL15-OPS-γδ T cells showed continued proliferation following re-236 

challenge (fig. S5E). Overall, this suggests that serial killing by γδ T cells carries a 237 

proliferative cost that can be partially but not fully rescued by γδ T cell armoring with 238 

cytokine. In addition to the isogenic SUP-T1 model, we also tested cytotoxicity against 239 

the Kelly neuroblastoma cell line, which endogenously expresses GD2 (fig. S5F). 240 

Compared with unmodified-γδ T cell and stIL15-γδ T cell controls, 14G2a stIL15-OPS-γδ 241 

T cells displayed enhanced cytotoxicity against this cell line (fig. S5G). 242 

To evaluate 14G2a stIL15-OPS-γδ T cell efficacy in vivo, NOD.Cg-243 

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice bearing subcutaneous SUP-T1-GD2 tumors 244 

received a single intravenous dose of 1x107 unmodified-γδ T cells or 14G2a stIL15-OPS-245 

γδ T cells without further cytokine support (Fig. 2A, and fig. S6A). Zoledronic acid 246 

treatment was not employed in this in vivo model. Tumor progression was monitored 247 

using bioluminescence and caliper measurements. To evaluate T cell persistence, blood 248 

samples were collected on day 7 post-T cell administration. Mice treated with 14G2a 249 
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stIL15-OPS-γδ T cells had higher circulating CD3+Vδ2+ cell numbers in their blood than 250 

mice treated with unmodified-γδ T cells (Fig. 2B). Tumor luminescence and size 251 

comparisons were censored 10 days after treatment (15 days after engraftment) when 252 

the first animals met the experimental endpoint of tumors >10mm in any dimension. At 253 

this point, tumor luminescence and volume were lower in animals treated with stIL15-254 

OPS-γδ T cells compared with unmodified-γδ T cells (Fig. 2C and fig. S6B to D). γδ T cell 255 

engineering with the 14G2a stIL15-OPS construct enhanced animal survival, whereas 256 

unmodified-γδ T cells conferred no survival benefit (Fig. 2D). Together, these data 257 

demonstrate the efficacy of stIL15-OPS-γδ T cell therapy.  258 

 259 

 260 

 261 

 262 

 263 



 14 

 264 

Figure 2: stIL15-OPS-gd cells are efficacious against antigen-positive tumor targets 265 
in vivo. (A) NSG mice were challenged with a subcutaneous (Subcut) injection of 1x106 266 
luciferase-expressing SUP-T1-GD2 cells (SUP-T1-GD2-Luc) in Matrigel. Five days later, 267 
mice were treated with a tail vein injection of either 1x107 unmodified-gd (n= 8) or 14G2a 268 
stIL15-OPS-gd (n= 8) or left untreated (n= 5). Data is pooled from two independent 269 
experiments: a pilot study and a follow-up study. Blood samples were taken to track cell 270 
survival, and serial bioluminescence measurements were used to track tumor growth and 271 
efficacy over time. (B) Flow cytometry was used to detect human CD3+Vd2+ gd T cells in 272 
day 7 blood samples. Representative plots from 3 mice per group showing CD3 and Vd2 273 
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expression within the viable human CD45+ population. Shown are individual data points 274 
(left) and means±SEM (right) for the frequency of CD3+Vd2+ gd T cells within gated live 275 
cells from all mice. Statistical comparison is from a Mann-Whitney test. (C) Left: 276 
Bioluminescence images of treatment groups at day -1 of T cell treatment. Right: 277 
Bioluminescence plotted as average radiance over time. Data are presented as 278 
means±SEM with area fill within error bands; statistical comparisons were determined 279 
used mixed-effects analysis and the p-value shown is for the interaction of time and 280 
treatment.  (D) When tumors exceeded 1cm by vernier caliper measurement in any one 281 
direction, mice were euthanized, and these data were used to calculate survival curves. 282 
Statistical comparison is from a Mantel-Cox survival curve comparison test. *p<0.05, 283 
**p<0.01. 284 
 285 

 286 

 287 

Engineered γδ T cells improve the entire cell therapy product, not only the portion 288 

that expresses the transgene  289 

 290 

In contrast to immunotherapies such as CAR-T cells that use membrane-bound 291 

enhancers of cellular activity, stIL15-OPS-γδ T cell-secreted payloads have the potential 292 

to influence both transduced cells and non-transduced bystanders. Evaluation of the 293 

differential effects of membrane-bound and secreted constructs on T cell signaling 294 

requires a means of accurately determining the dependence of signaling markers on the 295 

presence of transgenes at a single-cell level. As representative and relevant membrane-296 

bound immunotherapeutic comparators, we generated CAR-ab T cells using three 297 

different 2nd generation CAR constructs, targeting either GD2, CD33, or ALK, with 298 

CH2CH3 spacers, CD28 transmembranes and CD28-CD3z endodomains (fig. S7A). 299 

For CAR-ab T cells, we analyzed the differences in marker abundance by 300 

comparing CAR+ and CAR– cells in the same sample, whereas stIL15-OPS-γδ T cells 301 

were compared to donor and time-matched unmodified-γδ T cells to eliminate the 302 
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confounding effect of the secreted product. Simple correlative measure can over-303 

emphasize the influence of denser areas of a distribution, neglecting biologically 304 

informative outliers. We therefore used Density Rescaled Visualization (DREVI) plots and 305 

Density Rescaled Estimates of Mutual Information (DREMI) scores(29) to illustrate the 306 

relationship between transgene expression and signaling markers. DREMI describes the 307 

strength of relationship or “edge strength” between two markers. A brief overview of 308 

DREVI and DREMI derivation is shown in Fig. 3A, and the sample handling for these 309 

comparisons is shown in fig. S7B. A high DREMI score for a given edge X-M indicates 310 

that M is highly dependent on X, whereas a low DREMI score indicates that they are 311 

independent of each other.  The magnitude of the DREMI score indicates the degree of 312 

codependence, and the plasticity of DREMI scores indicates the ability of this relationship 313 

to change depending on the stimulus provided. 314 

DREVI was used to visualize the relationship between pERK and transgene 315 

expression; GFP was used as a marker of stIL15-OPS expression whereas membrane-316 

bound CARs were directly stained for the Fc stalk. CAR-pERK DREVI plots indicated a 317 

clear increase in pERK as CAR expression increased, whereas stIL15-OPS-γδ T cells 318 

had steady pERK abundance throughout all cells in the product regardless of GFP 319 

expression (Fig. 3B). These differences were reflected in the DREMI scores. CAR-pERK 320 

DREMI scores were high, whereas GFP-pERK scores were low (Fig. 3C). Similar DREVI 321 

profiles were observed for the 14G2a stIL15-OPS-γδ T cell GFP-pZAP70, GFP-pAKT and 322 

GFP-pNFkB edges, suggesting a lack of direct association between γδ T cell product 323 

transduction efficiency and signaling (Fig. 3D). Focusing on species known to be 324 

influenced by 28z CAR signaling, we observed high DREMI scores for the CAR-pERK, 325 

CAR-pNFkB and CAR-TIM-3 edges for CAR-ab products analyzed; the effect was 326 



 17 

particularly pronounced for the CAR-pERK and CAR-TIM-3 edges, even in the absence 327 

of exposure to CAR cross-linking (Fig. 3E). In contrast, despite evidence that stIL15-OPS-328 

γδ T cell engineering increases abundance of many signaling species (as shown in Fig. 329 

1E), the strength of relationship between these markers and GFP expression remained 330 

low (Fig. 3F). 331 

Taken together, the “effect of transduction”, which can be derived from the change 332 

in marker abundance (EMD) between transduced and unmodified-γδ T cells, and the 333 

“dependence on transgene” which can be derived from the DREMI score for edges 334 
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beginning with the transduction marker (CAR-A, B, C or GFP-A, B, C) give an overall 335 

 336 

Figure 3: Secreted products avoid dependence on transgene expression for  337 
enhancement of antitumor immunity. (A) Example DREVI/DREMI analysis of 338 
correlation between molecules X and Y. A high DREMI score with a steep gradient on 339 
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DREVI indicates that Y expression is highly dependent on X. (B) Comparison of X-pERK 340 
DREVI plots and DREMI scores for representative 14G2a CAR-ab T cells (n= 3 across 3 341 
donors) and 14G2a stIL15-OPS-gd T cells (n=4 across 2 donors) in the presence or 342 
absence of GD2+ targets (Sup-T1 GD2), where X is the marker of transduction. The first 343 
component of the DREMI score and X-axis of the DREVI plots is either directly stained 344 
CAR expression, or GFP in the case of stIL15-OPS-gd T cells, which lack a membrane-345 
bound marker. For C to F, the antigen expressing target cells are as follows: ALK: Sup-346 
T1-ALK, GD2: SUP-T1 GD2, CD33: MV4-11.  (C) DREMI scores for the interaction 347 
between the transgene and pERK in ALK8 CAR-ab |(targeting ALK), 14G2a CAR-ab 348 
(targeting GD2), P67.6 CAR-ab (targeting CD33), and 14G2a stIL15-OPS-gd T cells in 349 
the presence or absence of antigen-positive targets. Each point represents a single donor 350 
and stimulation condition.  Statistical comparisons are from one-way ANOVA with Sidak’s 351 
multiple comparison correction. ****p<0.0001. Data are presented as mean±SEM (D) 352 
DREVI plots showing the lack of association between transduction (as shown by GFP 353 
expression) and abundance of pZAP70, pAKT, or pNFkB in 14G2a stIL15-OPS-gd T cells 354 
in the presence or absence of antigen-positive targets. (E and F) DREMI scores 355 
describing the influence of transgene expression on markers known to change expression 356 
in response to transgene activity in ALK8, 14G2a and P67.6 CAR-ab T cells (E) and 357 
14G2a stIL15-OPS-gd T cells (F). (G) Across all markers measured by mass cytometry, 358 
plotting the size of the effect (as measured by EMD between non-transduced (NT) and 359 
transduced (T)) in the entire population against the dependence of the effect on transgene 360 
expression (as measured by DREMI) gives information on strength and transgene 361 
dependence. (H) Transduction-dependent, product-wide effect size plotted against 362 
dependence on trans-gene expression at a single-cell level for 14G2a CAR-ɑβ T cells 363 
and 14G2a stIL15-OPS-gd T cells. 364 

 365 

 366 

picture of signaling behavior these two engineered product types. Markers with high 367 

transduction-induced EMD and high DREMI scores indicate strong signals only in cells 368 

expressing the transgene, whereas high transduction-induced EMD but low DREMI 369 

scores indicate strong signals independent of the transgene (Fig. 3G). Signals in 370 

unstimulated 14G2a CAR-ab and 14G2a stIL15-OPS-γδ T cell products were analyzed. 371 

The transduction-induced EMD for a given marker (M) was plotted against that marker’s 372 

dependence on the transgene (DREMI transgene-M), using all markers where an effect 373 

of transduction had been identified. The CAR-ab plot was enriched in the “strong, 374 

dependent” area, indicating that the tonic signaling observed in the CAR-ab population 375 
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was highly dependent on the presence of the detectable CAR molecules in the cell. 376 

Conversely, whilst there were strong signals detected in 14G2a stIL15-OPS-γδ T cells, 377 

the plots were enriched in the “strong, independent” region, demonstrating that the 378 

detected changes did not require the transgene to be present in an individual cell for that 379 

cell to benefit (Fig. 3H). 380 

Having demonstrated that 14G2a stIL15-OPS-γδ T cell engineering confers 381 

benefits to both transduced and non-transduced cells within the product, we investigated 382 

if these benefits could be conferred to other bystander immune cells (fig. S8A). We 383 

evaluated the ability of 14G2a OPS-γδ and stIL15-OPS-γδ T cell supernatant to engage 384 

the antigen-specific cytotoxicity of ADCC/ADCP-competent cells such as unmodified-γδ 385 

T cells (Fig. 4A), NK cells (Fig. 4B) and macrophages (Fig. 4C). Supernatant from 14G2a  386 
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 387 

Figure 4: stIL15-OPS-gd recruit bystander cells to elicit ADCC and ADCP responses 388 
against antigen-positive tumor target cells. Flow cytometry was used to measure the 389 
effect of supernatant from unmodified-gd, 14G2a OPS-gd or 14G2a stIL15-OPS-gd T cells 390 
on percentage killing of SUP-T1-wt and SUP-T1-GD2 cells co-cultured overnight with 391 
unmodified-gd T cells (A, n = 3 to 6 across 2 supernatant and 2 T cell donors), NK cells 392 
isolated from the peripheral blood of healthy donors (B, n=6 to 15 using 4 NK cell donors 393 
and 4 gd T cell supernatant donors), and monocyte-derived M1 macrophages (C, n=12 394 
supernatants from 4 donors and macrophages generated from one donor). Individual data 395 
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points and means ± SEM are shown. For (A) and (B) the E:T ratio is 1:1, for (C) target 396 
cells were added to a monolayer of monocyte-derived macrophages. 1µg/mL purified 397 
whole Ch14.18 was used as a positive control. For statistical comparisons, one-way 398 
ANOVA with Sidak’s (A and B) or Tukey’s (C) multiple comparisons corrections were 399 
used.  *p<0.05, ****p<0.0001. 400 

 401 

 402 

OPS-γδ T cells (without stIL15) induced antigen-specific cytotoxicity in bystander cells 403 

(assay setup and bystander cell differentiation illustrated in fig. S8B) such as unmodified-404 

γδ T cells (Fig. 4A), and neutrophils (fig. S8C), but did not enhance NK cell cytotoxicity 405 

despite their demonstrable ADCC activity mediated by the addition of 1 µg/mL of Ch14.18 406 

(Dinutuximab beta) mAb (Fig. 4B). IL-15 has been described as a potent stimulator of NK 407 

cell effector function and differentiation(30); unlike OPS-γδ T cell supernatant, stIL15-408 

OPS-γδ T cell supernatant mediated substantial antigen-specific NK cell cytotoxic 409 

enhancement (Fig. 4B), indicating that NK cell cytotoxicity requires additional stimulation 410 

that can be conferred by an IL-15-like signal. Supernatant from 14G2a stIL15-OPS-γδ T 411 

cells, but not stIL15-γδ T cells, mediated efficient macrophage clearance of GD2-positive 412 

tumor cells, whereas GD2-negative targets were spared, underscoring the requirement 413 

of both opsonin and target antigen for OPS-γδ T cells secreted transgenes to engage 414 

macrophage ADCP (Fig. 4C). 415 

 416 

Analysis of FcγR and chemokine receptor expression in engineered γδ T cells  417 

After initial expansion with zoledronic acid and IL-2 but before transduction, 418 

Vγ9Vδ2 γδ T cells expressed high amounts of CD16b and CD64, with moderate CD32 419 

expression. CD16a was only present on a very small subset of cells (Fig. 5A). Following 420 
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engineering to form 14G2a OPS-γδ T cells, CD16b expression was lost but there was a 421 

marked but variable increase in CD16a expression, such that this isoform comprised the 422 

entirety of CD16 expression at γδ T cell harvest at day 10 of culture. CD32 and CD64 423 

expression did not change (Fig. 5A). 424 

Because cytotoxicity of 14G2a OPS-γδ T cells against antigen-positive SUP-T1-425 

GD2 targets varied (Fig. 1D) and CD16a expression showed donor-to-donor variability 426 

whereas CD32 and CD64 expression were consistent, we hypothesized that variations in 427 

the interplay between low opsonin concentration and CD16 expression may govern 428 

Vg9Vd2 ADCC and thus OPS-γδ T cell cytotoxicity. γδ T cells with higher CD16 429 

expression (as detected by a pan-CD16 antibody recognizing both CD16a and CD16b) 430 

were more cytotoxic at opsonin concentrations in the 1 to 10ng/mL range (Fig. 5B). At 1.6 431 

ng/mL of Ch14.18 anti-GD2 antibody, the percentage of CD16 expression required to 432 

achieve 50% target killing was 58.1% (95% CI 44.9 to 76.6%) with strong correlation 433 

between cytotoxicity and CD16 expression (Pearson R2 = 0.77, p<0.0001, Fig. 5C, FcgRIII 434 

gating shown in fig. S9A). This correlation was lost at high (1µg/mL) Ch14.18 mAb  435 
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Figure 5: stIL15-OPS-gd T cell phenotype favors ADCC and osteosarcoma-homing. 437 
(A) Expression of CD16a, CD16b, CD32 and CD64 on Vd2+ gd T cells was measured by 438 
flow cytometry after stimulation with 5µM zoledronic acid plus IL-2, before and 10 days 439 
after transduction to form 14G2a OPS-gd T cells. FMO, fluorescence minus one control. 440 
(B) Killing of SUP-T1-GD2 by unmodified-gd T cells in the presence of varying 441 
concentrations of Ch14.18 antibody (5-fold serial dilution ranging from 0.064ng/mL to 442 
1µg/mL). n=9 across 4 donors. Donor lines are colored by the percentage expression of 443 
CD16 on CD3+Vd2+ cells post expansion. (C) Killing of SUP-T1-GD2 by unmodified-gd T 444 
cells in the presence of 1.6ng/ml Ch14.18, plotted against expression of CD16 on the 445 
corresponding donor’s Vd2 T cells after expansion. Least squares curve fitting was used 446 
to determine the half-maximal effective concentration (EC50) for CD16 expression, n=22 447 
across 10 donors. Dotted line indicates the EC50 and the gray shaded area represents 448 
the 95% confidence interval. For (B) and (C), CD16 expression was assessed using a 449 
pan-CD16 antibody that recognizes both CD16a and CD16b. (D) CCR2, CXCR3, CXCR4, 450 
CCR5, CXCR6 and CCR7 expression on gated Vd2+ cells within freshly isolated PBMCs 451 
was compared with unmodified-gd, stIL15-gd or 14G2a stIL15-OPS-gd T cells on day 12 452 
of expansion as assessed by flow cytometry. Relative fluorescence intensity (RFI) values 453 
for each marker are shown. Box and whisker plots show mean and 5 to 95th centile for 454 
n=6 donors. Statistical comparisons are one-way ANOVA with Tukey’s multiple 455 
comparison correction, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (E) Differential 456 
expression of chemokines in osteosarcoma compared to normal bone from the same 457 
patient (n=18); table indicates the receptor expression changes from (D) in the context of 458 
osteosarcoma chemokine enrichment. n.d. = not done. 459 
 460 
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concentration, where the percentage CD16 expression needed to mediate 50% killing at 462 

1:1 E:T ratio was 6.4% (95% CI 4.5 to 8.8%), to the extent that the curve rapidly plateaued 463 

with poor correlation (Pearson R2 = 0.2, p = 0.0094, fig. S9B). Transduction with GFP-464 

IL15, GFP-stIL15 or GFP-stIL15-14G2a constructs had minimal effect on CD16 465 

expression compared to unmodified-γδ T cells (fig. S9C). CD16 expression is therefore a 466 

potentially useful biomarker for selecting optimal allogeneic cell therapy donors for OPS-467 

γδ T cell product manufacturing(31), and subsequent cytotoxicity data is presented on 468 

CD16hi (>40% expression) Vg9Vd2 T cell donors. Vg9Vd2 T cell ADCC capacity has also 469 

been linked to their differentiation state(3), but transduction with either GFP-stIL15 or 470 

GFP-stIL15-14G2a had no effect on CD45RA or CD27 expression compared to 471 
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unmodified-γδ T cells, indicating no additional pressure towards terminal differentiation 472 

(fig. S9D). 473 

Compared with freshly isolated γδ T cells, unmodified-γδ T cells, stIL15-γδ T cells 474 

and stIL15-14G2a-γδ T cells showed increased expression of the inflammatory homing 475 

chemokine receptors CCR2 and CXCR3, which are implicated in T cell infiltration of solid 476 

tumors(32–34) (Fig. 5D).  stIL15-γδ T cells and 14G2a stIL15-OPS-γδ T cells also had 477 

increased CCR7 expression, potentially indicative of lymph node homing (7, 32–36). 478 

Unmodified-γδ T cells and 14G2a stIL15-OPS-γδ T cells downregulated CXCR4, a 479 

receptor typically associated with tissue homing including to the bone marrow(37). 480 

Chemokine expression profiles in transcriptomic data from 18 patient osteosarcoma 481 

samples were compared to patient-matched normal bone using DeSeq2 implemented in 482 

Python(38) (data from (39), GEO accession GSE99671); 8 chemokines showed enhanced 483 

expression in osteosarcoma. Five of these chemokines matched with receptors that had 484 

enhanced expression in 14G2a stIL15-OPS-γδ T cells (CCL2, CXCL10, CXCL11, CCL13 485 

and CCL19, Fig. 5E). 486 

 487 

 488 

stIL15-OPS-γδ T cells have activity against osteosarcoma in vitro 489 

To be translatable to clinic, 14G2a stIL15-OPS-γδ T cell immunotherapy must be 490 

manufacturable at scale and show activity against primary tumors exhibiting variable 491 

target antigen expression. Vg9Vd2 cell expansion, transducibility and viability were 492 

evaluated in scalable GMP-compatible G-Rex vessels. High product viability (>80%), 493 

purity (>90% Vd2 cells of live cells) and transduction efficiency (>60%) were maintained 494 
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in this system. The cells were initiated at 2x106 peripheral blood mononuclear cells 495 

(PBMCs)/cm2, and yielded 11.7±2.8x106 Vd2 cells/cm2 at harvest (12 days after initiation), 496 

corresponding to a total yield of approximately 5.6x109 cells from a G-Rex 500M. 497 

Moreover, manufactured Vg9Vd2 T cells retained cytotoxic capacity (fig. S10). 498 

Three patient-derived osteosarcoma lines(40) (kind gift from Dr Katia Scotlandi, 499 

Instituto Ortopedico Rizzoli, Bologna, Italy) were assessed for GD2 expression by flow 500 

cytometry (Fig. 6A), demonstrating variable and heterogenous expression similar to that 501 

which has been described clinically(41). We evaluated the mechanism and efficacy of 502 

14G2a stIL15-OPS-γδ T cell responses to osteosarcoma using a combination of 2D and 503 

3D co-culture systems. Modelling of tumor-immune interactions in a 3D culture system 504 

provides an opportunity for more biomimetic culture that can be analyzed at single-cell 505 

resolution using CyTOF (fig. S11)(42). 506 

14G2a stIL15-OPS-γδ T cells in co-culture with osteosarcoma were compared to 507 

unmodified-gd T cell monocultures using EMD to quantify differences in phospho-protein 508 

abundance.  Baseline enhanced phosphorylation of key signaling nodes including ZAP70, 509 

AKT, and ERK in 14G2a stIL15-OPS-γδ T cells was preserved in the presence of 510 

PDOS19 and PDOS25, with an additional increase observed in pAKT and a reduction 511 

observed in pNFkB in response to GD2-expressing PDOS25, but not in response to GD2 512 

negative PDOS19 (Fig. 6B and fig. S12A and B). Most target-induced effects were, 513 

however, GD2-autonomous, perhaps reflective of heterogenous expression of GD2 on 514 

PDOS25 and the multifactorial innate reactivity of stIL15-supported γδ T cells against 515 

tumor cells. Expression of perforin was higher in 14G2a stIL15-OPS-γδ T cells in the 516 

presence of osteosarcoma, and these target-induced increases were minimal or absent 517 

in unmodified-γδ T cells. Although co-culture with osteosarcoma cells slightly reduced the 518 
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abundance of pRb, pRb was still higher than in unmodified-γδ T cells in presence or 519 

absence of tumor. Engineering with 14G2a stIL15-OPS was associated with reduced 520 

pSTAT3 in the absence of targets, a pattern which was reversed in their presence (Fig. 521 

6B and fig. S12A and B). Enhanced signal transducer and activator of transcription 3 522 

(STAT3) signaling has previously been reported to confer resistance to activation-induced 523 

cell death in γδ T cells(43, 44); such effects would be consistent with the observed ability 524 

of 14G2a stIL15-OPS-γδ T cells to persist and proliferate after repeatedly clearing tumor 525 

challenge (Fig. 1H). 526 

 EMD analysis of osteosarcoma in coculture was performed relative to matched 527 

osteosarcoma monocultures. Relative to tumor alone and tumor in co-culture with 528 

unmodified-γδ T cells, 14G2a stIL15-OPS-γδ T cells induced substantial accumulation of 529 

granzyme B in PDOS19 and upregulated cleaved PARP in both osteosarcoma 3D 530 
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cultures (Fig. 6C).  The accumulation of perforin and granzyme B in the osteosarcoma is 531 

 532 

Figure 6: stIL15-OPS-gd T cells display activity against primary osteosarcoma that 533 
can be maximized using zoledronic acid. (A) Expression of GD2 on 3 patient-derived 534 
OS lines: PDOS16, PDOS19 and PDOS25. (B) EMD analysis of signaling and functional 535 
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markers in unmodified-gd or 14G2a stIL15-OPS-gd T cells in the presence or absence of 536 
PDOS19 or PDOS25, using donor-matched unmodified-gd T cells cultured alone as the 537 
baseline. (C) EMD analysis of cytolytic molecules and apoptotic markers in PDOS19 and 538 
PDOS25 in the presence or absence of either unmodified-gd or 14G2a stIL15-OPS-gd T 539 
cells, using osteosarcoma (OS) monoculture as the baseline. Data shown in all heatmaps 540 
in (B) and (C) is n=4 across 2 donors. (D) Quantification of luciferase-expressing PDOS 541 
lines in co-culture with stIL15-gd or 14G2a stIL15-OPS-gd T cells (n = 9 across 5 donors) 542 
at E:T ratios of 1:1 or 2:1 as measured by luminescence and plotted relative to tumor 543 
alone control. Individual data points and means ± SEM are shown, statistical comparisons 544 
are one-way ANOVA with Sidak’s multiple comparison correction. (E) Same as (D), 545 
except tumor cells were pre-treated overnight with the indicated concentrations of 546 
zoledronic acid (ZOL) prior to co-culture with stIL15-gd or 14G2a stIL15-OPS-gd T cells at 547 
an E:T of 1:1 (means ± SEM are shown for n=12 across 4 donors).  Effects were 548 
compared using a two-way repeated measures ANOVA with Sidak’s multiple comparison 549 
correction. ***p<0.001, ****p<0.0001. 550 
 551 

 552 

 553 

associated with increased presence of these effector molecules in co-cultured gd T cells.  554 

Unmodified-γδ T cells led to reductions in osteosarcoma apoptotic markers including 555 

cleaved PARP and cleaved Caspase 3. To contextualize this information, we evaluated 556 

stIL15-γδ and stIL15-14G2a-engineered γδ T cell cytotoxicity against osteosarcoma in 557 

luminescence-based cytotoxicity assays. 14G2a stIL15-OPS-γδ T cells outperformed 558 

stIL15-γδ T cells at killing PDOS25, which had the highest GD2 expression and was also 559 

sensitive to ADCC induced by adding 1µg/mL Ch14.18 (Fig. 6D), but not PDOS16 and 560 

PDOS19. This innate responsiveness by unmodified-γδ T cells, stIL15-γδ T cells and 561 

14G2a stIL15-OPS-γδ T cells could be augmented in vitro by pre-treating targets with 562 

zoledronic acid (Fig. 6E).  Consistent with the ability of IL-15 to activate NK cells and 563 

recruit their ADCC capacity, supernatant from stIL15-γδ T cells enhanced the ability of 564 

fresh NK cells to kill PDOS25, a cytotoxic effect that was further boosted by 14G2a stIL15-565 

OPS-γδ T cell supernatant (fig. S13). 566 
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stIL15-OPS-γδ T cells control osteosarcoma tumor burden in vivo 567 

Accepting the limitations of modelling human γδ T cell immunotherapeutics in 568 

mice, we used an orthotopic patient-derived xenograft model to evaluate the ability of 569 

unmodified or engineered γδ T cells to control osteosarcoma growth in NSG mice. 570 

Following confirmation of successful intratibial engraftment of luciferase-expressing 571 

PDOS25 osteosarcoma cells, mice were randomized to different treatment groups (fig. 572 

S14) and administered a single 1x107 intravenous dose of unmodified-γδ T cells, 573 

engineered γδ T cells or 14G2a 28z CAR-αβ T cells after tumor engraftment. 14G2a 28z 574 

CAR-αβ T cell validation is shown in fig. S15. Some animals further received a single 575 

dose of intraperitoneal zoledronic acid, Dinutuximab (Ch14.18) or both 7 days following 576 

cell therapy administration. No additional cytokine support was given to any of the 577 

animals.  578 

No differences were observed in tumor luminescence between untreated animals 579 

and animals treated with zoledronic acid alone, Dinutuximab alone, or unmodified-γδ T 580 

cells with or without adjuvant zoledronic acid adjuvant treatment (Fig. 7A; event-free 581 

survival for selected groups is shown in Fig. 7B and for all the study groups in fig. S16A). 582 

Despite having previously demonstrated the capacity of stIL15 engineering to vastly boost 583 

γδ T cell persistence, stIL15-γδ T cells were no more efficacious against intratibial 584 

osteosarcoma than unmodified-γδ T cells. In contrast to unmodified-γδ T cells, however, 585 

stIL15-γδ T cell efficacy was enhanced by the co-administration of zoledronic acid, 586 

suggesting that the persisting stIL15-γδ T cell cytotoxicity can be favorably augmented 587 

with additional interventions. This was further demonstrated by a substantial increase in 588 

therapeutic efficacy when stIL15-producing γδ T cells also secreted 14G2a opsonin. 589 

Indeed, 14G2a stIL15-OPS-γδ T cell immunotherapy with zoledronic acid was as 590 
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efficacious against orthotopic osteosarcoma as stIL15-γδ T cell immunotherapy with 591 

zoledronic acid that was also treated with intravenous Dinutuximab (Fig. 7A), suggesting 592 

that γδ T cell-derived synthetic opsonin may mimic the exogenous addition of high-dose 593 

therapeutic antibody.  The efficacy of stIL15-γδ T cells, zoledronic acid, and intravenous 594 

Dinutuximab was lost around day 60 after treatment, unlike 14G2a stIL15-OPS-γδ T and 595 

zoledronic acid, which continued to control tumor growth.  Both treatments were more 596 

efficacious than validated 14G2a 28z CAR-αβ T cells that had killed PDOS25 in vitro (fig. 597 

S15C) but failed to control tumor burden in vivo (Fig. 7 and fig. S16A).  598 

Using standardized scoring(45) (table S6), immunodeficient mice receiving 14G2a 599 

stIL15-OPS-γδ T cells showed no signs of neurotoxicity or allodynia, which has previously 600 

been reported with GD2 targeting immunotherapies using antibody clone 14G2a or its 601 

affinity enhanced variant 14G2aE101K(46, 47). Human IgG1 and human IL-15 will cross-602 

react with murine receptors(25, 46), but human γδ T would be rejected by an 603 

immunocompetent murine immune system, so we administered repeated doses of stIL15-604 

γδ T cell 14G2a stIL15-OPS-γδ T cell supernatant to immunocompetent BALB/c mice to 605 

monitor for toxicity (fig. S16B). These mice remained healthy with no indication of ill 606 
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effects using the same standardized scoring systems, to the extent that toxicity scores 607 

remained at zero for all animals. 608 

  609 
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Figure 7: stIL15-OPS-gd combined with zoledronic acid displays enhanced control 610 
of orthotopic primary osteosarcoma in vivo. NSG mice were given an intratibial 611 
injection of 0.5x106 luciferase-expressing PDOS25 cells. After tumor engraftment, mice 612 
were infused with various T cell preparations by tail vein injection. 7 days after T cell 613 
infusion, some mice were given an intraperitoneal injection of ZOL (3µg/mouse), 614 
Dinutuximab (200µg/mouse), or both ZOL and Dinutuximab. The different treatment 615 
groups and their group sizes are as follows: Untreated (n=6), ZOL only (n=21), 616 
Dinutuximab only (n=4), unmodified-gd (n=5), unmodified-gd + ZOL (n=17), stIL15-gd 617 
(n=12), stIL15-gd + ZOL (n=23), stIL15-gd + ZOL + Dinutuximab (n=6), 14G2a stIL15-618 
OPS-gd + ZOL (n=10), and 14G2a 28ζ CAR-αβ + ZOL (n=10).  Blood samples were taken 619 
to track cell survival, and serial bioluminescence measurements were used to track tumor 620 
growth and efficacy over time. (A) Tumor growth curves for individual mice are plotted 621 
against time after T cell infusion. For statistical comparisons, linear regression then 622 
Brown-Forsythe and Welch ANOVA of slopes with Dunnett’s T3 multiple comparison 623 
correction were used. (B) Event free survival was calculated as the time to progression, 624 
defined as a doubling in tumor bioluminescence and comparison of Kaplan Meier survival 625 
curves performed using the Mantel-Cox Log-rank test. ns, not significant; *p<0.05, 626 
**p<0.01, ***p<0.001. 627 
 628 

 629 

 630 

DISCUSSION 631 

Due to their safety in the allogeneic setting(11, 47), γδ T cells have garnered 632 

increasing interest for their potential as cancer therapeutics(11, 52). Possessing innate 633 

and augmentable anti-tumor activity, they have entered the clinic in both unmodified and 634 

gene-modified formats. To date, the synthetic constructs used to boost γδ T cell 635 

immunotherapeutic potential in the clinic have been restricted to CARs that were 636 

previously developed for αβ T cells. This approach neglects the advantageous 637 

immunobiology of different γδ T cell subsets, which share properties of both T and NK 638 

cells(48). 639 

Here, we have described a combinatorial immunotherapeutic approach comprising 640 

γδ T cells engineered to secrete an IL-15 superagonist, stIL15, and a GD2-targeting scFv-641 

Fc fusion protein opsonin. We have shown the effects of each of these components in 642 

isolation and provided a rationale for their combination, which outperformed binder-643 
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matched traditional CAR-αβ therapy in orthotopic patient-derived osteosarcoma 644 

xenografts in vivo. Our approach represents a shift in synthetic engineering strategies; 645 

engineered OPS-γδ T cells extended enhancement of bystander cell cytotoxicity not only 646 

to unmodified γδ T cells, but also other antibody-based opsonin-engaging innate immune 647 

subsets, such as NK cells, macrophages, and neutrophils. By combining this cellular 648 

therapy with zoledronic acid, a well-characterized and licensed compound used in the 649 

treatment of bone-resident cancer(49, 50), we further boosted therapeutic efficacy and 650 

introduced a bone-targeting mechanism that could be rapidly translated to the clinical 651 

setting.  652 

With some notable exceptions, such as the recently demonstrated efficacy of GD2-653 

targetting autologous CAR-αβ T in treating relapsed, refractory neuroblastoma(51), the 654 

efficacy of cellular therapy against solid tumors has been limited. This remains a major 655 

unsolved bottleneck that iterative developments in CAR-T technology have not been 656 

successful in addressing. One of the purposes of the OPS-γδ T cell platform was to break 657 

away from reliance on membrane-bound enhancers of cytotoxicity. CAR T cell design 658 

evolved in the context of αβ T cells, where αβ TCR specificity against diverse MHC-659 

presented epitopes must be bypassed using an alternative means of providing CD3 and 660 

costimulatory signals upon encountering tumor. Unconstrained by this restriction due to 661 

their MHC-independent recognition of butyrophillins(52, 53) as a means of detecting 662 

transformed cells(54), Vγ9Vδ2 cells do not require the inclusion of a CD3z motif in 663 

membrane-bound constructs(28, 55). We have now demonstrated that they do not require 664 

membrane-bound enhancers to boost their cytotoxicity at all. The ability of the Vγ9Vδ2 γδ 665 

T cell subset to exert ADCC has been extensively documented by us (5, 6) and others (3, 666 

4, 31). Antibody or bispecific T cell engager (BiTE) payload delivery from engineered αβ 667 

T cells has been described previously(56–58), though the contribution of these payloads 668 



 36 

to ADCC was relatively unexplored, in part because abT cells lack this innate immune 669 

capability. 670 

From a manufacturing and delivery perspective, the most striking difference 671 

afforded through using γδ T cells as the T cell substrate is the ability to pre-manufacture 672 

an allogeneic product and generate off-the-shelf cell therapies, resulting in a marked 673 

reduction in production costs. This has been addressed to an extent by the generation of 674 

CAR-γδ T cell approaches. CAR-γδ T cells are showing some promise in the clinic(47) 675 

and are the topic of a number of successful preclinical studies (59). However, the inherent 676 

limitations of CAR technology, including tonic signaling, on-target off-tumor toxicity and 677 

lack of microenvironmental engagement, remain. In accordance with previous studies (28, 678 

60, 61), CAR constructs, in this case those bearing CD3z and CD28 endodomains, 679 

exhibited evidence of tonic signaling that manifested as CAR-dependent increases in 680 

phosphorylation of moieties downstream of CD3z and was accompanied by increased 681 

expression of checkpoint receptors TIM-3, LAG-3 and TIGIT.   682 

In this study and previously(5, 6) we have linked Vγ9Vδ2 antibody-dependent 683 

cytotoxicity to expression of CD16 and observed a switch from a predominantly CD16b 684 

expressing phenotype to more stimulatory CD16a expression in 14G2a OPS-γδ T cells 685 

compared to unmodified-γδ T cells. CD16 expression has recently gained some 686 

prominence as a biomarker of Vγ9Vδ2 T cell cytotoxicity(31), although perhaps 687 

unsurprisingly, in the absence of opsonin, Vγ9Vδ2 T cells engineered to express higher 688 

CD16a did not show higher cytotoxicity in an ovarian cancer model, suggesting that 689 

natural CD16 expression is indicative of effector programming rather than regulating 690 

opsonin-independent function. Expression of stIL15 or 14G2a stIL15-OPS constructs had 691 

no effect on total CD16 expression in Vγ9Vδ2 T cells, nor on γδ T cell CD45RA/CD27 692 

expression, which have also been linked to ADCC effector function as markers of T cell 693 
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differentiation (3). These data suggest that the pre-expansion CD16 phenotype could be 694 

used as a donor-screening metric. Beyond the Vγ9Vδ2 T cell preparation itself, evidence 695 

of bystander engagement in our simple in vitro models suggests that factors governing 696 

stIL15-OPS-γδ T cell efficacy will not reside solely with the cell therapy product. This is 697 

important, as engagement of opsonized target cells does not lead to an accelerated 698 

proliferative response in engineered cells, unlike the responses seen with CARs in αβ T 699 

cells or γδ T cells and chimeric costimulatory receptors in γδ T cells(28). 700 

It is well recognized that solid tumors pose a major challenge for the trafficking of 701 

cellular immunotherapeutics, and especially so in the context of bone-resident 702 

disease(62). OPS-γδ T cells were designed to overcome this challenge, as Vγ9Vδ2 T cell 703 

homing can be modulated using hydroxy apatite-binding and FDA-approved 704 

bisphosphonate compounds like zoledronic acid, which can also act as a potent sensitizer 705 

of cancer cells to Vγ9Vδ2 T cell cytotoxicity. Acting in an indirect manner by blocking part 706 

of the mevalonate pathway of cholesterol biosynthesis, with resultant increases in 707 

intracellular isopentenyl-5-pyrophosphate and conformational changes in the Vγ9Vδ2 708 

TCR-engaging butyrophillin, bisphosphonates are used in many Vγ9Vδ2 T cell expansion 709 

protocols, including our own. Following administration to adult patients, 62±13% of a 4 710 

mg zoledronic acid dose binds to the bone, and the rest is excreted unchanged(63), 711 

making the co-administration of zoledronic acid with γδ T cells of particular interest for 712 

targeting bone-resident disease. This was used to good effect in a recently published 713 

combination with CAR-γδ T cells to treat bony disease in a murine xenograft model of 714 

prostate cancer(59). This context-specific synergy informed our choice to include it in the 715 

in vivo experiments targeting osteosarcoma, having already demonstrated that 14G2a 716 

stIL15-OPS-γδ T cells were efficacious in the subcutaneous model without zoledronic 717 

acid. 718 
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Zoledronic acid was required for stIL15-γδ T cell immunotherapy to slow orthotopic 719 

patient-derived osteosarcoma growth, but the efficacy of combined 14G2a stIL15-OPS-720 

γδ T cells with zoledronic acid was such that tumors failed to grow and indeed decreased 721 

in size in 8 of 10 animals following a single T cell administration, which was maintained 722 

over the three-month duration of the study. This was not observed following a single dose 723 

of 14G2a binder-matched 2nd generation CAR-αβ T cells, which provided no benefit. A 724 

similar therapeutic effect could be achieved by combining stIL15-γδ T cellular 725 

immunotherapy and zoledronic acid and a single high dose of intravenous Dinutuximab, 726 

but only transiently. This points to the high therapeutic value of combining stIL15-727 

armoured Vγ9Vδ2 T cellular immunotherapy with GD2-targeting ADCC mediators and 728 

zoledronic acid but underscores that a continuous supply of opsonin may be required for 729 

continued efficacy. 730 

Due to the challenges of immunohistochemical analysis of heavily calcified tumors 731 

it has not been possible to interrogate the tumor immune infiltrate, but the chemokine and 732 

chemokine receptor profiling, coupled with the efficacy data, provide evidence in support 733 

of tumor homing. Furthermore, our mechanistic data suggests that 14G2a stIL15-OPS-734 

γδ T cells are resistant to the suppressive effects of osteosarcoma in 3D culture models, 735 

unlike unmodified-γδ T cells, which presented with impaired cell cycling (as evidenced by 736 

reduced IdU incorporation) and failed to control aggressive osteosarcoma growth in vitro 737 

and in vivo. 738 

There are limitations to our study, derived in part from the T cell type under 739 

investigation.  In demonstrating the efficacy of a potential therapeutic product, we 740 

minimized additional handling steps applied to the engineered cells.  This leads to slight 741 

inter-batch variability in gdT cell content and transduction which could impact the 742 

consistency of results.  The reliance of OPS-γδ T cell immunotherapy on natural 743 
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mechanisms of cytotoxicity is a potential limitation of the approach, given the variable 744 

expression of Fcg receptors on Vγ9Vδ2 cells. Deeper characterization of CD16 745 

polymorphisms with influence on Fc binding may further clarify the role of the CD16-746 

opsonin interaction.  Modelling the efficacy of our engineered gd T cell product in vivo is, 747 

by necessity, artificial. gd T cells in mice and humans are profoundly different, precluding 748 

immunocompetent mouse modelling and thus full engagement of immune bystanders 749 

which we anticipate may be recruited by opsonin and stIL15.   750 

Our finding that un-engineered gdT cells in autologous or allogeneic contexts are 751 

ineffective is in accordance with those of others(64), a limitation not restricted to the 752 

Vγ9Vδ2 subset(65).  In our models, reduced apoptotic and increased proliferative signals 753 

were observed in osteosarcoma co-cultured with un-engineered gd T cells.  This 754 

contributes to evolving evidence indicating that highly expanded un-engineered gd T cells 755 

may promote tumor growth, a key limitation which must be explored further.  756 

Here, we demonstrate that Vγ9Vδ2 T cells engineered to secrete an IL-15 receptor 757 

super-agonist and an anti-GD2 opsonin can harness synergy with aminobisphosphonates 758 

to control osteosarcoma in vivo. These results provide a strong rationale for the use of 759 

this combinatorial cell therapy approach to treat bone-resident cancers.  Having 760 

demonstrated superiority over conventional CAR-ab T cell-based therapies, both in terms 761 

of efficacy and potential for allogeneic, off the shelf delivery, there is now a need for further 762 

developments targeting more ubiquitously expressed tumor-associated antigens and 763 

extra-osseous, metastatic disease in order to maximize patient benefit. 764 

 765 

MATERIALS AND METHODS 766 

Study design 767 
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This study’s primary research objective is proof-of-concept for a allogeneic cell-based 768 

therapy specifically designed for solid tumor targeting. The therapy comprises Vγ9Vδ2 γδ 769 

T cells engineered to secrete ADCC- and ADCP-inducing tumor-targeting opsonins in 770 

combination with a cytokine-based mitogen. As this therapy is allogeneic, and can be 771 

generated from pre-validated donor material, we designed experiments using γδ T cells 772 

sourced from healthy donor blood. We observed a strong correlation between Vγ9Vδ2 773 

ADCC efficacy and the amount of CD16 on their surface. In keeping with a proposed “off 774 

the shelf” immunotherapeutic, we therefore preselected donors whose Vγ9Vδ2 T cells 775 

expressed high amounts of CD16 for this study. Healthy donor bystander cells were used 776 

to demonstrate recruitment of non-engineered immune cells and to model potential 777 

interactions with the patient’s own immune system. A range of relevant in vitro and in vivo 778 

assessments were used to test the feasibility and efficacy of this platform technology, and 779 

different techniques including flow cytometry, mass cytometry, and ELISA, were 780 

employed to interrogate the immune-tumor interactome. To model the tumor, we used 781 

both primary tumor lines and isogenic cell lines with engineered GD2 expression. 2D and 782 

3D in vitro experiments were conducted in both experimental and biological replicates for 783 

sufficient statistical power; specific details for the value of n are provided in the figure 784 

legends for individual experiments. For our in vivo model, a study was initially conducted 785 

with 3 mice per group to inform safety and power calculations, and then repeated with 786 

larger group sizes of 6 mice per group. Statistical analyses were performed on complete 787 

expanded data sets incorporating both experimental and biological replicates. 788 

Investigators were not blinded during experimental setup or sample acquisition, and no 789 

outliers were excluded from the datasets presented.  This study was approved by a 790 

national ethics committee (West Midlands HRA, 14/WM/1253) and complied with the 791 
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WMA declaration of Helsinki.  Tabulated data files for this study are available on Dryad 792 

(https://doi.org/10.5061/dryad.q2bvq83t1). 793 

Statistical analyses 794 

All statistical analyses were performed using GraphPad Prism 9.3.0. P values of less than 795 

0.05 were considered statistically significant. *, **, ***, and **** were used to indicate p 796 

values of <0.05, <0.01, <0.001 and <0.0001, respectively in the figures. Normalcy of data 797 

distribution was determined by Shapiro-Wilk testing. Where two normally distributed 798 

groups of values were compared, paired or unpaired t-tests were used. If more than two 799 

normally distributed groups were compared, one-way or two-way ANOVA with Sidak’s or 800 

Tukey’s multiple comparison correction was used to determine differences between 801 

groups. Comparison of non-normally distributed data was carried out using the non-802 

parametric Mann-Whitney test (for unpaired comparisons of two groups) or Kruskal-Wallis 803 

test with Dunn’s multiple comparison correction (for comparisons of more than one 804 

group). For differential expression analysis of previously published transcriptomic data, 805 

the Python implementation of deseq2 (PyDeseq2 (38) ) was used.  In-vivo osteosarcoma 806 

growth kinetics were determined using simple linear regression, using each biological 807 

replicate as an individual data point. Tumor growth was then compared using Brown-808 

Forsyth and Welch ANOVA with Dunnett’s T3 multiple comparison correction. 809 

Osteosarcoma event-free survival was determined by defining an “event” as doubling of 810 

tumor bioluminescence compared to baseline. Where other analyses have been used, 811 

details are given in the appropriate legend. 812 

 813 

 814 
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