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Abstract 

 

Acute myeloid leukemia (AML) remains a major clinical challenge due to 

frequent chemotherapy resistance and deadly relapses. We are exploring the 

immunotherapeutic potential of peripheral blood V1+ T-cells, which associate 

with improved long-term survival of stem-cell transplant recipients, but have 

never been applied as adoptive cell therapy. Using our recently developed 

clinical-grade protocol for expansion and differentiation of “Delta One T” 

(DOT) cells, we found them to be highly cytotoxic against AML primary 

samples and cell lines, including cells selected for resistance to standard 

chemotherapy. Interestingly, unlike chemotherapy, DOT-cell targeting did not 

select for outgrowth of specific AML lineages, suggesting a broad recognition 

domain, which was also consistent with the striking polyclonality of the DOT-

cell TCR repertoire. Moreover, whereas AML reactivity was only slightly 

impaired upon anti-V1+ TCR antibody blockade, it was strongly dependent 

on expression of the NKp30 ligand, B7-H6. In contrast, DOT-cells did not 

show any reactivity against normal leukocytes, including CD33+ or CD123+ 

myeloid cells. Importantly, adoptive transfer of DOT-cells in vivo markedly 

reduced AML load in the blood and target organs of multiple human AML 

xenograft models; and significantly prolonged host survival, without any 

noticeable toxicity, thus providing the proof-of-concept for DOT-cell 

application in AML treatment. 
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INTRODUCTION 

Acute myeloid leukemia (AML) has a dismal (10%) survival rate among the 

elderly, mostly due to resistance to standard treatment. This consists in a 

combination of cytarabine with an anthracyclin drug, which while effective at 

inducing complete remissions, ultimately selects chemoresistant clones that 

drive refractory relapses(1,2). Promising alternatives to chemotherapy are 

novel targeted therapies(1,3) and upcoming immunotherapies(2), especially 

chimeric antigen receptor (CAR) T-cell transfer, fueled by notable recent 

success in B-cell malignancies(4). However, CARs have proved difficult to 

implement in AML mainly due on-target effects on vital healthy myeloid 

progenitor cells that express the target antigens CD33 and CD123(2). By 

contrast, we are focusing on ex vivo differentiated Delta One T (DOT) cells 

that rely on physiological receptors, namely T cell receptor (TCR) and natural 

cytotoxicity receptors (NCR) such as NKp30 and NKp44, to distinguish 

transformed from healthy cells(5–7). Importantly, DOT-cells are derived from 

peripheral blood V1+  T-cells, whose in vivo expansion correlated with 

enhanced long-term disease-free survival of leukemia patients that received 

allogeneic hematopoietic stem cell transplantation(8). 

While the clinical manipulation of V1+  T-cells has been hindered by their 

relatively low abundance (<0.5%) among peripheral blood lymphocytes, we 

recently devised the first clinical-grade protocol to expand and differentiate 

large numbers of DOT-cells endowed with potent anti-tumor cytotoxicity(5,6). 

Thus, our 3-week protocol achieves > 1,000-fold expansions of V1+  T-

cells, for which the synergistic action of TCR and IL-4 stimulation is critical 

(during its 1st stage), whereas the 2nd stage focuses on the IL-15-dependent 

differentiation of potent anti-tumor DOT-cell effectors endowed with NCR 

expression(6). Converging the properties and potential of DOT-cells with the 

unmet immunotherapy needs of AML, in this study we aimed to purpose DOT-

cells specifically for AML treatment. 
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MATERIALS AND METHODS 

 

Ethics statement 

Primary AML cells were obtained from the peripheral blood of patients at first 

presentation, after informed consent and institutional review board approval. 

The study was conducted in accordance with the Declaration of Helsinki. 

 

Mice  

NOD SCID γc
-/- (NSG), NOD SCID γc

-/- SGM3 (NSGS), and NOD Rag1-/- γc
-/- 

SGM3 (NRGS) mice were obtained from the Jackson Laboratories. Age and 

sex-matched mice were randomly distributed among the different groups. 

Disease development was followed through weekly bleedings (in intra-bone 

marrow models) and disease end-point is achieved upon first indication of 

back leg decreased mobility. All animal procedures were performed in 

accordance to national guidelines from the Direção Geral de Veterinária and 

approved by the Animal Ethics Committee of Instituto de Medicina Molecular 

João Lobo Antunes. 

 

DOT-cell production and TCR repertoire analysis 

DOT-cells were produced from peripheral blood of healthy donors, cultured for 

21 days as previously detailed(6). In brief, MACS-sorted  T cells were 

resuspended in serum-free culture medium (OpTmizer-CTS) supplemented 

with 5% autologous plasma and 2mM L-glutamine (Thermo Fischer 

Scientific). Animal-free human cytokines (100ng/ml rIL-4, 70ng/ml rIFN-γ, 

7ng/ml rIL-21 and 15ng/ml rIL-1β; all from Peprotech) and a soluble antibody 

(70ng/ml anti-CD3 mAb, clone OKT-3; BioXcell) were added to the medium. 

Cells were incubated at 37ºC and 5% CO2. Every 5-6 days, old medium was 

removed and replaced with fresh medium supplemented with cytokines 

(including 70ng/ml rIL-15 and 30ng/ml IFN-γ), and with 1μg/ml anti-CD3 mAb. 

For TRGV and TRDV repertoire analysis, V1+ T cells were FACS-sorted 

either from the initial blood sample (ex vivo); or from the final (3-week culture) 



 5 

DOT-cell product. Next-generation sequencing was performed as previously 

described(9,10). The software for data analysis is described in Supplementary 

Table 4. 

For DOT-cell clone generation, CD3+ TCRVδ1+ TCRVδ2- single cells were 

FACS-sorted into 96 wells/plates; and cultured for 21 days using the DOT-cell 

protocol in the presence of (weekly-renewed) 104 irradiated autologous 

PBMCs (feeders). 

 

AML cell targeting in vitro and in vivo 

AML cell lines (Supplementary Table 3) were obtained from and authenticated 

by the German Resource Center for Biologic Material (DSMZ). Lentiviral 

barcoding of AML cells was performed and analyzed as previously 

detailed(11). For in vitro targeting, AML cell lines or primary samples were co-

incubated with DOT-cells for 3 hours; and stained with Annexin-V, as 

detailed(6). For in vivo targeting, three xenograft hAML models were 

established as represented in Supplementary Figure 9. The patient-derived 

xenograft (intra-tibia injection) was recently described(12). Tumor burden was 

assessed by staining with anti-human CD45 (HI30) and CD33 (P67.6) 

antibodies. Flow cytometry acquisition was performed on a LSR Fortessa 

(BD) and data was analyzed with FlowJo X software (Tree Star).  

 

CRISPR/ Cas9 knockout 

Guide RNAs (gRNA1: CACCGTTCCGGACCACCGTTATAAC; gRNA2: 

CACCGGGGCTCTGATCCAATATGAT) were designed to target the genomic 

sequence of B7-H6 in two areas close to the promoter. gRNAs were inserted 

into a plasmid containing the sequence codifying for Cas9 enzyme and 

transfected by electroporation in HEL cells.  Successful single cell knockout 

clones were confirmed by qRT-PCR (forward primer: 

CACAGGGAACAGTCCAGCTT; reverse primer 

TGATCCAGCAACAATCTGCT, performed as previously described (5). 

 

Statistical analysis  
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Performed using GraphPad Prism software. All data expressed as mean +/- 

SEM. Comparisons of two groups by Student’s t-test; and more than two 

groups by ANOVA test with Dunnet’s post test. Animal survival comparisons 

performed using Log-rank (Mantel-Cox) test. 

 

Data sharing 

The data have been deposited with links to BioProject accession number 

PRJNA491919 in the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject/); the sample list is available as 

Supplementary Table 5.  
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RESULTS AND DISCUSSION 

On our path to developing a novel V1+  T-cell-based adoptive cell therapy 

for cancer(5,6), we started this study by further characterizing the DOT-cell 

product upon expanding αβ-depleted PBMCs with the established DOT-cell 

protocol (6) and analyzing Vδ1+ T-cell percentages and numbers along with 

NCR expression over time (Supplementary Figure 1 and Supplementary 

Table 1). Since recent reports described the clonal expansion and focusing of 

the adult peripheral blood V1+ T-cell repertoire(13), likely driven by common 

pathogens such as CMV(10), we questioned the impact of the DOT-cell 

expansion/ differentiation process on TCR repertoire by performing next 

generation sequencing of the CDR3 regions in TRGV and TRDV genes, 

before and after the 3-week cultures. Strikingly, we found DOT-cells to be 

extremely polyclonal and thus devoid of dominant clones, in stark contrast to 

ex vivo V1+ T-cells from all donors analyzed (Figure 1A-B and 

Supplementary Figure 2). This was clearly illustrated by the contribution of the 

top 20 expanded clones to the overall V1+ TCR repertoire: whereas they 

represented >60% in the peripheral blood, they accounted for less than 10% 

in the DOT-cell products (Figure 1C). Moreover, the contribution of individual 

TRGV and TRDV chains to the ex vivo and DOT-cell repertoires was different 

(Supplementary Figure 3); and very few clonotypes (especially for TRDV)  

were shared between those identified ex vivo and in DOT-cells 

(Supplementary Table 2). We next aimed to better understand the basis for 

the remarkable diversification of the DOT-cell repertoire. Given the previous 

association of CD27 downregulation with pre-expanded/ differentiated V1+ T-

cells(13), we compared the TCR clonality of DOT-cells produced from pre-

sorted CD27(-) versus CD27(+) subsets, which consistently displayed distinct 

proliferation capacities under the DOT-cell protocol (Figure 1D). We found 

that the generation of highly diverse DOT-cells was restricted to CD27(+) 

precursors (Figure 1E-F; Supplementary Figure 4). Taking into account that 

CD27(+) cells typically represent only a small fraction of ex vivo Vδ1+ T-cells 

(Supplementary Figure 5A), these data suggest that the DOT-cell protocol 

preferentially expands naïve-like CD27(+) V1+ T-cells with an extremely 

diverse TCR repertoire, at the expense of pre-expanded and terminally 
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differentiated CD27(-) V1+ T-cells. In support of this, the DOT-cell population 

(generated from bulk V1+ T-cells) was almost entirely composed of CD27(+) 

cells (Figure 1G). Of note, DOT-cell products originated from pre-sorted 

CD27(+) cells expressed NKp30 and were highly cytotoxic against KG-1 AML 

cells (Supplementary Figure 5B-C).  

To assess the functional relevance of DOT-cell polyclonality, we generated 

clones from single-cell sorted V1+ T-cells, expanded/ differentiated using an 

adapted DOT-cell protocol including the addition of feeder cells to support 

expansion from single-cells (Supplementary Figure 6); and tested their 

cytotoxicity against the AML cell line KG-1 (Figure 2A). Strikingly, we found 

the vast majority of clones (from different donors) to be highly efficient at 

inducing apoptosis of KG-1 cells upon short (3-hour) co-incubation in vitro 

(Figure 2A). These results show that DOT-cell products are composed of 

multiple clones with intrinsic capacity to target AML cells. To functionally test if 

the TCR is involved in this reactivity, we performed the killing assay in the 

presence of an anti-V1+ TCR specific blocking monoclonal antibody (or 

isotype control), and observed only a mild reduction in KG-1 cell targeting 

across a number of clones from different donors (Figure 2B). At this stage we 

hypothesized that most of the reactivity was mediated by natural cytotoxicity 

receptors(5–7), particularly NKp30 (Supplementary Figure 1F). In fact, DOT-

cell cytotoxicity was significantly decreased upon CRISPR/ Cas9-mediated 

knockout of the best established tumor-associated NKp30 ligand, B7-H6, in 

target AML cells (Figure 2C-D).  

In order to further evaluate the anti-AML activity, we tested bulk DOT-cell 

products (from multiple donors) against various other AML cell lines 

(Supplementary Table 3) as well as primary samples obtained from patients at 

diagnosis. In all cases, DOT-cells readily (within 3 hours) killed AML cells in 

vitro (Figure 3A-B), in similar fashion to what was reported for CAR-T 

cells(14–16), and clearly unlike ex vivo Vδ1+ T cells (Supplementary Figure 

7). Of note, DOT-cell cytotoxicity clearly associated with increased 

degranulation and expression of perforin and granzyme B upon tumor cell 

recognition (Supplementary Figure 8). Critically, DOT-cells did not target any 

normal leukocyte population (neither myeloid nor lymphoid) from the 
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peripheral blood of healthy volunteers (Figure 3C), including CD33+ and 

CD123+ myeloid progenitor cells whose on-target depletion by the respective 

CAR-T cells is known to be responsible for the unwanted myeloablation(2,15). 

To test DOT-cells against AML in vivo, we established various independent 

xenograft models of AML (Supplementary Figure 9). Strikingly, both in AML 

cell line models (Figure 3D-E; Supplementary Figure 9C) and in two patient-

derived xenografts (Figure 3F-G; Supplementary Figure 9D-E), DOT-cell 

treatment markedly reduced tumor burden and increased host survival, 

without any noticeable toxicity. While CAR-T cells have been reported to 

produce bigger survival benefits in AML xenografts (14–16), these models 

were biased to AML cell lines uniformly expressing the target antigens. 

Furthermore, and critically, xenografts cannot evaluate the toxicity of a 

strategy predicted to induce myeloablation in patients. Overall, we believe that 

the combined safety and efficacy profiles of DOT-cells make them very 

attractive candidates for adoptive cell therapy of AML in the near future. 

On the other hand, at the present time, the major therapeutic problem in AML 

is chemoresistance, which drives deadly relapses. We next asked whether 

DOT-cells could target chemoresistant AML cells. For that purpose, we 

subjected AML cells to high doses of cytarabine plus doxorubicin for 72h, 

which led to >99% tumor cell elimination; and then allowed the survivors to re-

grow before re-treating them with chemotherapy or DOT-cells. Whereas the 

cytotoxic efficacy of chemotherapy was drastically reduced, that of DOT-cells 

was not impacted (Figure 4A), demonstrating the superior capacity of DOT-

cells to target chemoresistant AML cells. In light of this, and taking into 

account the highly polyclonal and multireactive DOT-cell repertoire (Figure 

1A-C), we also questioned the ability of DOT-cells to re-target AML cells 

following a first DOT-cell treatment that eliminated >99% tumor cells in 72h 

(Figure 4B). Thus, we FACS-sorted the remaining ~0.1% of AML cells present 

at 72h and allowed them to re-grow before re-treatment with DOT-cells. 

Interestingly, DOT-cells killed DOT-pre-treated AML cells as efficiently as non-

treated controls (Figure 4C), suggesting that DOT-cell treatment did not select 

for a specific subset of DOT-resistant AML cells. To track the AML clonal 

dynamics upon therapeutic (DOT-cells or chemotherapy) pressure, we tagged 
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single AML cells with cellular barcodes (non-coding DNA sequences that can 

be tracked by NGS)(11). Interestingly, whereas chemotherapy selectively 

targeted approximately half of all barcoded AML single-cell lineages, DOT-

cells mostly preserved the clonal architecture of the AML population (Figure 

4D-E). These data collectively suggest that the breadth of AML targeting 

based on many cytotoxic DOT-cell clones avoids the selection of resistant 

lineages and allows efficient re-treatment. Given the urgency of preventing the 

emergence of deadly refractory relapses, namely after standard 

chemotherapy, our work provide strong pre-clinical proof-of-concept for 

clinical application of DOT-cells in AML treatment. 
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FIGURE LEGENDS 

 

Figure 1. DOT-cells display striking clonal diversity  

(A-B) Graphical representation of TRGV (left) and TRDV (right) repertoires 

and CDR3 length (number of nucleotides) distribution of FACS-sorted Vδ1+ T 

cells from (A) peripheral blood/ PB; or (B) DOT-cell products (see also 

Supplementary Figure 2). Each square represents a different clonotype (with 

distinct nucleotide sequence), its area is proportional to the relative 

abundance in the sample; and the color groups the clonotypes by chains. (C) 

Contribution of the top 20 clones to the overall V1+ TCR repertoire of each 

sample (HD1-4, healthy donors 1 to 4). (D) Fold expansion of pre-sorted 

CD27- versus CD27+ Vδ1+ T cells after 21 days with the DOT-cell protocol 

(HD5-6, healthy donors 5 and 6). (E) Graphical representation of TRGV 

repertoire and CDR3 length distribution (alike A-B) for CD27- versus CD27+ 

Vδ1+ T cells cultured for 21 days with the DOT-cell protocol (see also 

Supplementary Figure 4). (F) Shannon indices for intra-sample variability of 

TRGV and TRDV repertoires from (A-B) and (E). (G) Percentage of CD27(+) 

cells upon expansion with the DOT-cell protocol. Data in this Figure are 

derived from 6 independent healthy donors.  

 

Figure 2. Clonal DOT-cell reactivity against AML cells  

(A-B) In vitro killing of AML KG-1 cells by DOT-cell clones generated from 

single V1+ T cells sorted from healthy donors (see also Supplementary 

Figure 6). Cells were co-incubated for 3 hours at 10:1 (E:T) ratio and then 

analyzed by Annexin V staining (percentage of positive events among pre-

labeled KG-1 cells). Each bar represents killing of KG-1 cells upon co-

incubation with individual clones. Dashed red line represents the mean basal 

tumor cell death (without DOT-cells). In (B), either anti-Vδ1+ TCR specific 

monoclonal antibody or isotype control was added to the cultures. Shown are 

the clones where the blockade led to clearer reduction in KG-1 targeting. Data 

represent the average of two technical replicates and are derived from 4 

independent healthy donors (HD). (C) Real-time PCR for B7-H6 mRNA levels 
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in parental (B7-H6+/+) and CRISPR/ Cas9-manipulated (B7-H6-/-) AML HEL 

cell lines. (D) In vitro killing of  B7-H6+/+ or B7-H6-/-, AML HEL cells by bulk 

DOT-cells produced from 3 healthy donors (tested in technical duplicates). 

Cells were co-incubated for 3 hours at 10:1 (E:T) ratio and then analyzed by 

Annexin-V staining (shown are percentages of positive events among pre-

labeled HEL cells). Indicated are mean + SEM, *** p < 0.001. 

 
Figure 3. DOT-cells target multiple AML cell types but not healthy 

leukocytes 

(A-C) In vitro killing assays with DOT-cells produced from 3-4 healthy donors, 

co-incubated for 3 hours at 10:1 (E:T) ratio with the indicated AML cell lines 

(A), primary AML samples (B) or normal leukocyte populations FACS-sorted 

from the peripheral blood (C). In (A) the dashed red line represents the mean 

basal tumor cell death; and in (B), CTR refers also to tumor cells alone 

(without DOT-cells). Experiments were performed with technical triplicates. 

(D-G) In vivo AML targeting by DOT-cells. DOT-cells (3 injections of 2 x 107 

cells, see Supplementary Figure 9) were transferred to NSG mice (n = 6 CTR, 

7 DOT treated mice) pre-injected with KG-1 AML cells (D-E); or NSGS mice 

(n = 5 CTR, 5 DOT treated mice) bearing primary AML cells (F-G; patient-

derived xenograft, PDX). Tumor burden was assessed in the blood and liver 

one week after the last DOT-cell transfer (D); or through weekly bleedings (F). 

Indicated are mean + SEM, * p < 0.05, *** p < 0.001, **** p < 0.0001. Animals 

were sacrificed when advanced disease symptoms (such as back leg 

paralysis) were observed. Survival curves are presented in panels E (p < 

0.05) and G (p < 0.01).  

 

Figure 4. DOT-cells efficiently (re-)target chemotherapy-resistant AML 

Comparison of the in vitro anti-AML activity of DOT-cells and standard 

chemotherapy. (A) DOT-cells and standard AML chemotherapy (Doxorubicin 

plus Cytarabine) protocols were tested against chemotherapy-naïve (wild 

type, wt) or chemo-relapsed (CR, re-grown after >99% HEL cell elimination) 

AML cells. Shown are the percentages of Annexin V+ HEL cells after 3 hours 

of treatment. (B) Number of AML HEL cells before and after 72 hours of 
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treatment with DOT-cells (at 5:1 E:T ratio). Surviving cells (<1%) were re-

sorted and allowed to re-grow, thus generating the DOT-treated (DT) samples 

of (C-E). (C) DOT-cells were co-incubated for 3 hours with non-treated (NT) or 

previously DOT-treated (DT) AML HEL cells at 5:1 or 10:1 (E:T) ratios. Shown 

are the percentages of Annexin V+ HEL cells. (D) Number of barcoded AML 

single-cell lineages in non-treated (NT), chemotherapy-treated (CT) or DOT-

treated (DT) AML HEL cells. (E) Pearson correlation for distribution of 

barcoded AML single-cell lineages between different treatments. Red, yellow 

and green dashed lines represent low, medium and high correlations, 

respectively. Indicated are mean + SEM; ** p < 0.01, *** p < 0.001, **** p < 

0.0001. 
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