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Abstract

The development of engineered T cells to treat acute myeloid leukemia (AML) is challenging due 

to difficulty in target selection and the need for robust T-cell expansion and persistence. We 

designed a T cell stimulated to kill AML cells based on recognition of the AML-associated surface 

marker CLEC12A, via secretion of a CLEC12AxCD3 bispedfic "engager" molecule (CLEC12A-

ENG). CLEC12A-ENG T cells are spedfically activated by CLEC12A, are not toxic to 

hematopoietic progenitor cells, and exhibit antigen-dependent AML killing. Next we coupled 

stimulation of T-cell survival to triggering of a chimeric IL7 receptor with an ectodomain that 

binds a second AML-associated surface antigen, CD123. The resulting T cells, identified as 

CLEC12A-ENG.CD123IL7Rα T cells, demonstrate improved activation upon dual target 

recognition, kill AML, and exhibit antitumor activity in xenograft models. Enhanced T-cell 

activation conferred by CD123.IL7Ra was dependent both on recognition of the CD123 target and 

on IL7Ra-mediated downstream signaling. Expression of a chimeric IL7R targeted to a second 

tumor-assodated antigen (TAA) should improve T-cell activity not only against hematologic 

malignancies, but perhaps against all cancers.
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Introduction

Acute myeloid leukemia (AML) is a malignancy with poor prognosis in children and adults 

(1, 2). Intensive chemotherapy and myeloablative conditioning followed by stem cell 

transplant are therapeutic strategies that can improve survival (2). Increasing cumulative 

doses of cytotoxic agents, which may improve antileukemia efficacy, also result in long-term 

toxicity to normal tissues. In addition, elderly adults, who represent the highest number of 

new AML diagnoses annually, may be unfit for intensive chemotherapy protocols and the 

associated side effects (3,4). The toxicities of targeted T-cell immunotherapy agents do not 

generally overlap with those of cytotoxic chemotherapy. Therefore, T-cell immunotherapy 

may be ideal to add to AML treatment regimens to enhance antitumor efficacy. One 

challenge to the development of targeted AML immunotherapy includes the lack of a single 

tumor-discriminating target. A second challenge shared by all T-cell-based cell therapies is 

the difficulty in maintaining T-cell persistence in vivo. Long-term survival of transferred T 

cells is necessary to ensure leukemia-free remissions and effective antitumor 

immunosurveillance. We have sought to solve both problems simultaneously by 

programming T-cell cytotoxicity to be dependent on recognition of an AML-associated 

antigen and by ensuring T-cell survival by binding of a second target.

The capability of targeted T cells to safely and specifically bind AML is restricted by the 

limited number of tumor-associated surface antigens acceptable for chimeric antigen 

receptor (CAR) design. The ideal antigen for anti-AML targeting has not yet been 

discovered and may not exist. Malignant and nonmalignant myeloid cells share expression 

of surface antigens (5). On-target, off-cancer toxicity is expected when targeting any of 

these. Even so, CD123 and CLEC12A have both been used in clinical trials as AML target 

antigens (6) due to expression on a large percentage of myeloid leukemias (7–9). We have 

designed T cells that receive separate activation signals from CD123 or CLEC12A. Our 

CLEC12A-ENG.CD123IL7Rα T cells are designed to acquire signal 1 [T-cell receptor 

(TCR) activation] from CLEC12Aand signal 3 (cytokine stimulation) from CD 123. 

Triggering of TCR activation is achieved via the use of a secreted bispecific "engager" 

molecule that binds to the CD3ε subunit of the TCR and the CLEC12A surface Drotein on 

AML cells.

Although in our design, a second conditional activation signal could be costimulation, or 

signal 2, we chose instead to couple signal 1 with signal 3. One hurdle preventing durable 

disease control with T-cell therapy is its association with transferred T-cell persistence. 

Without sufficient tumor-specific cells, the targeted malignancy is likely to recur (10,11). 

Human peripheral T cells are maintained by mechanisms that preserve a diverseT-cell pool. 

The cytokine IL7 is integral to T-cell homeostasis (12,13). IL7 is also a nonredundant 

cytokine necessary for maintenance of memory T cells and for support of their intermittent 

proliferative bursts (12). For these reasons, we chose to use a chimeric IL7R to convey 

signal 3 to our engineered cells.

In T cells modified to secrete a bispecific CLEC12AxCD3 binding molecule (CLEC12A-

ENG), we demonstrate antigen-specific T-cell activation and AML cytotoxicity. To enhance 

CLEC12A-ENGT-cell survival, we introduced an additional modification: expression of an 
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anti-CD123.IL7Rα chimeric receptor. T cells secreting CLEC12A-ENG and expressing 

CD123.IL7Rα display enhanced activation in response to target AML cells, increased 

proliferation in vivo, and improved antitumor responses.

Materials and Methods

Cells and culture conditions

The 293T, MV-4–11, OCI-AML-3, and K562 cell lines were purchased from the ATCC and 

cultured in DMEM (Thermo Fisher Scientific; 293T, MV-4–11), RPMI (Thermo Fisher 

Scientific; OCIAML-3), or Iscove’s Modified Dulbecco’s Medium (IMDM, Thermo Fisher 

Scientific; K562) supplemented with 10% FBS (Thermo Fisher Scientific). All cells were 

maintained in a humidified atmosphere containing 5% C02 at 37°C. K562 cells expressing 

CD 123 (K562.CD123), CLEC12A (K562.CLEC12A), or CD123 and CLEC12A 

(K562.CD123.CLEC12A) were generated by first subdoning the frill length human CD123 

(NCBI Accession: NP_002174.1) or CLEC12A coding sequence (NCBI Accession: 

NP_612210.4) into a pCDH lentiviral backbone (System Biosdences, Inc.). VSVG-

pseudotyped lentiviral partides were produced according to the manufacturer’s instructions. 

K562 cells were then transduced with the vims and antigen expression verified with flow 

cytometric analyses. Cells were isolated via FACS and expression verified prior to use. All 

cells used for cytotoxidty analysis were generated by transdudng the cell line with a 

retroviral vector encoding an enhanced GFP firefly ludferase fusion gene (GFP.ffLuc; ref. 

14). GFP-positive cells were sorted and maintained in the appropriate culture medium. 

Ludferase expression was confirmed using D-ludferin and quantification of 

bioluminescence. The identity of all progeny of cell lines generated and used in this study 

were authenticated using ATCC (Manassas, VA) human STR profiling cell authentication 

service. MV-4–11 and MV-4-ll.ffLuc were authenticated in 2016. OCIAML-3 was not 

authenticated, though the progeny OCI-AMh3. ffLuc were, in 2016. K562 cells were 

authenticated in 2016 and K562.ffLucin 2017. Following authentication, cells were stored in 

a cell bank and freshly thawed for each set of experiments. Cdls were not kept in culture for 

longer than one month. Mycoplasma testing was routinely performed and was not found 

positive in any cell line used for generation of data in this manuscript at any time.

Construction of viral vectors

The CLEC12A-ENG construct was produced using GeneArt (Thermo Fisher Scientific) 

gene synthesis of a CLEC12A-specific scFv (21.16; ref. 15), which was then subcloned into 

a pSFG retroviral vector encoding a CD3ε-binding element and mOrange downstream of an 

IRES sequence (ref. 16,Fig. 1A). ACD19-ENG construct was shared by Dr. Stephen 

Gottschalk (St. Jude Children’s Research Hospital, Memphis, TN), also in a pSFG backbone 

(17). CD123.IL7Rα CAR constructs were generated using GeneArt (Thermo Fisher 

Scientific) gene synthesis of a CD123specific scFv (26292; ref. 18) linked to an IgGl hinge 

(GenBank: AAA58693.1) and the transmembrane and intracellular domain of IL7Rα 
(NCBI: NP_002176.2, amino adds 240–459). IL7Rα mutants were generated using the Q5 

Site-directed Mutagenesis Kit (New England Biolabs). Primers for mutagenesis were 

obtained from Integrated DNA Technologies (Supplementary Fig. S1). All newly generated 

plasmids were verified by Sanger sequencing performed by the University of Michigan 
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DNA Sequencing Core. RD114-pseudotyped retroviral particles were generated as described 

previously (16).

Generation of engineered T cells

Blood cells were purchased in the form of huffy coats (Carter BloodCare). Peripheral blood 

mononuclear cells (PBMC) were isolated using a Ficoll density gradient and were then used 

according to a University of Michigan Institutional Review Board (IRB)-approved protocol. 

Cells were activated by stimulation on OKT3 (Miltenyi Biotec) and anti-CD28 (for 

costimulation, Becton Dickinson) coated nontissue culture-treated 24-well plates. 

Recombinant human IL7 (10 ng/mL, predinical biorepository, NCI) andIL15 (5 ng/mL, 

National Cancer Institute) were added to cultures on day 2, and the following day, cells were 

transduced with retroviral particles immobilized on RetroNectin (Clontech Laboratories). In 

experiments using ludferase-expressing T cells, cells were transduced on subsequent days, 

first with the T-celltargeting moiety and second with the retrovirus carrying an enhanced 

GFP.firefly Ludferase fusion gene (14). T cells were maintained and expanded in the 

presence of IL7 and IL15. Cdls were analyzed for expression of mOrange or artifidal 

receptor by using flow cytometric analysis 5 to 7 days posttransduction.

Flow cytometry

Fluorochrome-conjugated isotype controls, anti-CD 123, antiCLEC12A, anti-His, and anti-

CD3 were purchased from BD Biosciences. Recombinant human CD123-His was produced 

by Sino Biological. Analysis was performed on at least 20,000 cells per sample using an 

Attune NxT instrument (Thermo Fisher Scientific) and analyzed with Flojo software. 

Antigen quantification was performed using QuantiBrite beads (BD Biosciences) per 

manufacturer protocol. Each quantification was performed in triplicate.

Cytokine secretion assay

T cells were plated with target cells at a 1:1 ratio. Following 24 hours of culture, the 

supernatant was harvested and analyzed for the presence of IFNγ or IL2 using ELISA kits 

(R&D Systems) according to the manufacturer’s instruction. Percent relative change was 

calculated with formula (Y-X)/X*100.

Cytotoxicity assay

Target cells containing stable expression of firefly luciferase were incubated with T cells at 

1:1, 1:2, 1:5, and 1:10 effector-totarget (E:T) ratios. Targets in media alone were used for 

assessment of spontaneous death. After 18 hours of culture, bioluminescence was measured. 

Mean percentage of specific lysis of triplicate samples was calculated as 100* (spontaneous 

deathexperimental death)/(spontaneous death-background). Cytotoxicity assays were 

incubated for 3 days: on day 0, cells were plated at a 1:1 E:T ratio. On day 3, cells were 

treated with ludferin and bioluminescence was measured and compared with an identical 

condition containing unmodified T cells.
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Xenograft mouse model

All animal experiments were conducted in accordance with and with the approval of the 

University of Michigan Institutional Animal Care and Use Committee (LACUC). Briefly, 

NSG (NOD.Cg-Prkdcscid/Il2igtmlWjl/SzJ, Jackson Laboratory) mice were engrafted with 

AML cell lines (MV-4-11, MV-4-11 ffLuc, OCI-AML-3.ffLuc) via intravenous tail vein 

injection. One week following leukemia injection, mice were given 106 unmodified or 

modified T cells, as described. Mice were followed weekly with bioluminescent imaging 

(BLI). Animals were imaged using the IVIS system (IVIS, Xenogen Corp.) 10 minutes alter 

intraperitoneal injection of D-Luciferin (Thermo Fisher Scientific). Images were analyzed 

using Living Image 4.5.1 software (PerkinElmer). Peripheral blood was drawn via the facial 

vein and analyzed via FACS. Mice were euthanized when they either lost >20% of body 

weight, exhibited hind leg paralysis, or were otherwise deemed of clinical concern in 

collaboration with the veterinary team of the University of Michigan Unit for Laboratory 

Animal Medicine.

Colony-forming unit assays

Healthy donor bone marrow was obtained under a University of Michigan IRB-approved 

protocol. Bone marrow mononuclear cells (BMMC) were isolated by standard density 

gradient centrifugation and cyropreserved. BMMCs were incubated with media alone, 

unmodified, or modified T cells as described at a 5:1 E:T ratio for 6 hours, then plated in 

MethoCult (Classic) media (Stemcell Technologies) per manufacturer’s instruction. After 10 

to 14 days, colonies were manually counted.

Western blotting

T cells were plated overnight in RPMI + 10% FBS and glutamax without additional 

cytokine. T cells were lysed in RIPA lysis buffer with protease (cOmplete) and phosphatase 

(PhosSTOP) inhibitor cocktails (MilliporeSigma) on ice. Electrophoresis was conducted 

using Novex WedgeWell 10% Bis-Tris Mini Gels (Thermo Fisher Scientific) and protein 

transferred to polyvinylidene difluoride (PVDF) membrane. Western blot analysis was 

performed with the following antibodies: rabbit anti-human p-STAT5 (done D47E7, Cell 

Signaling Technology), STAT5 (done D2605, Cell Signaling Technology), and GAPDH 

(done 6C5, Invitrogen).

Statistical analysis

GraphPad Prism 7 software (GraphPad Software) was used for statistical analysis. 

Measurement data were presented using descriptive statistics as noted in text, including, 

mean, median, range, ± SE. For comparison between two groups, two-tailed t test was used 

with correction for multiple comparisons using the Holm-Sidak method. For comparisons 

including more than two groups, two-way ANOVA corrected for comparison using the 

method of Sidek was incorporated. Survival of mice was estimated by the Kaplan-Meier 

method and differences in survival between groups were calculated by the log-rank (Mantel-

Cox) and GehanBreslow-Wilcoxon test.
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Results

CLEC12A-ENG T cells recognize and kill CLEC12A+ AML targets

We designed and synthesized a γ-retroviral construct containing the coding sequence of a 

CLEC12AxCD3 bispedfic engager molecule (CLEC12A-ENG) and that of the fluorescent 

protein mOrange (Fig. 1A). Next, we used retroviral transduction of primary activated T 

cells to induce constitutive production and secretion of CLEC12A-ENG. To verify T-cell 

modification, cells were analyzed via FACS for expression of mOrange. Reprodudble 

transduction effidendes were achieved (Fig. 1B, median: 67.5%, range 43.2%-89.6%, n = 12 

independent T-cell donors). CLEC12A expression on a panel of AML cell lines (MV-4-11, 

OCI-AML-3, Molm-13) was measured with FACS analysis. CLEC12A expression was 

variable between the tested lines, and overall was found to be less than 5,000 molecules/cell 

(Supplementary Fig. S2). Despite this relatively low surface expression, CLEC12A-ENG T 

cells were specifically activated by CLEC12A+ target cells (MV-4-11, OCI-AML-3) as 

measured by IFNγ secretion. T cells engineered to secrete a bispedfic engager molecule 

targeted to the antigen CD19 (CD19-ENG) were not activated by target cells. Similarly, 

CLEC12A-ENG T cells were not activated by the CLEC12A− K562 cell line (Fig. 1C). 

CLEC12A-ENG T cells were also found to be spedfically cytotoxic to CLEC12A+ AML 

cells (Fig. 1D).

CLEC12A-ENG T cells demonstrate specific in vivo antitumor activity

To evaluate in vivo antitumor activity of CLEC12A-ENG T cells, we established a human 

xenograft mouse model in NOD.CgPrkdcscidIL2rgtm1wil/SzJ (NSG) mice. The human 

CLEC12A+AML cell line, MV-4–11, was first modified to stably express firefly ludferase 

(ffLuc). These cells were then used to engraft NSG mice via tail vein injection. One week 

following leukemia injection, mice received control T cells or CLEC12A-ENG T cells (Fig. 

2A). Leukemic progression was monitored by bioluminescence imaging following 

intraperitoneal injection of D-Luciferin. CLEC12A-ENG T cells demonstrated antitumor 

efficacy that led to improved median survival in the treated mice (Fig. 2B–D). Murine 

peripheral blood was monitored every 2 weeks starting on day 21 or 35 post-AML injection. 

Analysis of our initial cohorts of mice treated with CLEC12A-ENG T cells suggests 

correlation of antitumor responsiveness to T-cell expansion in peripheral blood. The single 

mouse that remained disease-free forthe course of the experiment (mouse #2) demonstrated 

enhanced T-cell expansion and persistence, primarily between days 49 and 63 

(Supplementary Fig. S3).

Cytotoxicity unaffected by coexpression of CD123.IL7Rα and CLEC12A-ENG

Although CLEC12A-ENG T cells had anti-AML activity, leukemia eventually progressed. 

We, therefore, asked whether the provision of signal 3 in the form of a chimeric IL7Rα 
could improve the anti-AML activity of CLEC12A-ENG T cells. We designed a chimeric 

receptor composed of an extracellular domain consisting of a scFv specific for the AML-

associated antigen CD123 (16, 18) and the transmembrane and intracellular domains of 

IL7Ra (CD123.IL7Rtx; Fig. 3A). Cells were either single transduced with retroviral vectors 

encoding CLEC12A-ENG or CD123.IL7Rα, or double transduced with both vectors 

simultaneously. Single transduction resulted in a median of 60% ENG+ and 54.5% CD123. 
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IL7Ra+ cells (range 56%-81% and 36.1%-66.6%, respectively). Double transduction 

resulted in a median of 22.7% ENG+ (range: 17.5%-29.9%), 24.9% CD123.IL7Rα+ (range: 

11.9%-30.6%), and 25.9% double-positive cells (range: 19.8%-38.7%; Fig. 3B). We further 

modified the CLEC12A-ENG construct (Fig. 1A), replacing the mOrange sequence with our 

CD123.IL7Ra to allowforthe expression of both synthetic proteins after a single 

transduction. To assess the inhibition of antigen-dependent cytotoxicity in CLEC12A-

ENG.CD123IL7Rα T cells, we cocultured effector cells with targets expressing either 

CD123 or CLEC12A alone, or both antigens together (Supplementary Fig. S4). 

Coexpression of CD123.IL7Rα with the CLEC12A-ENG did not diminish the CLEC12A-

spedfic cytotoxicity. In a short-term cytotoxicity assay, both CLEC12A-ENG and 

CLEC12A-ENG.CD123IL7Rα T cells were equally effective at killing target cells 

expressing CLEC12A (Fig. 3C). We did not observe additional cytotoxicity secondary to 

CD123 binding by CD123.IL7Rα. Expression of CD123.IL7Rα did not cause toxicity to 

hematopoietic progenitor cells at a high (5:1) E:T ratio (Fig. 3D). T cells engineered to 

secrete a bispecific CD123xCD3 molecule (CD123-ENG) were used as a positive control for 

progenitor cell toxicity due to CD 123 binding.

IL7Rα signaling and CD123 binding enhance CD123.IL7Rα T-cell activation

Having established that CD123.IL7Rα expression is feasible, we next evaluated for 

improved effector function. To test for intact IL7Rα signaling, we created two additional 

chimeric receptors. In one, Box 1 is deleted to prevent Jakl binding (CD123.IL7Rα.ABox1). 

In a second molecule, tyrosine 449 is mutated to phenylalanine (Y449F), which prevents 

Y449 phosphorylation and subsequent STAT5 binding (CD123.IL7Ra. Y449F; Fig. 4A; refs. 

19–22). We evaluated STAT5 phosphorylation in T cells expressing the three CD123.IL7Rα 
with Western blotting. Independent of binding to CD 123, we found constitutive STAT5 

phosphorylation in T cells expressing unmutated chimeric IL7Rα (Fig. 4B and C). Deletion 

of Box1 or mutation of Y449 to phenylalanine (Y449F) rendered p-STAT5 undetectable. In 

cells expressing CLEC12A-ENG, CD 123. IL7Rα expression increased p-STAT5 levels. 

IL7Rα mutation reduced STAT5 phosphorylation (Fig. 4B and C). Therefore, CD123.IL7Rα 
expression induces downstream STAT5 phosphorylation dependent on known motifs in the 

corresponding endogenous IL7R

To assess functional activation, we cultured effector cells witn targets expressing either 

CD123 or CLEC12A alone, or both antigens together (Supplementary Fig. S4). CLEC12A-

ENG.CD123IL7Rα T cells were stimulated to secrete more cytokine when challenged with 

targets expressing both CLEC12A and CD123 (Fig. 5A and B). In contrast, the presence of 

the CD123 target antigen did not stimulate additional IFNγ or secretion by CLEC12A-ENG 

cells. Use of our CD123.IL7Rα mutants diminished this augmented T-cell activation state 

(Fig. 5C). In sum, T cells expressing CLEC12A-ENG and CD123.IL7Rα secrete more 

inflammatory cytokine when target cells express both CLEC12A and CD123. CLEC12A-

ENG T secretes the same amount of cytokine regardless of target cell CD 123 expression. 

Mutation of certain CD123.IL7Rα elements prevented optimal T-cell activation following 

dual-target recognition.
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CLEC12A-ENG.CD123IL7Rα T cells have improved in vivo expansion and efficacy

To evaluate the capacity for the CD123.IL7Rα to improve CLEC12A-ENG T-cell expansion 

and antitumor activity in vivo, we used our CLEC12A+/CD123+ MV-4–11 xenograft model. 

To facilitate T-cell tracking, we engineered ffLuc expression in CLEC12A-ENG and 

CLEC12A-ENG.CD123IL7Rα T cells (Supplementary Fig. S5). Both T-cell expansion and 

overall survival were enhanced in mice treated with CLEC12A-ENG.CD123IL7Rα T cells 

as compared with animals treated with CLEC12A-ENG T cells (median overall survival: not 

reached vs. 56 days, P < 0.01; Fig. 6A–C). Improved survival in CLEC12A-

ENG.CD123IL7Rαtreated mice was also seen in a second AML xenograft using OCI-

AML-3.ffLuc leukemia cells. Our MV-4–11.ffLuc AML model suggests a trend, but did not 

meet significance when evaluating the improved survival of the treatment group 

(Supplementary Fig. S6). Given the different overall survival seen in mice engrafted with 

MV-4–11.ffLuc as compared with those engrafted with unmodified MV-4–11, we tested the 

lines for phenotypic differences. We noted decreased expression of CLEC12A in our 

MV-411 cell line (Supplementary Fig. S7).

Discussion

We have described the generation and antigen-specific activation of engineered cells 

designed to respond to the AML-associated target antigens, CLEC12A and CD123. In our 

CLEC12A-ENG.CD123IL7Ra T cells, binding of CLEC12A stimulated the T-cell activation 

and specific cytotoxicity. Expression of a CD 123. IL7Ra coupled IL7Ra downstream 

activation and improved antitumor activity in a CD 123-dependent fashion. CLEC12A-ENG. 

CD123IL7RaT cells demonstrated improved expansion potential and antitumor activity in a 

xenoeraft model of human AML.

Engineered T-cell therapy for AML has not been as successful as that for lymphoblastic 

leukemia. This is partly due to difficulty in taiget selection because of shared antigen 

expression on leukemic blasts and normal myeloid cells (5). We chose CD123 and 

CLEC12A as our AMDassociated antigen targets based on the validated expression on a 

majority of AML (7, 8) and the likely enrichment on leukemia-initiating cells (9, 23). 

CLEC12A is expressed on peripheral blood and bone marrow myeloid cells and a minority 

of committed progenitor cells (8, 24). CAR-T cells targeting CLEC12A have demonstrated 

anti-AML activity in preclinical studies (25–27). CD123 is the a chain of the IL3 receptor 

and is expressed on hematopoietic stem and progenitor cells as well as endothelial cells (7, 

23, 28, 29). CD123 has been or is being tested in early phase CAR-T cell trials 

(NCT02623582, NCT02159495, NCT03203369, and NCT03190278) and has thus far 

demonstrated an acceptable safety profile. Even so, the targeting of CD 123 with engineered 

T cells is toxic to nonmalignant hematopoietic progenitor cells (16, 30, 31). To overcome 

this hurdle, we coupled the T-cell "signal 3” to CD 123 binding. Cytotoxicity was not 

trigged by CD 123, but is instead secondary to CLEC12A recognition. Thus, our approach 

mitigates "on-target, off-cancer" toxicity to CD123+ normal cells.

A second limitation to achieving durable antitumor responses following T-cell adoptive 

transfer is the correlation of efficacy with the persistence of transferred cells (10, 11). By 

coupling CD123 recognition to downstream IL7Ra activation, we wanted to promote T-cell 
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survival. In unmodified T cells, IL7 signaling is critical to homeostatic preservation of the 

peripheral T-cell pool (12, 13). Bispedfic T-eell engager molecules trigger TCRs. TCR 

activation can strengthen IL7 downstream activation, whereas IL7 activation can strengthen 

TCR responiveness (32). The mechanism of this cooperative effect is not fully described, but 

may involve TCR-mediated formation of lipid rafts and dustering of IL7 receptors in the 

membrane (33). Our experimental results support synergistic activation. We have shown 

low-density CLEC12A expression on AML cell lines. CAR-T activation state correlates with 

target antigen density (34–37). In addition to CLEC12A, other tumor-assodated antigens 

(TAA) also demonstrate low-density expression. We believe our dual ENG/IL7Rα strategy 

has potential to target other low-density TAA In addition, CLEC12A-ENG.CD123IL7Rα T 

cells allow for biological investigation of TCR/IL7Rα synergistic activation.

Our choice of the IL7 receptor to provide signal 3 follows the work of others who have used 

chimeric IL7 receptors to boost T-cell adoptive transfer (38,39). Our work differs in that we 

have coupled the intentional TAA recognition to IL7Rα activation. We hypothesized that in 

CD123.IL7Rα T cells, downstream IL7Rα activation would follow CD 123 binding. We 

were surprised to find tonic, taiget-independent, constitutive STAT5 phosphorylation in 

modified cells. Mutation of known IL7R elements prevented STAT5 activation, confirming 

that this was secondary to the activation state of our engineered receptor. Adoptive transfer 

of cells with a constitutively active survival signal is not safe. Further analysis of the 

longevity of these cells without cytokine or antigen support is needed. Addition of a safety 

switch may be necessary to guard against cellular immortality prior to clinical translation. 

Although we describe a constitutively present taigetindependent activation state, we also 

discovered the amplification of inflammatory cytokine secretion reliant on CD 123 binding.

As an alternate to cytokine stimulation, or signal 3, we could have chosen to engineer 

costimulation, or signal 2, downstream of CD 123 binding. Expression of CARs in 

combination with costimulatory receptors has been reported to stimulate optimal engineered 

T-cell activity (40–42). We have sought to eliminate the potential for CAR costimulatory 

receptor inhibitory interactions by pairing single CAR expression with bispedfic molecule 

secretion. Previous study has shown combinatorial TCR activation via bispedfic antibody 

secretion paired with engineered costimulation to be superior to TCR activation alone (43). 

As an alternate approach, we chose to explore whether a stimulatory signal transduced by 

the IL7R would improve persistence and antitumor activity of AML-specific CLEC12A-

ENG T cells. We found enhanced activation, in vivo expansion, and leukemia control when 

using CLEC12A-ENG.CD 123IL7Rα T cells in our functional studies. Whether these would 

be superior to CLEC12A-ENG T cells with engineered costimulation is an outstanding 

question.

Our in vivo T-cell tracking supports our hypothesis that CD123IL7Rα expression improves 

T-cell antitumor activity. In this study, using MV-4–11, we found CLEC12A-ENG. 

CD123IL7Rα T cells to be more effective than CLEC12A-ENG T cells in AML control. In 

contrast we found no survival advantage in CLEC12A-ENG.CD123IL7Rα-treated animals 

engrafted with MV-4–11.ffLuc, though there was a trend toward improved survival. 

Treatment of mice in a second xenograft model of human AML confirmed the superiority of 

CLEC12A-ENG.CD123IL7Rα in antitumor responsiveness. We would like to highlight the 
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difference in overall survival in untreated mice engrafted with MV-4–11 and MV-4–

11.ffLuc. Despite the confirmed genetic origin of these cell lines, we found variation in 

CLEC12A expression. This does not explain the lost potency of our MV-4–11.ffLuc, but 

does indicate potential selection of a sub-done in our modification and FACS-based sorting 

of the MV-4–11.ffLuc. Further comparative evaluation of our MV-4–11 and MV-4–11.ffLuc 

is necessary to understand differential responsiveness in these models. Nonetheless, we 

suggest that provision of an IL7Rα survival signal in engineered cells stimulates enhanced 

activation and improves antitumor activity of transduced cells.

A limitation or our analysis or in vivo T-cell expansion is the possibility of xenogeneic 

GVHD stimulating an antigen-independent T-cell response. As we performed no selection 

prior to the injection of our cells, mice received a mixed cell population consisting of 

unmodified, GFP.ffLuc+ only, CLEC12A-ENG+ (or CLEC12A−ENG.CD123IL7Rα+) only, 

and double-positive cells. GFP.ffLuc+-only cells have the potential for xenogeneic activation, 

independent of CLEC12A-ENG or CD123.IL7Rα expression. The observed delayed T-cell 

proliferation may signify xenogeneic TCR stimulation supported by antigen-independent 

CD 123. IL7Rα downstream signaling. Alternatively, the expansion may also correlate to 

the circulation time of the T cells prior to extravasation and proliferation to a detectable 

concentration at sites of bulky disease. Tracking of engineered T-cell behavior is ongoing in 

our laboratory. We hope to further understand the kinetics of T-cell/tumor cell localization 

and the specificity of T-cell expansion. We are additionally focused on enhancing the 

specificity and duration of antitumor responses.

The work reported herein represents a potential solution to two challenges that stand in the 

way of further development of engineered T-cell therapy for AML: target selection and 

limited T-cell survival. We have shown that coupling of TCR and IL7Ra activation improves 

anti-AML activity in vitro and in vivo. The principles of our combinatorial dual-antigen 

recognition design can be applied to other tumor types with low antigen density. One can 

envisage the local stimulation of T-cell survival and the potentiation of tumor-specific attack, 

driven by antigen in the tumor microenvironment. These findings contribute to the 

understanding of T-cell immunobiology and highlight the potential of T-cell 

immunotherapies for clinical use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CLEC12A-targeting with CLEC12A-ENG T cells has specific antileukemic activity in vitro. 

A, Schematic of construct used for targeting and method of T-cell activation. B, 

Transduction efficiency of CLEC12A-ENG T cells, (n = 10–12 independent T-cell donors). 

C, IFNγ secreted by CLEC12A-ENG T cells after overnight culture with CLEC12A−(K562) 

or CLEC12A+ (MV-4–11, OCI-AML-3) AML cell lines. Unmodified (NT) and CD19-

specific T cells (CD19-ENG) included as controls. (n = 4–6 independent donors, difference 

noted between CLEC12A-ENG and NTT cells.**, P< 0.01; ****,P<0.0001). D, CLEC12A+ 

(MV-4–11, OCI-AML-3) target cells modified to stably express ffLuc were cultured for 3 

days with NT, CD19-ENG (solid bar), or CLEC12A-ENG (striped bar) T cells. D-luciferin 

was added and live cell percentage determined by BLI. Cells normalized to those in NT T-

cell condition. T-cell:target cell ratio was 1:1. Dots representative of individual T-cell 

donors, (n = 4–6; ****, P< 0.0001).

Krawczyk et al. Page 14

Cancer Immunol Res. Author manuscript; available in PMC 2021 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
CLEC12A-ENG T cells exhibit antitumor efficacy in vivo. A, Schematic of MV-4–11 

Xenograft model. NSG mice were engrafted with 1e6 MV-4–11.ffLuc i.v. on day 0. On day 

7,10e6 T cells (control or CLEC12A-ENG) were administered. Leukemia was followed with 

BLI and T cells tracked in peripheral blood every 2 weeks beginning on day 21. B and C, 

Quantitation of sequential BLI of mice (n = 5 mice per group per experiment, two 

independent experiments, with a different T-cell donor for each experiment). B, Leukemia 

burden over first 28 days between control (gray line) and CLEG2A-ENG-treated (black line) 

mice. ****, P< 0.001; **, P< 0.01. C, Extended BLI data from B. Dashed lines represent 

each individual mouse, solid lines are average BLI of group. Gray lines, control mice; black 

lines, treated mice.D, Kaplan-Meier survival analysis, median survival: control T cells, 66 

days; CLEC12A-ENG T cells, 80.5 days (P = 0.01).
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Figure 3. 
Coupling of CD123 recognition to IL7R signaling does not cause hematopoietic toxicity. A, 

Schematic of CLEC12A-ENG.CD123IL7Rα T-cell targeting of CLEC12A+CD123+AML 

B, Transduction efficiency of NT, singly modified CD123.IL7Rα, CLEC12A-ENG, and 

dual modified CLEC12A-ENG.CD123IL7Rα T cells. (n = 4 independent T-cell donors). C, 

Cytotoxicity of T cells versus CLEC12A+, CD123+, or CLECI2A+CD123+ target cells. E:T 

ratio, 1:5. Significant differences measured in comparison to NTT cells or as indicated, (n = 

6 T-cell donors, *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001). D, Colony-

forming unit (CFU) assays performed with 5:1 ratio of T cells to BMMCs. CD123-ENG T 

cells used as positive control, (n = 5 BMMC donors, 4 T-cell donors. Data normalized to "no 

T cell" conditions, differences relative to NT T-cell control (*, P < 0.05; ****, P< 0.0001).
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Figure 4. 
Expression of CD123.IL7Ra stimulates enhanced T-cell activation. A, Schematic of mutant 

IL7Rα receptors. B, STAT5 activation demonstrated downstream of IL7Rα receptor in 

engineered T cells. Cells were starved of cytokine, lysed, and Western blot analysis 

performed. Densitometry analysis calculated as p-STAT5/ STATS, (n = 1–2 donors of each 

T-cell type). C, Representative Western blot analysis for phospho-STAT5 and STAT5. 

Positive control (+): NT T cells treated with 10 ng/mL rhlL7 for 30 minutes prior to lysis.
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Figure 5. 
Enhanced CLEC12A-ENG.CD123IL7Rα T-cell activation is secondary to CD123+ target 

recognition and intact IL7Rα elements. IFNγ (A) and IL2 (B) secreted into supernatant 

following the culture of indicated effector and target cells, (n = 4 T-cell donors, *, P< 0.05; 

**, P< 0.01). C, Relative change in IFNγ secretion in T cells cultured with K562.CLEC12A 

versus K562.CLEC12A.CD123 (n = 1 T-cell donor).
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Figure 6. 
CD123.IL7Ra T cells have improved expansion and in vivo antileukemia control. A, T cells 

were transduced with ffLuc to enable tracking of expansion and persistence versus unlabeled 

MV-4–11. (n = 5 mice each group, one T-cell donor used for cohort; solid line, mean; dotted 

lines, individual mice). B, Kaplan-Meier survival analysis, median survival: CLEC12A-

ENG, 56 days; CLEC12A-ENG.CD123IL7Ra, undefined. (**, P<0.01). C, Representative 

images of mice.
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