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Abstract
Background Acute myeloid leukemia (AML) treatment remains challenging. CD70 was reported as a promising AML-
specific antigen. Preclinically, CAR T-cell with single-chain-variable fragment (scFv) or truncated CD27 targeting CD70 
has been reported to treat AML. However, various disadvantages including spontaneous exhaustion, proteinase-mediated 
loss of functional receptors, and high immunogenicity, limited its further application to clinical settings. Alternatively, the 
single-variable domain on heavy chain (VHH), also known as nanobodies, with comparable binding ability and specificity, 
provides an optional solution.
Method We generated CD70 knocked-out novel nanobody-based anti-CD70-CAR T-cells (nb70CAR-T) with two different 
VHHs for antigen detection. Next, we detected the CD70 expression on primary AML blasts by flow cytometry and associ-
ated the efficacy of nb70CAR-T with the target antigen density. Finally, epigenetic modulators were investigated to regulate 
the CD70 expression on AML cells to promote the functionality of nb70CAR-T.
Results Our nb70CAR-T exhibited expected tumoricidal functionality against CD70-expressed cell lines and primary AML 
blasts. However, CD70 expression in primary AML blasts was not consistently high and nb70CAR-T potently respond to 
an estimated 40.4% of AML patients when the CD70 expression level was over a threshold of 1.6 (MFI ratio). Epigenetic 
modulators, Decitabine and Chidamide can up-regulate CD70 expression on AML cells, enhancing the treatment efficacy 
of nb70CAR-T.
Conclusion CD70 expression in AML blasts was not fully supportive of its role in AML targeted therapy as reported. The 
combinational use of Chidamide and Decitabine with nb70CAR-T could provide a new potential for the treatment of AML.
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Introduction

Acute myeloid leukemia (AML) is a group of heteroge-
neous hematological malignancies generated from clonal 
expansion of myeloid blasts without a tendency for mature 
differentiation [1, 2]. Allogeneic hematopoietic stem cell 
transplantation (HSCT) following induction chemotherapy 
is recommended as standard treatment for AML patients. In 
the past decades, with the advancement of therapy[3–5], the 
overall five-year survival of AML increased to 42.0 ~ 51.9% 
[6]. Nearly 50% of patients relapsed after HSCT from mini-
mal residual disease and were eventually resistant to rescue 
chemotherapy [7, 8]. Therefore, more effective therapy for 
AML is urgently needed.

Adaptive transfer of engineered chimeric antigen receptor 
(CAR)-modified T-cells, has revolutionized the treatment of 
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multiple types of cancers [9, 10]. Regarding AML treatment, 
CAR T-cell therapies were also in the spotlight, while the pro-
gression was slow [11–14]. One obstacle was the identification 
of suitable targets with the high-level expression on the AML 
blasts but expressed at absent or low-level on hematopoietic 
stem cells (HSC) [15]. Up to now, targets studied in AML 
treatment included CD33 [13], CD123 [11], CD44v6 [16], 
Lewis Y [17], CLL-1 [12], FLT3 [14], FR beta [18], and CD70 
[19, 20]. The expression level of Lewis Y, CD44v6, CLL-1, 
and FLT3 were not as high as CD33 and CD123 on AML cells, 
but CD33 and CD123 were also expressed on normal HSC 
that could generate hematopoietic toxicity. CD70, a member 
of the TNF family, was recently reported to be an ideal target 
for AML given its up-regulation on AML blasts but absence 
on HSC [19, 20].

Another barrier was the design of the extracellular-
antigen-binding domain of CAR. The most popular struc-
ture was the single-chain variable-fragment (scFv) which 
accommodates both heavy and light chains of antibody 
[20, 21]. Despite excellent binding affinity and speci-
ficity, various disadvantages have been recognized: (1) 
Some scFvs are prone to self-aggregation, and thus induce 
CAR clustering, generating tonic activation signaling, 
and eventually leading to T-cell exhaustion [22–24]. (2) 
Immunogenicity of murine-derived scFv [25, 26]. For 
CD70-specific CAR, truncated CD27 (tCD27) was also 
investigated and suggested that it had superior function-
ality than traditional scFv-based CAR [20]. However, 
matrix metalloproteinase-mediated cleavage of CD27 
after engagement with CD70 results in reduced expres-
sion of the functional CAR on the T-cells, thus severely 
compromising the in  vivo efficiency of tCD27-based 
CAR-T [21]. These drawbacks may limit the in  vivo 
activities of 70CAR T-cells, and their further application 
to clinical settings. Alternatively, a fully-human single-
variable domain on heavy chain (VHH) nanobodies with 
comparable binding ability and specificity is possibly a 
favorable choice.

In this study, we generated novel nanobody-CAR 
T-cells that contain two different extracellular-antigen-
binding VHHs for CD70 detection (nb70CAR-T). Mean-
while, the CD70 gene in T-cells was disrupted by the 
CRISPR-Cas9 system to avoid fratricide effects. We 
tested the tumoricidal activity of our nb70CAR-T against 
AML cells lines and primary blasts and their associations 
with the CD70 expression level, and verified the synergy 
effects of epigenetic modulators in the up-regulation of 
CD70 expression. Altogether, our data provided an in-
depth evaluation of CD70 expression and CD70-targeting 
therapy for AML based on novel nb70CAR-T, which con-
tributed to the initiation of related clinical trials.

Materials and methods

Cell lines and culture

THP-1 (Acute Monoblastic/Monocytic Leukemia), OCI-
AML3 (Acute Myeloid Leukemia), Karpas299 (ALK-Pos-
itive Anaplastic Large Cell Lymphoma), MV4-11 (Acute 
Monoblastic/Monocytic Leukemia), K562 (Chronic Mye-
logenous Leukemia) and Lenti-X™293 T (human embry-
onic kidney cell) cell lines used in this study were pur-
chased from American Type Culture Collection bank and 
ensured for mycoplasma-free before experiments. THP-1, 
OCI-AML3, Karpas299, MV4-11 and K562 were cultured 
in Roswell Park Memorial Institute (RPMI)-1640 medium 
(Gibco, USA) supplemented with 10% fetal bovine serum 
(FBS) (Gibco, USA). Lenti-X™293 T cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 
USA) supplemented with 10% FBS. Cells lines were main-
tained in the incubator with 37 ℃ and 5%  CO2. MV4-11 and 
THP-1 cells stably expressing firefly luciferase (ffLuc) were 
established by transduction with the lentivirus simultane-
ously encoding firefly luciferase and puromycin resistance 
gene, and cultured in a complete medium added with 1ug/
mL puromycin (Gibco, USA).

CD70 KO 70nbCAR T‑cells production

T-cells were isolated from commercial peripheral blood 
mononuclear cell (PBMC) (Milestone® Biotechnologies, 
China) using anti-CD3 microbeads (Miltenyi, Germany), 
and were activated by microbeads (Dynabeads™ Human 
T-Activator CD3/CD28) (Gibco, USA). The CD70 gene 
was knocked-out by electroporation with Cas9 protein and 
small guide RNA (Genscript Biotech Corporation, China) 
using the Celetrix system. Eight hours post electroporation, 
CD70 knocked-out T-cells (KO T) were transduced with 
lentivirus encoding nb70CAR. After 24 h, nb70CAR-T and 
KO T-cells were centrifuged, resuspended in fresh culture 
medium, and sustained in a concentration of 1 ~ 2 ×  106 cells/
mL. The complete culture medium was CTS™ OpTmizer™ 
medium (Gibco, USA) supplemented with 10% FBS and 
200 IU/mL rhIL-2 (PeproTech, USA) and 100ug/mL L-glu-
tamine (Gibco, USA).

Lentivirus encoding nbCD70CAR was generated by 
Lenti-X™293 T cells using psPAX2, p.MD2.G packaging 
plasmids and transfer-plasmid with Lipo3000 (Invitrogen, 
USA). Supernatants containing the released virus were col-
lected 48 h post-transfection and concentrated by ultracen-
trifugation. Lentivirus was stored at – 80 ℃.
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Evaluation of CD70 KO efficacy

On day 7 of culture, the genomic DNA of KO-T was 
extracted by using a DNA blood mini-kit (Qiagen, Valen-
cia, CA), and sent for Sanger sequencing of the CD70 
gene. The data were analyzed using an online analyzing 
tool, ICE Analysis-Synthego (https:// ice. synth ego. com). 
The KO efficacy was calculated as the sum proportion of 
gene insertion/deletion.

Binding affinity

VHH1 and VHH2 antibodies with rabbit IgG (rIgG) were 
manufactured by CHO-S cells (Chinese hamster ovary 
cells) and purified with protein A column. Bio-layer Inter-
ferometry (BLI) was employed to measure the binding 
affinity of VHH1-rIgG and VHH2-rIgG to CD70 antigen 
using an Octet96e system (ForteBio, Menlo Park, CA, 
USA) as previously described [27].

Flow cytometry

The information on antibodies used in the flow cytomet-
ric (FCM) assay is included in Supplementary Table S1. 
CAR-positive cells were detected by anti-EGFR antibod-
ies. IgG was used as an isotype for CD70 detection. For 
peripheral blood (PB)/bone marrow (BM) samples from 
patients, fluorescence minus one (FMO, IgG isotype was 
also added) group was set as a control.

Cell lines samples were washed by phosphate buffer 
saline (PBS) (Solarbio, China) supplemented with 1% FBS 
(Every green, China), stained with corresponding anti-
bodies in 100 μL PBS with 1% FBS at room temperature 
for 20 min, avoiding light, and then were analyzed using 
Novocyte flow cytometry (Agilent, USA). In the detection 
of CD70 expression, Fc receptor blocker was used before 
antibody staining.

For PB /BM samples from patients, antibodies were 
incubated with whole blood samples containing approxi-
mately 2 ×  106 nucleated cells. After 20-min staining, red 
blood cells (RBC) were lysed using BD Pharm Lyse™ 
(BD, USA) and washed by PBS with 1% FBS. The pre-
pared samples were processed by Canto™ flow cytometry 
(BD, USA) or Novocyte flow cytometry without delay.

For PB samples from mice, RBC was lysed, and mouse 
Fc receptor was blocked using 1:500 diluted Rat anti-
Mouse CD16/CD32 (BD, USA). The samples were then 
ready for antibody staining, washing, and analyzing with 
MACSQuant Analyzer 10. The data were analyzed with 
FlowJo software version 10.

Antigen density measurement

The CD70 expression density was measured using anti-CD70-
PE (P-phycoerythrin) antibodies and PE fluorescent quantita-
tion kit (BD, USA) per manufacture's instructions.

Cytotoxicity assay

FMC assay or luciferase assay was exploited to determine 
the lysis of targets after incubation with nb70CAR-T at dif-
ferent effector-to-target (E: T) ratios. In the FMC-based 
cytotoxicity assay, 1 ×  105 target cells were labeled with 
1 µM CFSE-FITC (Invitrogen, USA) at 37 ℃ for 20 min, 
and then washed with PBS to remove the residual CFSE. 
The labeled targets were then co-cultured with nb70CAR-T, 
or KO-T, or buffer (10% RPMI-1640) in 96-well U-bottom 
plates (Corning, USA) for 4 h or 24 h. Apoptosis analysis 
was conducted through PI and Annexin V staining. The pro-
portion of necrotic (PI + /Annexin V-) and early apoptotic 
(PI-/Annexin V +) cells in CFSE-positive targets represented 
the cytotoxicity of nb70CAR-T or KO-T. In the luciferase 
assay, 2 ×  104 MV4-11-ffLuc cells were co-cultured with 
nb70CAR-T or KO-T in a 96-well flat bottom clear plate 
(Corning, CLS3610, USA) for 24 h. Luminescence repre-
sentative for the remained live targets was quantified through 
a Synergy H1 microplate reader (BioTek, USA) and Steady-
Glo® Luciferase assay system (Promega). The lytic percent-
age of targets was calculated by the following equation:

Degranulation assay

Expression of CD107a (lysosome-associated membrane pro-
tein) on the membrane of 70nbCAR T-cells represents its 
degranulation process. 2 ×  105 target cells were co-cultured 
with nb70CAR-T (E: T ratio of 1) in a medium supplemented 
with 1:100 diluted anti-human CD107a antibodies and 1:500 
diluted Monesin (BioLegend, USA) for 4 h. CD107a expres-
sion on CAR + T-cells was determined through FMC assay. 
The CD107a positivity on CD3 + CAR- populations repre-
sented the degranulation of KO-T. And only nb70CAR-T 
were set as a control to examine the auto-degranulation.

Cytokine release assay

The level of IFN-γ, TNF-α and IL-2 were detected in the 
supernatants from 24-h co-cultures of nb70CAR-T or KO-T 

Lysis%

=
luminescence (buffer) − luminescence (nb70CAR - T)

luminescence (buffer)
× 100

https://ice.synthego.com
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with targets at an E: T ratio of 1 in 10% RPMI-1640 medium 
using corresponding Enzyme Linked ImmunoSorbent Assay 
kits (NeoBioScience, China). IFN-γ in the serum of mice 
was detected by human IFN-γ kit (cisbio, USA) using 
HTRF® technology.

Xenotransplantation assays

Animal study was performed under the approval of the 
ethical committee of Tongji Medical College. Six-week-old 
female NCG (NOD/prkdc-/- IL2Rg-/-) mice were obtained 
from GemPharmatech (China). THP-1-ffLuc (5 ×  106 
cells per mouse) were injected into mice subcutaneously 
(subq.). Mice with successful tumor engraftment were 
randomized into three groups, and each group was infused 
with nbCAR70-T (2 ×  106 per mouse) or KO-T (2 ×  106 per 
mouse) in 200 µL PBS or just 200 µL PBS via tail vein. 
Tumor volume and body weight were measured almost every 
three days. Bioluminescence imaging was also conducted 
weekly. PB sample of mice was collected weekly through 
the submandibular vein for the detection of nb70CAR-T and 
the serum cytokine level. The protocol is summarized in 
Fig. 4A. The study was conducted with the consent of the 
Institutional Animal Care and Use Committee. All opera-
tions complied with the regulations of the Association for 
Assessment and Accreditation of Laboratory Animal Care.

Primary AML sample processing and culture

The collection and use of clinical samples were approved 
by the ethical committee of Tongji Medical College, in 
accordance with the Declaration of Helsinki. The informed 
content of patients were obtained. PB or BM samples from 
newly diagnosed AML patients (excluding acute promye-
locytic  leukemia) were collected. PBMCs were isolated 
through density gradient centrifugation using Ficoll (STEM-
CELL, Canada) and cultured in 10% RPMI-1640 medium. 
Cytotoxicity assay and degranulation assay were conducted 
within 24 h after the isolation of PBMCs following the meth-
ods illustrated above.

Decitabine and chidamide treatment

Decitabine (hypomethylation agent, HMA) and Chidamide 
(histone deacetylase inhibitor, HDI) were purchased from 
Selleck (USA) and Med Chem Express (USA), respec-
tively, dissolved and stored according to the manufacturer’s 
protocol. For in vitro assay, the specified concentration of 
HMA and HDI alone or in together were added to PBS-
washed cell lines or primary AML samples in 10% RPMI-
1640 medium culturing for two days. A Dimethyl sulfoxide 

(DMSO) vehicle control was set. For in mice assay, female 
aged 6–8 weeks NCG mice were i.v with 1 ×  106 MV4-11-
ffLuc cells. Five days later, mice with successful tumor 
establishment confirmed by bioluminescence imaging were 
randomized into three groups and intraperitoneally injected 
with 2 mg/kg/day HDI or 1.2 mg/kg/day HMA or DMSO 
for 4 consecutive days. At days 1, 3, and 5, 100 µL PB sam-
ples were collected and detected for the CD70 expression in 
MV4-11-ffLuc cells using FMC.

Graphs and statistical analysis

GraphPad Prism 8.3.0(GraphPad Software, Inc., USA) was 
used for data analysis and graph plotting. Data were pre-
sented as mean values with standard deviation (standard 
error of the mean was used for data in animal study). For 
comparison between the two datasets, we used the Student 
t test or paired Student t test. Statistical significance was 
assumed when P < 0.05. All analyses were two-tailed.

RESULTS

70nbCAR T‑cells construction

CD70-specific VHH1 and VHH2, screened from an in-
house fully human VH phage display library [27], were 
chosen as the antigen recognition domain. The binding 
affinity of VHH1 and VHH2 to CD70 antigen are 11.4 nM 
 (Kon = 1.91 ×  105  M−1  s−1,  Koff = 2.18 ×  10–3  s−1) and 1.89 nM 
 (Kon = 1.31 ×  106  M−1  s−1,  Koff = 2.47 ×  10–3  s−1). Our CAR 
is finally designed as VHH1-linker-VHH2-CD8α-(4-1BB)-
CD3ζ, different from the common scFv-based CAR. Of 
note, tEGFR is contained in the CAR transfer plasmid and 
connected by T2A (2A self-cleaving peptides) as a safety 
switcher and detection marker (Fig. 1A, B). Importantly, 
CD70 is knocked out in our nb70CAR-T by implementing 
the CRISPR-Cas9 system before CAR lentiviral transduction 
(Fig. 1B). The gene editing efficacy determined by Sanger 
sequencing was around 87% (Fig. 1C). At 7 days of cul-
ture, the mean percentage of CAR + T-cells in the CD70KO 
group was slightly higher than the CD70 wild-type (WT) 
group (29.0 vs. 23.4%, P > 0.05) (Fig. 1D). Interestingly, 
at day 13 the CD45RA + CCR7 + naïve population in the 
CAR + pool in KO group was significantly higher than the 
WT group (9.4 vs. 18.4%, P = 0.048) (Fig. 1E). The KO 
group also expressed less PD1, TIGIT (markers of T-cell 
exhaustion), and LAG3 (markers of T-cell senescence) 
(Fig. 1F). In all, we successfully constructed a novel fully-
human  VHH–based tandem nb70CAR-T with the purpose 
of minimizing incidental immune escape mediated by some 
CD70 epitope loss. Knocking out CD70 in parental T-cells 
leads to higher-quality CAR-T product.
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nb70CAR‑T tumoricidal activity in vitro

Cell-surface expression levels of CD70 in different human 
cell lines are quantified. Results demonstrated that CD70 
expression was highest in the THP-1, followed by OCI-
AML3, Karpas299, and MV4-11. CD70 was negative in 
K562 (Fig. 2A). The ΔMFI (difference to IgG)/positive rate 
of CD70 on THP-1, OCI-AML3, Karpas299, and MV4-11 
cell lines were 392,413/98.4%, 68,845/63.7%, 32,085/33.7%, 
and 7,137/17.8%, respectively.

To investigate the functionality of our nb70CAR-T, 
THP-1 cell lines were co-intubated with nb70CAR-T and 

KO-T. In the nb70CAR-T group, after 4 h of co-incuba-
tion, 78.5% of THP-1 cells are in early apoptosis (PI-/
AnnexinV +) and 6.6% are in necrosis (PI + /AnnexinV +) 
at an effector-to-targets (E: T) ratio of 1, and the cytotoxic 
capacity further strengthened after 24-h co-culture with 
14.2%/81.8% of early apoptotic/necrotic targets (Fig. 2B). 
KO-T, quite the opposite, had little effect on targets in 
all conditions. Meanwhile, nb70CAR-T did not react with 
CD70-negative cell lines (K562), indicative of high selec-
tivity. (Fig. 2B, C). We further evaluated the tumoricidal 
efficacy of nb70CAR-T in a wide range of human CD70-
expressing cell lines. As shown in Fig. 2C (results from 

Figure1  Construction and characteristics of CD70 KO nb70CAR-
T. A, The novel nb70 CAR and traditional second generation (2nd) 
scFv-CAR construct. The function of each domain was also anno-
tated. B, The schematic diagram of CD70 KO nb70CAR-T. C, Out-
come of CD70 gene Sanger sequencing of CD70 KO T-cells. + : 
insertion;  − : deletion; the number following “ ± ” refers to the num-
bers of bases. The gene editing efficacy is 87%. D, The transduction 
efficiency of nb70CAR in CD70 wild-type (WT) (blue column) and 
CD70 KO (red column) T-cells by flow cytometry using anti-EGFR 
antibody. No significance was identified between WT and KO groups 
using paired Student t-test (n = 4). E, T-cells memory phenotype of 

nb70CAR positive cells in CD70 WT (blue column) and CD70 KO 
(red column) groups by flow cytometry in four different donors, the 
biological source of PBMCs to produce nbCAR-T and KO-T. Naïve 
(CD45RA + CCR7 +), CM: central memory (CD45RA-CCR7 +), 
EM: effector memory (CD45RA-CCR7-), EMRA: effector mem-
ory cells re-expressing CD45RA (CD45RA + CCR7-). *P < .05, 
by paired Student t-test. F, Frequency of LAG3, PD1 and TIGIT in 
nb70CAR + T-cells in CD70 WT (blue column) and CD70 KO (red 
column) groups in four different donors. *P < .05, by paired Student 
t-test
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Fig. 2  Cytolysis Efficacy of nb70CAR-T. A, Histogram of CD70 
expression level/densities in the indicated tumor cell lines. B, The 
percentage of necrotic (PI + Annexin V +) and apoptotic (Annexin 
V + PI-) THP-1/K562 after incubation with nb70CAR-T or KO-T for 
4 h or 24 h at different effector-to-targets (E: T) ratio as indicated in 
the X-axis. The red and blue lines were results from nb70CAR-T and 
KO-T, respectively. Solid lines and dotted lines represented necro-
sis and apoptosis, respectively. The mean value and SD from three 
biological replicates were shown. C, One representative dot plot of 

flow cytometry showing the population of necrotic and apoptotic 
K562, MV4-11, Karpas299, OCI-AML3, and THP-1 after 24-h co-
culture with nb70CAR-T (the upper row) and KO-T (the lower row) 
at an E: T ratio of 1. D, Mean (SD) percentage of necrotic (red col-
umn) and apoptotic (blue column) K562, MV4-11, Karpas299, OCI-
AML3 and THP-1 after 24-h incubation with nb70CAR-T or KO-T 
at an E: T ratio of 1, from three biological replicates. ***P < .001; 
****P < .0001; NS, non-significance, by Student t-test
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one representative experiment), after 24-h incubation with 
nb70CAR-T (E: T ratio = 1), 27.8%/71.6% of MV4-11, 
10.0%/79.3% of Karpas299, 37.1%/50.2% of OCI-AML3 
were in early apoptosis/necrosis. As controls, target cells 
still exhibited persistent viability after co-incubating with 
KO-T. We next validated the results in three different 
donors, the biological source of KO-T/nbCART, and iden-
tified similar results that nb70CAR-T had strong and spe-
cific cytotoxicity against CD70-expressing cell lines, with 
no effect on CD70-negative cell line (Fig. 2D). In addition, 
we compared the cytolytic capacity of our nb70CAR- T 

with the prior published studies (tCD27-derived CAR T 
[28], and scFv-based CAR T [19]). scFv-CAR T showed 
superior cytotoxicity against THP-1 in three biological 
replicates (Supplementary Fig.  1A). The nb70CAR-T 
demonstrated robust and comparable functionality with 
scFv-based CAR T-cells (Supplementary Fig. 1B).

Activation of nb70CAR-T was simultaneously detected 
through CD107a and cytokine-release assay. The expres-
sion of CD107a on nb70CAR-T (CD8 +) was remarkably 
up-regulated after stimulations, with percentages of 27.2% 
(MV4-11 stimulation), 11.3% (Karpas299 stimulation), 

Fig. 3  Activation of nbCAR T-cells under Stimulation of Tumor 
Cells. A and B, nb70CAR-T were incubated with K562, MV4-11, 
Karpas299, OCI-AML3, and THP-1 for 4 h, and CD107a expression 
in CAR + cells (nb70CAR-T) and CAR- cells (KO-T) were quantified. 
A, One representative dot plot of flow cytometry exhibiting CD107a 
expression in (CD8- and CD8 +) nb70CAR-T (upper row) and (CD8- 
and CD8 +) KO-T (lower row). B, Percentage of CD107a expres-

sion in CD8 + nb70CAR-T and CD8 + KO-T. Mean (SD) value from 
three or four different donors was shown, and *P < .05; **P < .01; 
***P < .001; NS, non-significance, by paired Student t-test. C, 
IFN-γ (red column), TNF-α (yellow column) and IL-2 (green col-
umn) secretion by nb70CAR-T or KO-T after 24-h co-culture with 
the tumor cells. Results were from three different donors, *P < .05; 
**P < .01; ***P < .001; NS, non-significance, Student t-test
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23.4% (OCI-AML3 stimulation) and 46.1% (THP-1 stim-
ulation). CD107a on CD8 + nb70CAR-T remained low 
upon K562 stimulation (1.0%). Plus, KO-T were barely 
stimulated by all cell lines (Fig. 3A). Consistent results 
were found using nb70CAR-T from three different donors 
(Fig. 3B). These indicated that nb70CAR-T were specifi-
cally activated by CD70-positive cell lines and underwent 
degranulation. In the cytokine release assay, the concen-
tration of IFN-γ, IL-2, and TNF-α dramatically increased 
after 24-h incubation of nb70CAR-T with CD70-posi-
tive cell lines (E: T ratio = 1). nb70CAR-T produced the 
highest level of cytokines when incubated with THP-1 
(67,635.5  pg/mL of IFN-γ, 11,929.8  pg/mL of IL-2, 
and 6,941.3 pg/mL of TNF-α, on average). Comparably, 

cytokines stayed low in both nb70CAR-T with CD70-neg-
ative cells (K562) and KO-T with all cell lines (Fig. 3C). 
The evidence of degranulation and secretion of immune-
effective cytokines collectively proved that nb70CAR-T 
cells can be specifically activated by CD70-positive tumor 
cells.

nb70CAR‑T have potent tumoricidal activity in vivo

We next examined the anti-tumor efficacy of our nb70CAR-
T in mice model. The course is depicted in Fig. 4A. NCG 
mice were inoculated with THP-1-ffLuc subq., and treated 
with nb70CAR-T or KO-T delivered through the tail vein 
12 days later (denoted as day 0) when tumor volume reached 

Fig. 4  The anti-tumor efficacy of nb70CAR-T in mice xenografted 
with THP-1 cells. A, Experimental design: NCG mice were subcu-
taneously injected with 5 ×  106 THP-1-ffLuc cells on day -12. After 
successful engraftments of tumors, mice were randomized into three 
groups, receiving either: 2 ×  106 nb70CAR-T, 2 ×  106 KO-T or PBS 
on day 0. The tumor volume, body weight, bioluminescence imaging 
and blood collection were performed according to the schedule. Mice 
were euthanized when tumor volume was greater than 2000  mm3. B, 

Bioluminescent image of mice over time. C, Statistic of tumor vol-
ume in nb70CAR-T-treated, KO-T-treated, and PBS-treated groups 
over time. D, The mean (standard error) percentage of human 
CD45 + cells in the peripheral blood of mice, and the percentage of 
nb70CAR + T-cells to human CD45 + cells over time. E, Serum con-
centration of IFN-γ in nb70CAR-T-treated, KO-T-treated and PBS-
treated mice at day 4. ****P < .0001, by Student t-test
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to approximately 130  mm3. nb70CAR-T exhibited robust 
anti-tumor effects in mice that the tumor began to shrink 
at day 3 and nearly disappeared within 2 weeks (Fig. 4B, 
C). While in the KO group and PBS group, tumor volume 
increased rapidly and exceeded 2000  mm3 at day 17 and day 
21, respectively (Fig. 4B, C). All mice in the nb70CAR-T 
group survived at the end of observation (day 45), without 
tumor relapses, indicative of the potential long-term efficacy 
of nb70CAR-T. We also monitored the pharmacokinetics of 
nb70CAR-T in vivo. The percentage of hCD45 + cells (con-
sisting of CD3 + tEGFR- T-cells and CD3 + tEGFR + CAR 
T-cells) in mice blood increased robustly and reached to 
63.7% at day 12 in the nbCAR T group. While hCD45% 
remained low in the KO-T group (Fig.  4D). Moreover, 
nb70CAR + % in hCD45 + populations grew rapidly and 
reached an average peak value of 41.7% (SD: 3.1%) at day 
12, then contracted and persisted at a mean level of 14.6% 
(SD: 1.2%) at day 33 (Fig. 4D). The level of immune effec-
tive cytokine, IFN-γ, in the serum of mice PB samples, col-
lected ay day 4 in the nb70CAR-T group was significantly 
higher than that of the KO-T group (2,371.8 vs. 263.8 pg/
mL, P < 0.0001) and PBS group (2,371.8 vs. 317.7 pg/mL, 
P < 0.0001) (Fig. 4E). These data indicated that nb70CAR-T 
can effectively eliminate CD70-expressing AML tumor cells 
in mice and possessed a favorable in vivo kinetic.

nb70CAR‑T tumoricidal effect toward primary AML 
blasts depends on CD70 expression

After the functional verification in vitro and in vivo, we 
started a preclinical investigation of our novel nb70CAR-T 
in the treatment of AML. We recruited 18 patients to exam-
ine the tumoricidal effect of nb70CAR-T on primary AML 
cells. Details regarding subtypes of AML, tumor burden, and 
genetic abnormality in those AML samples are reported in 
Supplementary Table 2. By our definition, it is considered 
that nb70CAR-T has a significant killing effect on primary 
tumor cells when the proportion of necrotic targets (PI +) in 
the nb70CAR-T group is at least 2 times higher (also no less 
than 10% absolute value increments) than the control groups 
(KO-T group or buffers only). In conclusion, a significant 
cytotoxic effect was observed in three samples (#6, #8, and 
#16) after 48-h incubation with nb70CAR-T at an E: T ratio 
of 1, (nb70CAR-T vs KO-T: 55.1 vs. 9.1%, 50.5 vs 12.6%, 
and 35.1 vs. 7.9%) (Fig. 5A, B). In the meanwhile, the 
CD107a assay revealed the rates of CD107a positivity in the 
CD8 + nb70CAR-T were 24.3, 8.6, and 7.5%, and the cor-
responding positive rates on CD8 + KO-T were 1.8, 1.6, and 
2.2%, respectively (Fig. 5C), indicating specific activation 
of the nb70CAR-T. However, in the rest of the 15 samples, 
no similar killing effect was seen, nor was specific activation 

of nb70CAR-T (Table1, at the end of the manuscript). We 
found that the 3 samples that could activate nb70CAR-T 
all had a relatively high level of CD70 expression (Fig. 5A, 
Table 1). The ratio of the Mean Fluorescent Intensity (MFI) 
of CD70-FITC to the MFI of IgG-FITC was calculated to 
represent the expression intensity of CD70. The MFI ratios 
were 2.1, 1.8, and 1.6 in the 3 samples, and were no more 
than 1.4 in the remaining 15 patients. Regardless, there was 
recognizable consistency in the positive outcomes that the 
killing effect of nb70CAR-T depended on the CD70 expres-
sion level of tumor cells.

Encouraged by the apparent potential that when CD70 
expression intensity exceeds 1.6, patients may benefit from 
nb70CAR-T therapy, we detected the expression level of 
CD70 on AML blast in more clinical samples to evaluate the 
clinical prospect of nb70CAR-T in the treatment of AML. 
BM or PB samples from 47 newly diagnosed AML patients 
(including the previous 18 patients) were evaluated for the 
expression level of CD70 on primary AML cells by flow 
cytometry. The gating strategy is depicted in Fig. 5D, and 
the mean expression intensity (MFI ratio) of CD70 on AML 
was 1.8, significantly lower than that of normal lympho-
cytes (3.7) (Fig. 5E). We further investigated the expres-
sion of CD70 on normal lymphocytes and its subsets T/B/
NK cells in PB samples from 6 healthy donors. As shown 
in Supplementary Fig. 2, the mean positive rate on lym-
phocyte and T/B/NK is 5.3% and 6.1%/5.9%/5.3%. In the 
CD8 + DR + and CD8 + CD69 + T-cells subgroups (CD69 
and HLA-DR are markers for T-cells activation), the rate 
is 6.3%/12.4%. Among the 47 patients, 19 cases (40.4%) of 
CD70 expression levels on AML blast exceeded the response 
threshold of 1.6 and the remaining patients had low CD70 
expression levels and did not support nb70CAR-T treatment. 
The clinical information of these 47 patients is included in 
Supplementary Table 2. We tried to figure out factors asso-
ciated with the CD70 expression level on AML blasts, but 
unfortunately, no significant parameters were identified, 
including the FAB (French-American-British) classification 
of AML, chromosome karyotype abnormality [translocation 
(8; 21), inversion (16), translocation (9; 11)], and specific 
gene mutations (FLT3-ITD and DNMT3A) (Supplementary 
Table 3). The small sample size of this analysis may conceal 
the regulators of the CD70 expression.

The expression of level of CD70 on AML blasts was 
not as high as expected. To verify our measuring system, 
we detected the expression level of CD70 on primary 
non-Hodgkin B-cell lymphoma (B-NHL) cells (generally 
acknowledged to have a high CD70 expression [29]) under 
the same condition. The mean/median CD70 expression 
level on B-NHL cells from 29 samples was 9.2/15.4, signifi-
cantly higher than that of normal lymphocytes (P = 0.003) 
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Fig. 5  Response of nb70CAR-T to primary AML blasts and the 
CD70 expression. A, CD70 expression on AML blasts of the three 
patients (#6, #8, #16). B, Cytotoxicity of nb70CAR-T or KO-T 
against the three samples (#6, #8, #16). Dot plot of flow cytometry 
showing the population of necrotic (Annexin V + PI +) and apop-
totic (Annexin V + PI-) targets after 24-h co-culture with nb70CAR-T 
or KO-T or buffer at an E: T ratio of 1. C, CD107a expression on 
nb70CAR + T-cells (CD8 + and CD8-) and KO-T (CD8 + and CD8-) 
after 4-h incubation with sample #6, #8 and #16. D, One representa-
tive sample showing the gating strategy of flow cytometry and the 

results of CD70 expression in AML blasts and lymphocytes. Blasts 
in the AML sample were identified by CD45 and SSC, and fur-
ther checked for their CD117 and CD34 expression. E, Statistics of 
CD70 expression intensity, indicated by MFI of CD70 divided by 
MFI of corresponding IgG in AML blasts and the paired lympho-
cytes. *P < .05, N = 47, by paired Student t test. F, CD70 expres-
sion intensity in primary B-NHL tumor cells and the paired normal 
lymphocytes. **P < .01, N = 29, by paired Student t-test G, Com-
parison of CD70 expression in B-NHL tumor cells and AML blasts. 
****P < .0001, by unpaired Student t -test
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(Fig. 5C). In addition, we analyzed the expression level 
of CD70 mRNA based on data from the Cancer Genome 
Atlas Program and the Genotype-Tissue Expression project 
using an online tool GEPIA [30], and found that the level 
of CD70 mRNA in AML blasts (n = 173) was comparable 
to corresponding normal tissues (n = 70), but CD70 mRNA 
expression level in diffused large B-cell lymphoma (n = 47) 
was significantly increased compared with normal controls 
(n = 337) (Supplementary Fig. 3), consistent with the mem-
brane expression level of CD70 protein identified in this 
study.

Altogether, nb70CAR-T tumoricidal effects toward pri-
mary AML blasts depended on CD70 expression. While 
variabilities existed in the CD70 expression on AML blasts, 
only a part of patients (40.4%) with high expression level 
was suitable for nb70CAR-T therapy. However, in view of 
the small sample size and simple investigations, more high-
quality studies are needed.

Epigenetic modulators facilitated the efficacy 
of nb70CAR‑T by up‑regulation of CD70 expression 
in AML blasts

Epigenetic dysregulation was a predominant character of 
AML, and hypomethylating agents (HMA) were reported 
to enhance the level of CD70 expression in the AML blasts 
[19]. We studied the impact of Decitabine (HMA) and Chi-
damide (HDI) alone or together on the CD70 expression in 
AML cell lines. In the MV4-11 (moderate CD70 expres-
sion) group, after 48-h treatment with 0.3 µM HMA, or with 
0.3 µM HDI, or 0.3 µM HMA and 0.3 µM HDI, the expres-
sion of CD70 was 2 times, 2.75 times, and 4.7 times higher 
than PBS-treated groups, respectively (Fig. 6A). The up-
regulation effect was also identified in the Molm13 cell lines 
(acute myeloid leukemia cell, moderate-high CD70 expres-
sion) (Supplementary Fig. 4). Data demonstrated that both 
HMA and HDI up-regulated the CD70 expression through 
promoting gene transcription, and the combination use of 
HMA and HDI can result in a stronger expression profile 

Table 1  CD70 Expression, Cytotoxic Effects, and Degranulation

* Bone Marrow(BM); Peripheral Blood (PB)
CD70 expression level (ratio): MFI on AML blasts (CD70) / MFI of IgG (control);
△%Necrosis: % necrosis targets in nbCAR T-cells groups—% necrosis targets in control (KO T-cells or targets only);
%Necrosis increase rate: △%Necrosis / %Necrosis targets in KO T-cells groups or control (KO T-cells or targets only);
△%CD107a (post-stimulation): %CD107a positive in CD8 + nbCAR T-cells—%max CD107a positive in control (KO T-cells w/targets stimula-
tion or nbCAR T-cells w/o targets stimulation);
%CD107a increase rate (post-stimulation): △%CD107a / %max CD107a positive in control (KO T-cells w/targets stimulation or nbCAR T-cells 
w/o targets stimulation);
Bold front: the three cases with significant nb70CAR-T responses

Patient ID Sample Type* CD70 expression 
level (ratio)

Tumor bur-
den (%)

△%Necrosis (post-
stimulation)

%Necrosis 
increase rate

△%CD107a (post-
stimulation)

%CD107a 
increase rate

01 BM 0.8 87 − 5.9 -0.5 1.9 0.8
02 BM 1.1 90 22.3 0.9 − 0.3 − 0.2
03 PB 1.0 92 3.1 0.3 1.2 0.9
04 PB 1.3 65 2.9 0.1 0.8 0.9
05 PB 1.4 86 − 11.1 − 0.6 − 0.1 − 0.1
06 BM 2.1 85 42.7 3.4 7.5 2.3
07 BM 1.2 85 7.1 0.8 0.9 0.6
08 BM 1.8 52 37.9 3.0 24.3 8.1
09 BM 0.9 82 − 4.8 − 0.3 4.2 1.7
10 PB 1.1 48 0.0 0.0 3.3 2.0
11 PB 1.0 95 − 1.8 − 0.4 0.1 0.0
12 PB 1.1 97 − 0.2 − 0.2 0.4 0.2
13 PB 1.3 81 11.3 0.4 1.6 0.3
14 PB 0.9 61 4.3 0.2 1.6 1.7
15 BM 1.1 88 − 12.4 − 0.2 0.7 0.8
16 BM 1.6 82 23.5 2.0 8.6 5.4
17 PB 0.9 41 9.5 2.4 2.3 2.0
18 BM 1.2 88 − 1.1 − 0.1 0.1 0.0
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Fig. 6  Enhancing CD70 expression facilitated the efficacy of 
nb70CAR-T. A and B, CD70 expression level on MV4-11 (A) and 
K562 (B) after 48-h co-culture with 0.3  µM Chidamide (HDI) or 
0.3 µM Decitabine (HMA) or 0.3 µM Chidamide plus 0.3 µM Decit-
abine (H + H) or PBS. *P < .05, **P < .01, NS: non-significance, 
Student t-test, 3 ~ 4 independent experiments. C and D, Dot plot 
of flow cytometry displaying CD107a expression in nb70CAR-T 
(CD8 + and CD8-) (C) and KO-T (CD8 + and CD8-) (D) upon stimu-
lation with MV4-11, HMA treated-MV4-11, HDI-treated MV4-11 
and (H + H)-treated MV4-11. Comparison of CD107a expression in 
CD8 + nb70CAR-T (C) and CD8 + KO-T (D) between HMA and/or 
HDI treated groups and PBS treated groups, *P < .05, **P < .01, NS: 

non-significance, by paired Student t-test, using 4 data from different 
donors. E, Lytic percentage of MV4-11-ffLuc (PBS-treated, HMA 
and/or HDI-treated) after 24-h co-culture with nb70CAR-T or KO-T. 
Three technical replicates using one donor, **P < .01, ***P < .001, 
NS: non-significance, Student t- test. F, CD70 expression in MV4-
11-ffLuc (human CD45 +) after 4-day intraperitoneal administration 
of 2  mg/kg/day HDI (n = 3) or 1.2  mg/kg/day HMA (n = 2) or PBS 
(n = 3) in NCG mice intravenously injected with MV4-11-ffLuc. 
**P < .01, ***P < .001, NS: non-significance, Student t-test. G, CD70 
expression on AML blasts after 48-h co-incubation with 0.2  µM 
Decitabine (HMA), or 0.2 µM Chidamide (HDI) or PBS in two sam-
ples
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(Supplementary Fig. 5). However, neither Decitabine nor 
Chidamide influenced CD70 expression in K562 cells with 
negative CD70 expression (Fig. 6B), and THP-1 cells (Sup-
plementary Fig. 4) with the baseline expression level being 
very high. The upregulation in turn facilitated the activa-
tion of nb70CAR-T. There was a significantly higher expres-
sion of CD107a in nb70CAR-T after co-incubated with 
HMA or HDI pre-treated MV4-11 cells (Fig. 6C). KO-T 
in all groups did not show any up-regulating expression of 
CD107a (Fig. 6D). The cytolysis efficacy of nb70CAR-T 
against MV4-11 was also  significantly improved after pre-
treatment with Decitabine alone (× 3.2 times) or Chidamide 
alone (× 3.0 times) or combination (× 4.1 times) (Fig. 6E).

We further evaluated the effect of Decitabine and Chi-
damide on the CD70 expression of MV4-11 in mice. CD70 
expression on MV4-11 cells remained unchanged 1-day 
post Deticabine or Chidamide treatment, but significantly 
increased to 1.56 times (Decitabine) and 1.49 times (Chi-
damide) on Day 3, and returned to baseline (the expression 
level of PBS-treated group) at day 5 (Fig. 6F). We also tested 
the induction of CD70 expression of Decitabine and Chida-
mide on primary AML samples. After 48-h co-incubation 
with 0.2 µM HMA or HDI, the CD70 expression on AML 
blasts in two samples was 1.2/3.5 times (HMA), and 1.3/3.6 
times (HDI) higher than PBS-treated ones (Fig. 6G). These 
data collectively suggested that a low dose of Decitabine 
or Chidamide could promote CD70 expression on AML 
cells, and boost the therapeutic efficacy of anti-CD70 CAR 
T-cells. Combined use of Decitabine or Chidamide with 
nb70CAR-T in vivo was a promising strategy, worthy to be 
tested in AML patients.

Discussion

In this study, we wish to highlight several aspects. First, 
novel CD70-specific CAR-T with two concatenated nano-
bodies (VHH1-VHH2) for antigen recognition was devel-
oped. The purpose of such a design is to minimize tumor 
escape mediated by some CD70 epitope loss. In anti-CD19 
CAR-T therapy for acute B-cell leukemia, the frequency of 
relapse induced by epitope loss in CD19 was 10 ~ 20% [31]. 
However, further studies should be performed to identify 
the binding epitopes of the two VHHs, and to validate the 
functionality of VHH1-VHH2 CAR T-cells against tumor 
cells with some specific CD70 epitope loss that cannot be 
recognized by VHH1 CAR-T or VHH2 CAR-T or other pub-
lished 70CAR- T. Besides, the CD70 gene was knocked-out 
in our nb70CAR-T, which produced a final product with a 
higher proportion of naïve phenotype CAR T-cells and lower 
expression of PD-1 and LAG3. It was acknowledged that 
naïve CAR T-cells in the infusion product were correlated 
with improved long-term prognosis [32]. Higher expression 

of LAG3 and PD-1 in CAR T-cells products predicted 
impaired in vivo expansion, subsequently poor therapeutic 
responses in the chronic lymphocyte leukemia [33].

Second, CD70 seemed universally expressed in AML 
blasts, however, the level of expression varied exponen-
tially. The expression intensity of CD70 on AML blasts in 
our dataset was an average of 1.8, with a SD of 1.2. In Tim 
Sauer et. al.’s research, CD70 expression in 136 BM sam-
ples of newly diagnosed AML patients was measured by 
immunohistochemistry. The distribution of H-scores rep-
resenting the CD70 expression level was nearly in a sym-
metrical bell shape with a range of approximately 0 to 250, 
indicative of a large variation existing [20]. In Meijia Yang 
et. al’s study, based on the data in TCGA, the CD70 mRNA 
expression level was ranging from  2–2 to  28 (calculated with 
RSEM, RNA-Seq by Expectation–Maximization), validat-
ing the fact that CD70 antigen expression level is charac-
teristically heterogeneous [34]. Moreover, CD70 was also 
expressed on normal lymphocytes, imposing toxicity con-
cerns in clinical settings. Although, no severe immunodefi-
ciency was observed in the clinical trial of anti-CD70 ther-
apy (NCT02830724, NCT03125577, NCT04662294), and 
CD70 is expressed only in parts of lymphocytes, especially 
activated T-cells (Supplementary Fig. 2), possible immuno-
deficiency induced by elimination of CD70 + lymphocytes 
cannot be totally excluded and long-term clinical observa-
tions are needed.

Multiple studies explicitly revealed that the efficacy of 
CAR-T critically depends on the target antigen expression 
density [35, 36]. Furthermore, the insufficient response 
against low-density antigen tumor cells leads to relapse or 
resistance to CAR-T therapy [37, 38]. Given the heterogene-
ous expression level of CD70 on AML blasts, it is important 
to identify a threshold density to reactivate anti-CD70 CAR-
T. We evaluated the threshold based on in vitro cytotoxic-
ity and degranulation assay using serials of primary sam-
ples. According to our cut-off value of 1.6 times MFI ratio 
(CD70-FITC/ IgG-FITC), only 40.4% of newly diagnosed 
AML patients fulfilled the standard and possibly benefited 
from nb70CAR-T therapy, much lower than expected. As 
CAR-T designs and experimental detections varied from 
study to study, it’s impossible to ascertain a definite and uni-
fying expression threshold. Research on the development of 
novel CD70-specific CAR-T therapy for AML should char-
acterize its own criteria of CD70 expression level to guide 
the inclusion of patients in future clinical trials. Besides, 
the functionality of CAR-T greatly depends on their struc-
ture. Optimal design can allow a more sensitive response 
threshold and therefore higher response rate among AML 
patients. nb70CAR-T had comparable functionality with the 
Cusatuzumab-derived CAR-T toward THP-1 cell line. Fur-
ther comparison in primary AML samples will provide more 
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valuable information on their therapeutic potency, worthy to 
be done in future.

Moreover, factors associated with CD70 expression 
need critical attention. Harper et al. [39] pointed out that 
the CD70 antigen was upregulated in various cell types 
possibly through activated T-cells after the administration 
of anti-CD70-CD3 bi-specific antibodies. It is in earnest 
to see whether the CD70 expression in AML cells will 
be up-regulated in the presence of 70CAR-T. Besides, 
CD70 was found to be upregulated in refractory or recur-
rent tumors, including glioblastoma [40] and mantle cell 
lymphoma [41], More in-depth researchers found that 
other conditions, including but not limited to tissue injury, 
autoimmune statuses (e.g., inflammatory bowel disease), 
hypoxia, proinflammatory cytokines (TNF-α and IFN-γ), 
and CD40L-CD40 signaling, can promote CD70 expres-
sion [42–44]. However, no related studies have been done 
in AML settings. We examined the FAB classification 
of AML, specific chromosomes, and genetic abnormali-
ties, but no association with CD70 expression level were 
found. Such analysis based on large sample size and mul-
ticenter study was urgently required, which contributed to 
the understanding of the expression pattern of CD70, and 
then regulation of it.

Finally, to overcome the unresponsiveness imposed by 
low antigen density, we attempted to utilize epigenetic mod-
ulators to boost CD70 expression. Consistent with previous 
studies, CD70 expression was up-regulated when AML cell 
lines were exposed to decitabine, through a mechanism of 
reducing the methylation of CD70 promoter and enhancing 
the transcription of SP-1, the transcriptional factor of CD70 
[19, 45]. Furthermore, we sought to determine if HDIs could 
enhance CAR-T function by increasing CD70 density in 
AML cells. Previous research on systemic lupus erythemato-
sus contended that histone deacetylase was able to mute the 
expression of CD70 by deacetylating histone in the CD70 
gene promoter region and enabling condensed chromatin 
structure [46]. Our data supported that Chidamide pretreat-
ment of AML cells can significantly enhance the function-
ality of nb70CAR-T in an antigen-expression-dependent 
manner. Nowadays, cocktail therapies are the foundation 
management of hematologic malignancies. Different epige-
netic abnormalities participated in the dysregulation of gene 
expression in AML, which supported the combined use of 
epigenetic modulators. The single-arm, phase 1/2 clinical 
trial showed the combination of Decitabine and Chidamide, 
together with chemotherapy, benefited the prognosis of adult 
patients with refractory/relapsed AML[47]. Also, our data 
is the first clear evidence that the combination of Decitabine 
and Chidamide generated a synergistic effect on inducing 
CD70 expression. However, the effects of HMA and HDI on 
the expression of CD70 in primary AML blasts need to be 
verified in a larger sample size. And the in vivo outcomes of 

HMA and HDI promoting nbCAR T-cells therapy remains 
to be validated. The detailed regulatory mechanisms of HDI 
and how it interacted with HMA, are warranted to be elu-
cidated as well.

Altogether, our experiments contribute to a novel, high-
functional, CD70-KO, nb70CAR-T. We characterized 
its required targeting density, which will guide the inclu-
sion criteria for future clinical trials. The effectiveness of 
nb70CAR-T in AML patients refractory to standard therapy 
merits further investigation in clinical trials.
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Acknowledgements The authors would like to thank all the patients 
providing the samples, and Xuefeng Wu and Jianhua Zhang for prepar-
ing the plasmids.

Author contributions JFZ, LH, XJZ and LZ conceptualized the project. 
WM manufactured the nb70CAR-T and KO-T. ZYD established the 
CD70 KO system in T-cells. HDC, YKY, and GH screened the nano-
bodies for CD70 binding and designed the CAR structure. LZ and XM 
detected and analyzed the expression of CD70 on clinical samples. JLC 
and TG conducted the other experiments, extracted and analyzed the 
data. JLC and YHZ wrote the manuscript. JW and JJ helped design the 
study. All authors read and revised the manuscript.

Funding This study was supported by grants from the National Nat-
ural Science Foundation of China (No.81830008 to Jianfeng Zhou; 
No.82070211 to Liang Huang; No.81900187 to Li Zhu), and from the 
Young Top-notch Talent Cultivation Program of Hubei Province to 
Liang Huang.

Data availability The data supporting the findings of this study are 
available from the corresponding authors upon reasonable request.

Declarations 

Conflict of interest Yongkun Yang and Guang Hu were employees of 
IASO Biotherapeutics and among the inventors of the patent for nb-
70CAR and antibody. Others have no related competing interests.

Ethics approval The use of clinical samples was approved by the ethi-
cal committee of Tongji Medical College, and with the informed con-
tent of patients. The animal study was approved by the ethical commit-
tee of Tongji Medical College.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s00262-023-03422-6
http://creativecommons.org/licenses/by/4.0/


Cancer Immunology, Immunotherapy 

1 3

References

 1. Vetrie D, Helgason GV, Copland M (2020) The leukaemia stem 
cell: similarities, differences and clinical prospects in CML and 
AML. Nat Rev Cancer 20(3):158–173

 2. Khwaja A, Bjorkholm M, Gale RE, Levine RL, Jordan CT, 
Ehninger G et al (2016) Acute myeloid leukaemia. Nat Rev Dis 
Primers 2:16010

 3. Daver N, Schlenk RF, Russell NH, Levis MJ (2019) Targeting 
FLT3 mutations in AML: review of current knowledge and evi-
dence. Leukemia 33(2):299–312

 4. Wei AH, Tiong IS (2017) Midostaurin, enasidenib, CPX-351, 
gemtuzumab ozogamicin, and venetoclax bring new hope to 
AML. Blood 130(23):2469–2474

 5. Short NJ, Rytting ME, Cortes JE (2018) Acute myeloid leukaemia. 
Lancet (London, England) 392(10147):593–606

 6. Kantarjian HM, Kadia TM, DiNardo CD, Welch MA, Ravandi 
F (2021) Acute myeloid leukemia: treatment and research 
outlook for 2021 and the MD anderson approach. Cancer 
127(8):1186–1207

 7. Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, 
Büchner T et al (2017) Diagnosis and management of AML in 
adults: 2017 ELN recommendations from an international expert 
panel. Blood 129(4):424–447

 8. Medeiros BC, Chan SM, Daver NG, Jonas BA, Pollyea DA (2019) 
Optimizing survival outcomes with post-remission therapy in 
acute myeloid leukemia. Am J Hematol 94(7):803–811

 9. Wang N, Hu X, Cao W, Li C, Xiao Y, Cao Y et  al (2020) 
Efficacy and safety of CAR19/22 T-cell cocktail therapy in 
patients with refractory/relapsed B-cell malignancies. Blood 
135(1):17–27

 10. Wang D, Wang J, Hu G, Wang W, Xiao Y, Cai H et al (2021) 
A phase 1 study of a novel fully human BCMA-targeting CAR 
(CT103A) in patients with relapsed/refractory multiple myeloma. 
Blood 137(21):2890–2901

 11. Mardiros A, Dos Santos C, McDonald T, Brown CE, Wang X, 
Budde LE et al (2013) T cells expressing CD123-specific chimeric 
antigen receptors exhibit specific cytolytic effector functions and 
antitumor effects against human acute myeloid leukemia. Blood 
122(18):3138–3148

 12. Zhang H, Wang P, Li Z, He Y, Gan W, Jiang H (2021) Anti-
CLL1 Chimeric Antigen Receptor T-Cell Therapy in Children 
with Relapsed/Refractory Acute Myeloid Leukemia. Clin Cancer 
Res 27(13):3549–3555

 13. Kim MY, Yu KR, Kenderian SS, Ruella M, Chen S, Shin TH et al 
(2018) Genetic inactivation of CD33 in hematopoietic stem cells 
to enable CAR T cell immunotherapy for acute myeloid leukemia. 
Cell 173(6):1439-1453.e1419

 14. Sommer C, Cheng HY, Nguyen D, Dettling D, Yeung YA, Sut-
ton J et al (2020) Allogeneic FLT3 CAR T cells with an off-
switch exhibit potent activity against aml and can be depleted to 
expedite bone marrow recovery. Mol Ther J Am Soc Gene Ther 
28(10):2237–2251

 15. Hofmann S, Schubert ML, Wang L, He B, Neuber B, Dreger P 
et al (2019) Chimeric antigen receptor (CAR) T cell therapy in 
acute myeloid leukemia (AML). J Clin Med 8(2):200

 16. Tang L, Huang H, Tang Y, Li Q, Wang J, Li D et al (2022) 
CD44v6 chimeric antigen receptor T cell specificity towards AML 
with FLT3 or DNMT3A mutations. Clin Transl Med 12(9):e1043

 17. Peinert S, Prince HM, Guru PM, Kershaw MH, Smyth MJ, Tra-
pani JA et al (2010) Gene-modified T cells as immunotherapy 
for multiple myeloma and acute myeloid leukemia expressing the 
Lewis Y antigen. Gene Ther 17(5):678–686

 18. Lynn RC, Feng Y, Schutsky K, Poussin M, Kalota A, Dimitrov 
DS et al (2016) High-affinity FRβ-specific CAR T cells eradicate 

AML and normal myeloid lineage without HSC toxicity. Leuke-
mia 30(6):1355–1364

 19. Riether C, Pabst T, Höpner S, Bacher U, Hinterbrandner M, Banz 
Y et al (2020) Targeting CD70 with cusatuzumab eliminates acute 
myeloid leukemia stem cells in patients treated with hypomethyl-
ating agents. Nat Med 26(9):1459–1467

 20. Sauer T, Parikh K, Sharma S, Omer B, Sedloev D, Chen Q 
et al (2021) CD70-specific CAR T cells have potent activity 
against acute myeloid leukemia without HSC toxicity. Blood 
138(4):318–330

 21. Leick MB, Silva H, Scarfò I, Larson R, Choi BD, Bouffard AA 
et al (2022) Non-cleavable hinge enhances avidity and expan-
sion of CAR-T cells for acute myeloid leukemia. Cancer Cell 
40(5):494-508.e495

 22. Landoni E, Fucá G, Wang J, Chirasani VR, Yao Z, Dukhovlinova 
E et al (2021) Modifications to the framework regions eliminate 
chimeric antigen receptor tonic signaling. Cancer Immunol Res 
9(4):441–453

 23. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, 
Ingaramo M et al (2015) 4–1BB costimulation ameliorates T cell 
exhaustion induced by tonic signaling of chimeric antigen recep-
tors. Nat Med 21(6):581–590

 24. Kouro T, Himuro H, Sasada T (2022) Exhaustion of CAR T cells: 
potential causes and solutions. J Transl Med 20(1):239

 25. Jensen MC, Popplewell L, Cooper LJ, DiGiusto D, Kalos M, Ost-
berg JR et al (2010) Antitransgene rejection responses contribute 
to attenuated persistence of adoptively transferred CD20/CD19-
specific chimeric antigen receptor redirected T cells in humans 
Biology of blood and marrow transplantation. J Am Soc Blood 
Marrow Transplant 16(9):1245–1256

 26. Wagner DL, Fritsche E, Pulsipher MA, Ahmed N, Hamieh M, 
Hegde M et al (2021) Immunogenicity of CAR T cells in cancer 
therapy. Nat Rev Clin Oncol 18(6):379–393

 27. Dai Z, Mu W, Zhao Y, Jia X, Liu J, Wei Q et al (2021) The rational 
development of CD5-targeting biepitopic CARs with fully human 
heavy-chain-only antigen recognition domains Molecular therapy. 
J Am Soc Gene Ther 29(9):2707–2722

 28. Shaffer DR, Savoldo B, Yi Z, Chow KK, Kakarla S, Spencer DM 
et al (2011) T cells redirected against CD70 for the immunother-
apy of CD70-positive malignancies. Blood 117(16):4304–4314

 29. Flieswasser T, Camara-Clayette V, Danu A, Bosq J, Ribrag V, 
Zabrocki P et al (2019) Screening a broad range of solid and hae-
matological tumour types for CD70 expression using a uniform 
IHC methodology as potential patient stratification method. Can-
cers 11(10):1611

 30. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z (2017) GEPIA: a 
web server for cancer and normal gene expression profiling and 
interactive analyses. Nucleic Acids Res 45(W1):W98-w102

 31. Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu 
G et al (2015) Convergence of acquired mutations and alternative 
splicing of CD19 enables resistance to CART-19 immunotherapy. 
Cancer Discov 5(12):1282–1295

 32. Locke FL, Rossi JM, Neelapu SS, Jacobson CA, Miklos DB, Gho-
badi A et al (2020) Tumor burden, inflammation, and product 
attributes determine outcomes of axicabtagene ciloleucel in large 
B-cell lymphoma. Blood Adv 4(19):4898–4911

 33. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, 
Lundh S et al (2018) Determinants of response and resistance to 
CD19 chimeric antigen receptor (CAR) T cell therapy of chronic 
lymphocytic leukemia. Nat Med 24(5):563–571

 34. Yang M, Tang X, Zhang Z, Gu L, Wei H, Zhao S et al (2020) 
Tandem CAR-T cells targeting CD70 and B7–H3 exhibit potent 
preclinical activity against multiple solid tumors. Theranostics 
10(17):7622–7634

 35. Watanabe K, Terakura S, Martens AC, van Meerten T, Uchiyama 
S, Imai M et al (2015) Target antigen density governs the efficacy 



 Cancer Immunology, Immunotherapy

1 3

of anti-CD20-CD28-CD3 ζ chimeric antigen receptor-modified 
effector CD8+ T cells. J immunol 194(3):911–920

 36. Walker AJ, Majzner RG, Zhang L, Wanhainen K, Long AH, 
Nguyen SM et al (2017) Tumor antigen and receptor densities 
regulate efficacy of a chimeric antigen receptor targeting anaplas-
tic lymphoma kinase Molecular therapy. J Am Soc Gene Ther 
25(9):2189–2201

 37. Ramakrishna S, Highfill SL, Walsh Z, Nguyen SM, Lei H, Shern 
JF et al (2019) Modulation of target antigen density improves 
CAR T-cell functionality and persistence. J Am Assoc Cancer 
Res 25(17):5329–5341

 38. Majzner RG, Rietberg SP, Sotillo E, Dong R, Vachharajani VT, 
Labanieh L et al (2020) Tuning the antigen density requirement 
for CAR T-cell activity. Cancer Discov 10(5):702–723

 39. Harper T, Sharma A, Kaliyaperumal S, Fajardo F, Hsu K, Liu L 
et al (2022) Characterization of an anti-CD70 half-life extended 
bispecific t-cell engager (HLE-BiTE) and associated on-target 
toxicity in cynomolgus monkeys. J SocToxicol 189(1):32–50

 40. Seyfrid M, Maich WT, Shaikh VM, Tatari N, Upreti D, Piyasena 
D et al (2022) CD70 as an actionable immunotherapeutic target in 
recurrent glioblastoma and its microenvironment. J Immunother 
Cancer 10(1):e003289

 41. Balsas P, Veloza L, Clot G, Sureda-Gómez M, Rodríguez ML, 
Masaoutis C et al (2021) SOX11, CD70, and treg cells configure 
the tumor-immune microenvironment of aggressive mantle cell 
lymphoma. Blood 138(22):2202–2215

 42. Kitajima S, Lee KL, Fujioka M, Sun W, You J, Chia GS et al 
(2018) Hypoxia-inducible factor-2 alpha up-regulates CD70 under 

hypoxia and enhances anchorage-independent growth and aggres-
siveness in cancer cells. Oncotarget 9(27):19123–19135

 43. Ranheim EA, Cantwell MJ, Kipps TJ (1995) Expression of CD27 
and its ligand, CD70, on chronic lymphocytic leukemia B cells. 
Blood 85(12):3556–3565

 44. Glouchkova L, Ackermann B, Zibert A, Meisel R, Siepermann 
M, Janka-Schaub GE et al (2009) The CD70/CD27 pathway is 
critical for stimulation of an effective cytotoxic T cell response 
against B cell precursor acute lymphoblastic leukemia. J Immunol 
182(1):718–725

 45. Liu S, Wu LC, Pang J, Santhanam R, Schwind S, Wu YZ et al 
(2010) Sp1/NFkappaB/HDAC/miR-29b regulatory network in 
KIT-driven myeloid leukemia. Cancer Cell 17(4):333–347

 46. Zhao M, Sun Y, Gao F, Wu X, Tang J, Yin H et al (2010) Epige-
netics and SLE: RFX1 downregulation causes CD11a and CD70 
overexpression by altering epigenetic modifications in lupus 
CD4+ T cells. J Autoimmun 35(1):58–69

 47. Wang L, Luo J, Chen G, Fang M, Wei X, Li Y et al (2020) Chida-
mide, decitabine, cytarabine, aclarubicin, and granulocyte colony-
stimulating factor (CDCAG) in patients with relapsed/refractory 
acute myeloid leukemia: a single-arm, phase 1/2 study. Clin Epi-
genetics 12(1):132

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Preclinical development and evaluation of nanobody-based CD70-specific CAR T cells for the treatment of acute myeloid leukemia
	Abstract
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Cell lines and culture
	CD70 KO 70nbCAR T-cells production
	Evaluation of CD70 KO efficacy
	Binding affinity
	Flow cytometry
	Antigen density measurement
	Cytotoxicity assay
	Degranulation assay
	Cytokine release assay
	Xenotransplantation assays
	Primary AML sample processing and culture
	Decitabine and chidamide treatment
	Graphs and statistical analysis

	RESULTS
	70nbCAR T-cells construction
	nb70CAR-T tumoricidal activity in vitro
	nb70CAR-T have potent tumoricidal activity in vivo
	nb70CAR-T tumoricidal effect toward primary AML blasts depends on CD70 expression
	Epigenetic modulators facilitated the efficacy of nb70CAR-T by up-regulation of CD70 expression in AML blasts

	Discussion
	Anchor 29
	Acknowledgements 
	References


