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Selectivity and Potency = Monotherapy Efficacy 
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IC50 (plasma)
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~1000 nM

Quizartinib (AC220) 18 nM

Crenolanib 48 nM

Gilteritinib (ASP2215) 43 nM
Zarrinkar P, et al. Blood 2009
Galanis, et al. Blood 2014
Levis MJ, et al. ASCO 2015, #7003  

0/95 patients 
achieved CR

Fischer et al, JCO 2010, 28, 4339-
4345.

Midostaurin Monotherapy in R/R AML

Other FLT3 inhibitors in clinical development



Differential binding of Type I and Type II Inhibitor kinase

Type I Inhibitor:
Binds  “DFG-in”  

ACTIVE conformation

Active against D835 
mutations

Quizartinib
Type  II  Inhibitor:  Binds  “DFG-
out”  INACTIVE  conformation

Not active against D835 
mutations 

Midostaurin
Crenolanib
Gilteritinib

Quizartinib
Sorafenib



Lee et al. Blood. 2017;129:257

Gilteritinib
Active against the tyrosine 
kinase domain mutations 
that confer resistance to 
quizartinib and sorafenib:



On November 28, 2018, FDA approved gilteritinib for
treatment of adult patients who have relapsed or refractory
acute myeloid leukemia (AML) with a FLT3 mutation as
detected by an FDA-approved test.
EMA approved the drug in October 2019. Italian AIFA
approval has been recently obtained.

Gilteritinib: where do we stand now?



Abbreviations: AML, acute myeloid leukaemia; CR/CRh; complete remission/compete remission with partial haematological recovery; FLAG-IDA fludarabine, cytarabine, granulocyte colony-stimulating factor and idarubicin; 
HSCT, haematopoietic stem cell transplantation; ITD, internal tandem duplication; MEC, mitoxantrone, etoposide and cytarabine; MHRA, Medicines and Healthcare products Regulatory Agency; OS, overall survival; R, randomisation; TKD, tyrosine kinase domain. 

1. Perl AE, Martinelli G, Cortes JE, et al. N Engl J Med. 2019;381:1728–1740; 2. ADMIRAL study protocol. 
https://www.nejm.org/doi/suppl/10.1056/NEJMoa1902688/suppl_file/nejmoa1902688_protocol.pdf. Accessed April 2020.  

Co-primary endpoints‡
• OS
• CR/CRh recovery rate**

*The salvage chemotherapy regimen was selected prior 
to randomisation from the following options:
• High-intensity regimens (1–2 cycles): MEC or FLAG-IDA 
• Low-intensity regimens†: Low-dose cytarabine or azacitidine

Salvage 
chemotherapy*

n=124

Key eligibility criteria 
• Adults with AML refractory to, 

or relapsed after, first-line AML 
therapy ± HSCT

• FLT3 mutation (FLT3-ITD, 
or FLT3-TKD D835/I836) 
in blood or bone marrow

Stratification factors
• Response to first-line AML therapy

– >6 months versus ≤6 months2

• Preselected chemotherapy 
– High versus low intensity

Gilteritinib 
120 mg/day

n=247†
HSCT Resume 

gilteritinib 

HSCT

R
2:1

N=371

Between October 2015 and February 2018, 625 patients 
were screened and 371 were randomised in the trial

Gilterinib vs chemotherapy in R/R FLT3+ AML
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The CR/CRh rate was 34.0% in the gilteritinib arm and 
15.3% in the salvage chemotherapy arm (treatment 
difference: 18.6%; 95% CI: 9.8–27.4)

CR/CRh rate was a co-primary endpoint of the study 
and was analysed based on the response analysis 
dataset at first interim in the gilteritinib arm only

CR/CRh rate was summarised descriptively at the final 
analysis for both treatment arms

Abbreviations: CI, confidence interval; CR, complete remission; CRh, CR with partial haematological recovery; FLT3, Fms-like tyrosine kinase-3; m+, mutation positive; R/R, relapsed or refractory. 

%
 o

f p
at

ie
nt

s

Gilteritinib Salvage chemotherapy

34.0
%

CR/CRh

Adapted from Perl AE, Martinelli G, Cortes JE, et al. N Engl J Med. 2019;381:1728–1740. 

CR/CRh: 34% (Gilteritinib) vs 15.3% (chemo)



Abbreviations: CI, confidence interval; HR, hazard ratio; OS, overall survival.

*Median duration of follow up for OS 17.8 months.  Two-sided p-values were determined according to the log-rank test; the Kaplan–Meier method, combined with the Greenwood formula, were used to determine OS and corresponding 95% CIs.

Gilteritinib      9.3 (7.7–10.7)
Salvage chemotherapy      5.6 (4.7–7.3)

HR for death 
0.64 (95% CI 0.49–0.83); p<0.001

Median OS
(95% CI), months

12-month OS 
• Gilteritinib: 37% 
• Salvage chemotherapy: 

17%

Perl AE, Martinelli G, Cortes JE, et al. N Engl J Med. 2019;381:1728–1740. 

Median OS: 9.3 months (Gilteritinib) vs 5.6 months (chemo)
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Phase II Randomized Trial of Gilteritinib Vs Midostaurin in Newly Diagnosed FLT3+ AML

Selina M. Luger et al, Blood, 2019



FF-10101: a new FLT3 inhibitor

ASH 2019
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DRUG DELIVERY: Advanced Nanoscale Liposomal Technology

First dual-drug advanced liposomal formulation

5:1 synergistic molar ratio of cytarabine to 
daunorubicin

1 unit = 1.0 mg cytarabine plus 0.44 mg daunorubicin

100 nm bilamellar liposomes

CPX-351 has been specifically developed to control the delivery and distinct individual 
pharmacokinetics of daunorubicin and cytarabine to optimise efficacy

 

 
 
 
 
 
 
 
 
 
 
 

Daunorubicin 
Cytarabine 

Ø Facilitate intracellular delivery of anticancer drugs
Ø Prolong retention time of cytotoxic compounds

Intracellularly.
Ø Minimize off-target effects

Mayer, et al., Mol Cancer Ther, 5:1854-1863, 2006
Tolcher AW and Mayer LD. Future Oncol 2018 ;14(13):1317-1332



CPX-351

• Dual drug liposomal encapsulation of cytarabine and daunorubicin which enables to deliver a synergistic ARA-C/DAUNO
5:1 molar drug ratio into leukemic cells

• Bilamellar liposome also enhances drug accumulation in BM and a preferential uptake by leukemia cells

DSPC= phosphatidylcholine
DSPG= distearoyl phosphatidylglycerol

CPX-351 Accumulates in Bone Marrow at High Concentrations and 
is Preferentially Taken Up by Leukemia Cells

Hours After Administration
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Increased CR rate, Overall and Disease Free Survival among:

-Therapy related Myeloid Neoplasm
- AML with MDS-related changes

The increase in OS in the whole study population is 20% when
compared to standard “3+7”

Lancet JL et al. J Clin Oncol. 2018; 36: 2684–2692.

CPX-351

Increased CR rate, Overall and Disease Free Survival among:

-Therapy related Myeloid Neoplasm
- AML with MDS-related changes

The increase in OS in the whole study population is 20% when
compared to standard “3+7”

Lancet JL et al. J Clin Oncol. 2018; 36: 2684–2692.

CPX-351 Increased CR rate, Overall and Disease Free Survival among:

-Therapy related Myeloid Neoplasm
- AML with MDS-related changes

The increase in OS in the whole study population is 20% when
compared to standard “3+7”

Lancet JL et al. J Clin Oncol. 2018; 36: 2684–2692.

CPX-351

CR 47.7% vs 33.3%



The improvement in survival is even more evident in
patient undergoing to allogeneic stem cell
transplantation.

CPX-351

Lancet JL et al. J Clin Oncol. 2018; 36: 2684ʹ2692.

Increased CR rate, Overall and Disease Free Survival among:

-Therapy related Myeloid Neoplasm
- AML with MDS-related changes

The increase in OS in the whole study population is 20% when
compared to standard “3+7”

Lancet JL et al. J Clin Oncol. 2018; 36: 2684–2692.

CPX-351



Take home messages (fit patients)
» A molecular analysis must be performed at diagnosis in order to assess

FLT3 mutational status, before starting treatment
» Midostaurin + 3+7 is the standard of care for FLT3+ patients
» Randomized trials are comparing Midostaurin with other FLT3 inhibitors

(Gilteritinib) in combination with standard chemotherapy
» CPX-351 is approved for tAML and MRC-AML
» GO is approved in combination with standard of care (major benefit in

good and intermediate AML risk)
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Azacitidine and Venetoclax in Untreated AML

dence of composite complete remission than the 
control regimen. In patients with IDH1 or IDH2 
mutations, the incidence of composite remission 
was 75.4% (95% CI, 62.7 to 85.5) in the azaciti-
dine–venetoclax group and 10.7% (95% CI, 2.3 
to 28.2) in the control group (P<0.001); in those 
with FLT3 mutations, the incidence was 72.4% 
(95% CI, 52.8 to 87.3) and 36.4% (95% CI, 17.2 
to 59.3), respectively (P = 0.02); in those with 
NPM1, 66.7% (95% CI, 46.0 to 83.5) and 23.5% 
(95% CI, 6.8 to 49.9), respectively (P = 0.012); and 
in those with TP53, 55.3% (95% CI, 38.3 to 71.4) 
and 0%, respectively (P<0.001). Responses ac-
cording to key prognostic features at baseline 
are shown in Figure S1. In patients with com-
posite complete remission, measurable residual 
disease negativity occurred in 23.4% (95% CI, 
18.6 to 28.8) of the patients who received azacit-
idine plus venetoclax and in 7.6% (95% CI, 3.8 to 
13.2) of those in the control group.

The median overall survival among patients 
with de novo AML (i.e., in those with no history 
of myelodysplastic syndrome, myeloproliferative 
disorder, or exposure to potentially leukemo-
genic agents) was 14.1 months (95% CI, 10.7 to 
19.3) in the azacitidine–venetoclax group and 
9.6 months (95% CI, 6.8 to 13.0) in the control 
group (hazard ratio, 0.67; 95% CI, 0.51 to 0.90), 
and the median overall survival among patients 
with secondary AML was 16.4 months (95% CI, 
9.7 to 24.4) and 10.6 months (4.9 to 13.2), re-
spectively (hazard ratio, 0.56; 95% CI, 0.35 to 
0.91). Among patients with an intermediate 
cytogenetic risk, the median overall survival was 
20.8 months (95% CI, 16.4 to NR) in the azacit-
idine–venetoclax group and 12.4 months (95% 
CI, 9.1 to 15.8) in the control group (hazard 
ratio for death, 0.57; 95% CI, 0.41 to 0.79), 
whereas in those with a poor cytogenetic risk, 
the median overall survival was 7.6 months 
(95% CI, 5.3 to 9.9) and 6.0 months (95% CI, 
3.6 to 10.7), respectively (hazard ratio, 0.78; 
95% CI, 0.54 to 1.1).

The median event-free survival was 9.8 
months (95% CI, 8.4 to 11.8) in the azacitidine–
venetoclax group and 7.0 months (95% CI, 5.6 to 
9.5) in the control group (hazard ratio for death, 
0.63; 95% CI, 0.50 to 0.80; P<0.001) (Fig. S2). In 
patients with composite complete remission 
who had measurable residual disease of less 
than 1 residual blast per 1000 leukocytes, overall 

survival at 24 months was 73.6% in the azaciti-
dine–venetoclax group and 63.6% in the control 
group.

The results of a subgroup analysis with re-
spect to overall survival are shown in Figure 3. 
In patients with IDH1 or IDH2 mutations at base-
line, overall survival at 12 months was 66.8% 
among those in the azacitidine–venetoclax 
group, as compared with 35.7% among those in 
the control group (hazard ratio for death, 0.35; 
95% CI, 0.20 to 0.60; P<0.001).

Safety
Overall, 427 patients were included in the safety 
analysis (283 in the azacitidine–venetoclax group 
and 144 in the control group). Patients in the 
azacitidine–venetoclax group received a median 
of 7.0 treatment cycles (range, 1.0 to 30.0), as 
compared with 4.5 treatment cycles (range, 1.0 
to 26.0) in the control group. All patients had at 
least one adverse event; 235 patients in the 
azacitidine–venetoclax group (83%) and 105 of 
those in the control group (73%) had a serious 

Figure 2. Overall Survival.

The distributions were estimated for each treatment group with the use of 
the Kaplan–Meier method and were compared with the log-rank test strati-
fied according to age (18 to <75 years or ≥75 years) and cytogenetic risk 
(intermediate risk or poor risk). The hazard ratio for death was estimated 
with the use of the Cox proportional-hazards model with the same stratifi-
cation factors used in the log-rank test. The data included are subject to a 
cutoff date of January 4, 2020. The dashed line indicates 50% overall sur-
vival probability, and the tick marks indicate censored data.
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Venetoclax+ HMAs: new standard of care for elderly or unfit patients
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15 adult patients enrolled, median age 76 (65-86)
9 pts: 80 mg/daily; 6 pts 120 mg/daily
8/15 pts: treatment duration>6 months
Grade>=3 AEs in >=25% of the pts: febrile neutropenia (n=6); anemia (n=5), 
neutropenia (n=5),thrombocytopenia (n=4)
CCR 67% (4 CR + 6 CRi)

ASH 2018
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IDH Inhibitors

• Isocitrate dehydrogenase (IDH) is a critical enzyme of the citric acid cycle

• IDH mutations occur in a spectrum of solid and hematologic tumors

• IDH1 in AML are significantly associated with normal karyotype and NPM1
mutation

• Orally administered, small molecule–targeted inhibitors of mutant IDH1

(Ivosidenib) and IDH2 (Enasidenib) target mutant IDH enzymes and block

production of the 2-hydroxyglutarate oncometabolite.

• Overall responses with Ivosidenib and Enasidenib are described in 29% to
34% of patients, including CR in 20% to 22% of enrolled patients in phase

1-2 trials with median OS of 9 months for patients with R/R disease.

• IDH inhibitors function by restoring myeloid differentiation, their use may

lead to robust myeloid maturation and proliferation, which in turn may

lead to the development of an IDH inhibitor “differentiation syndrome”

Di Nardo et al. N Engl J Med. 2018 ;378:2386-2398   

Stein et al. Blood.2017; 130: 722–731  

Fathi AT, JAMA Oncol. 2018;4:1106-1110
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IDH1-2 AML
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Mutant Isocitrate Dehydrogenase 1 Inhibitor
Ivosidenib in Combination With Azacitidine for
Newly Diagnosed Acute Myeloid Leukemia
Courtney D. DiNardo, MD1; Anthony S. Stein, MD2; Eytan M. Stein, MD3; Amir T. Fathi, MD4; Olga Frankfurt, MD5; Andre C. Schuh, MD6;
Hartmut Döhner, MD7; Giovanni Martinelli, MD8; Prapti A. Patel, MD9; Emmanuel Raffoux, MD10; Peter Tan, MBBS11;
Amer M. Zeidan, MBBS12; Stéphane de Botton, MD, PhD13; Hagop M. Kantarjian, MD1; Richard M. Stone, MD14;
Mark G. Frattini, MD, PhD15; Frederik Lersch, RN16; Jing Gong, PhD15; Diego A. Gianolio, PhD17; Vickie Zhang, PhD17;
Aleksandra Franovic, PhD18; Bin Fan, PhD17; Meredith Goldwasser, ScD17; Scott Daigle, MS17; Sung Choe, PhD17; Bin Wu, PhD17;
Thomas Winkler, MD17; and Paresh Vyas, MD, PhD19

abstract

PURPOSE Ivosidenib is an oral inhibitor of the mutant isocitrate dehydrogenase 1 (IDH1) enzyme, approved for
treatment of IDH1-mutant (mIDH1) acute myeloid leukemia (AML). Preclinical work suggested that addition of
azacitidine to ivosidenib enhances mIDH1 inhibition–related differentiation and apoptosis.

PATIENTS AND METHODS This was an open-label, multicenter, phase Ib trial comprising dose-finding and
expansion stages to evaluate safety and efficacy of combining oral ivosidenib 500 mg once daily continuously
with subcutaneous azacitidine 75 mg/m2 on days 1-7 in 28-day cycles in patients with newly diagnosed mIDH1
AML ineligible for intensive induction chemotherapy (ClinicalTrials.gov identifier: NCT02677922).

RESULTS Twenty-three patients received ivosidenib plus azacitidine (median age, 76 years; range, 61-88 years).
Treatment-related grade $ 3 adverse events occurring in . 10% of patients were neutropenia (22%), anemia
(13%), thrombocytopenia (13%), and electrocardiogram QT prolongation (13%). Adverse events of special
interest included all-grade IDH differentiation syndrome (17%), all-grade electrocardiogram QT prolongation
(26%), and grade $ 3 leukocytosis (9%). Median treatment duration was 15.1 months (range, 0.3-32.2
months); 10 patients remained on treatment as of February 19, 2019. The overall response rate was 78.3% (18/
23 patients; 95% CI, 56.3% to 92.5%), and the complete remission rate was 60.9% (14/23 patients; 95% CI,
38.5% to 80.3%). With median follow-up of 16 months, median duration of response in responders had not
been reached. The 12-month survival estimate was 82.0% (95% CI, 58.8% to 92.8%). mIDH1 clearance in
bone marrow mononuclear cells by BEAMing (beads, emulsion, amplification, magnetics) digital polymerase
chain reaction was seen in 10/14 patients (71.4%) achieving complete remission.

CONCLUSION Ivosidenib plus azacitidine was well tolerated, with an expected safety profile consistent with
monotherapy with each agent. Responses were deep and durable, with most complete responders achieving
mIDH1 mutation clearance.

J Clin Oncol 38. © 2020 by American Society of Clinical Oncology

Creative Commons Attribution Non-Commercial No Derivatives 4.0 License

INTRODUCTION

Intensive induction chemotherapy followed by con-
solidation chemotherapy and/or allogeneic hemato-
poietic stem cell transplantation (HSCT) with curative
intent is standard of care for younger, medically fit
patients with newly diagnosed (ND) acute myeloid
leukemia (AML). However, intensive chemotherapy
(IC) regimens are often unsuitable for older patients
or individuals with comorbidities. Hypomethylating
agents (HMAs; eg, azacitidine, decitabine) can in-
duce responses and prolong survival in patients
ineligible for IC.1,2 Recently, HMA/venetoclax com-
binations have become an approved standard of care

in the United States for patients with ND AML who
are $ 75 years of age or have comorbidities that
preclude induction IC.

Mutations in isocitrate dehydrogenase 1 and 2 (IDH1/2)
occur in multiple tumors, including approximately
20% of AMLs.3-6 Mutant IDH1/2 (mIDH1/2) enzymes
catalyze the reduction of a-ketoglutarate to the onco-
metabolite D-2-hydroxyglutarate (2-HG).3,7 2-HG ac-
cumulation causes DNA hypermethylation through
competitive inhibition of a-ketoglutarate–dependent
dioxygenases.8-12 These epigenetic changes have
been hypothesized to be primary drivers of myeloid
differentiation block, a hallmark of AML.8,13
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Clinical Efficacy

The median duration of treatment with ivosidenib plus
azacitidine was 15.1 months (range, 0.3-32.2 months). The
ORRwas 78.3% (18 of 23; 95%CI, 56.3% to 92.5%), which
included CR (60.9%; 14 of 23; 95% CI, 38.5% to 80.3%),
CR with incomplete hematologic or platelet recovery (CRi/
CRp; 8.7%; 2 of 23), and morphologic leukemia-free state
(8.7%; 2 of 23). The CR 1 CRh rate was 69.6% (95% CI,
47.1% to 86.8%; Table 3), including four of five patients with
poor-risk cytogenetics at baseline. Median time to first re-
sponse was 1.8 months (range, 0.7-3.8 months). Median
time to CR was 3.7 months (range, 0.8-15.7 months), and
median time to CR/CRh was 2.8 months (range, 0.8-11.5
months). Median durations of CR, CR/CRh, and overall
response were not reached; lower bounds of the 95% CIs
were 9.3, 12.2, and 10.3 months, respectively (Table 3).
Duration on treatment and best overall response are shown
in Figure 1. In addition, mean neutrophil and platelet counts
were maintained near or above CRh thresholds while re-
ceiving ivosidenib plus azacitidine (Data Supplement).

With a median follow-up of 16.1 months (range, 1.3-31.7
months), the median OS was not yet estimable (95% CI,
17.0 to not estimable [NE]; 17 patients censored; Data
Supplement). The 12-month survival estimate was 82.0%
(95% CI, 58.8% to 92.8%).

Exploratory Analyses

All 23 patients were confirmed to have an IDH1mutation at
baseline in bone marrow mononuclear cells (BMMCs) and/
or peripheral blood mononuclear cells (PBMCs). Median
baseline mIDH1 VAF in BMMCs (n5 17) was 42% (range,
17%-48%); per-patient details shown in the Data Sup-
plement. Baseline mIDH1 VAF did not predict response
(Fig 2A). All 23 patients harbored at least one co-occurring
mutation, most frequently in SRSF2 (nine of 23, 39%),
RUNX1 (eight of 23, 35%), and DNMT3A (six of 23, 26%;
Fig 2B). No individual gene or pathway showed a statisti-
cally significant association (Fisher’s exact test, two-sided)
with clinical response or resistance. Notably, patients with
mutations in genes associated with a lack of single-agent
ivosidenib activity in ND AML16 or typically associated with
an adverse prognosis21 achieved CR/CRh, including three
of five with receptor tyrosine kinase (RTK) pathway mu-
tations (KRAS, NRAS, PTPN11), nine of 14 with mutations
involving chromatin modifiers or splicing genes, and one of
three with TP53 mutations (Fig 2C).

Longitudinal mIDH1 VAF data were concordant in BMMCs
and PBMCs (Pearson’s correlation coefficient5 .919; Data
Supplement). mIDH1 clearance occurred in 69% (11 of
16) of patients achieving CR/CRh; an additional patient
achieved clearance in PBMCs only (Table 4). In three of the
four CR/CRh patients who did not achieve clearance,
mIDH1 VAF levels were reduced to , 1%. mIDH1 clear-
ance was not observed in any patient without a clinical
response. Per-patient longitudinal mIDH1 clearance is
summarized in the Data Supplement.

DISCUSSION

The ivosidenib/azacitidine combination was well tolerated
in patients withmIDH1NDAML ineligible for IC. There were
no dose-limiting toxicities, and the safety profile was con-
sistent with those of ivosidenib and azacitidine alone in this
patient population.1,16

At the time of data cutoff, efficacy was promising in this
difficult-to-treat patient population. The ORR was 78%,
with 61% of patients achieving CR, and the median du-
ration of CR was not reached (95% CI, 9.3 to NE). The
12-month survival rate was 82% (95% CI, 59% to 93%);
median follow-up time for OS was 16.1 months. These
findings compare favorably with historical data from
studies of HMA monotherapy (mutation status unknown).
In patients$ 65 years of age with ND AML (. 30% blasts
in bone marrow) who were not considered eligible for
HSCT, the CR rate with azacitidine monotherapy was
20% and median OS was 10.4 months (95% CI, 8.0 to
12.7 months).1 In a study enrolling a similar patient
population with $ 20% blasts, decitabine monotherapy
resulted in a CR rate of 16% and a median OS of
7.7 months (95% CI, 6.2 to 9.2 months).2 In a study of
patients with AML (ND 43%, relapsed or refractory 41%)

TABLE 3. Hematologic Response, Time to Response, and Response Duration
(N 5 23)
Response Category Response

CR 1 CRh,a No. (%) [95% CI] 16 (69.6) [47.1 to 86.8]

Median time to CR/CRh, months (range) 2.8 (0.8-11.5)

Median duration of CR/CRh, months [95% CI] NE [12.2 to NE]

CR, No. (%) [95% CI] 14 (60.9) [38.5 to 80.3]

Median time to CR, months (range) 3.7 (0.8-15.7)

Median duration of CR, months [95% CI] NE [9.3 to NE]

CRh,a No. (%) 2 (8.7)

ORR,b No. (%) [95% CI] 18 (78.3) [56.3 to 92.5]

Median time to response, months (range) 1.8 (0.7-3.8)

Median duration of response, months [95% CI] NE [10.3 to NE]

Best response,c No. (%)

CR 14 (60.9)

CRi/CRp 2 (8.7)

MLFS 2 (8.7)

SD 4 (17.4)

NA 1 (4.3)

Abbreviations: CR, complete remission; CRh, CR with partial hematologic
recovery; CRi, CR with incomplete hematologic recovery; CRp, CR with incomplete
platelet recovery; MLFS, morphologic leukemia-free state; NA, not assessed; NE,
not estimable; PR, partial response; ORR, objective response rate.

aCRh derived by sponsor.
bORR comprises CR 1 CRi 1 CRp 1 PR 1 MLFS.
cModified International Working Group criteria.
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AEs>= Gr 3
Neutropenia 22%
Anemia 13%
Thrombocytopenia 13%

Differentiation syndrome 17%
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Magrolimab + Aza in Patients With MDS and AML: Study Design
» Multicenter, single-arm phase Ib study

– Current analysis reports data from expansion phase

» Primary endpoints: safety, efficacy

» Secondary endpoints: magrolimab PK, PD, immunogenicity

» Exploratory endpoints: CD47 receptor occupancy, immune activity markers, 
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Magrolimab 1, 30 mg/kg QW* +
Aza 75 mg/m2 Days 1-7

(n = 6)

Patients with untreated 
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(N = 68)

Safety Evaluation Expansion

Magrolimab 1, 30 mg/kg QW or Q2W* +
Aza 75 mg/m2 Days 1-7
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*Patients received magrolimab 1 mg/kg priming dose, followed by dose ramp-up to 30 mg/kg by Wk 2, continued thereafter. 
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Over the last decades, advances in the knowledge of immunology have led to the identification of immune check-
points, reinvigorating cancer immunotherapy. Although normally restricted to activated T and B cells, constitu-
tive expression of CD70 in tumor cells has been described. Moreover, CD70 is implicated in tumor cell and
regulatory T cell survival through interaction with its ligand, CD27. In this review, we summarize the targetable
expression patterns of CD70 in awide range ofmalignancies and the promisingmechanism of anti-CD70 therapy
in stimulating the anti-tumor immune response. In addition, wewill discuss clinical data and future combination
strategies.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Themutual and interdependent interaction between the cancer cells
and theirmicroenvironment is increasingly considered a crucial domain
of investigation in cancer research. In this regard, immunotherapy rep-
resents a promising therapeutic modality in oncology, as evidenced by
its election as Science's Cancer Breakthrough 2013 (Couzin-Frankel,
2013). Recently,much interest has beengenerated by the clinical results
associatedwith inhibition of immune checkpoint proteins by antibodies
directed against cytotoxic T lymphocyte antigen-4 (CTLA-4) and pro-
grammed death (ligand) -1 (PD-1/PDL-1) (Rolfo et al., 2014). In this re-
view, we will focus on the CD70–CD27 signaling pathway, emerging as
an interesting new field of study to enhance anti-tumoral immune

Pharmacology & Therapeutics 155 (2015) 1–10

Abbreviations: ADCC, Antibody-dependent cellular cytotoxicity; ADCP, Antibody-
dependent cellular phagocytosis; CDC, Complement-dependent cellular cytotoxicity;
CTLA-4, Cytotoxic T lymphocyte antigen-4; FOXP3, Forkhead box P3; HIV, Human immu-
nodeficiency virus; IHC, Immunohistochemistry; IL, Interleukin; iTregs, Induced Tregs;
LPC, Lymphoplasmacytic cells; MMP, Matrix metalloproteinase; NHL, Non-Hodgkin lym-
phoma; NK, Natural killer; NSCLC, Non-small cell lung cancer; nTregs, Naturally occurring
Tregs; PD(L)-1, Programmed death (ligand); RCC, Renal cell carcinoma; sCD27, Soluble
CD27; TCL, T cell lymphoma; TCR, T cell receptor; TGF-β, Tumor growth factor-β; TIL,
Tumor-infiltrating lymphocyte; TNF, Tumor necrosis factor; TRAF, Tumor receptor-
associated factor; Tregs, Regulatory T cells; WM, Waldenström macroglobulinemia.
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responses. Indeed, the discovery of CD70 expression on multiple tumor
types of hematological origin and also on several types of solid tumors
makes this molecule an attractive target for antibody-based
immunotherapy.

CD70 belongs to the tumor necrosis factor (TNF) superfamily ofmol-
ecules, consisting of over 20 membrane-bound and secreted protein li-
gands. This protein is a type ɪɪ transmembrane glycoprotein, comprised
of 193 amino acids with a molecular mass of 50 kDa. Sequence homol-
ogy with other TNF superfamily members predicted the appearance of
CD70 as a homotrimer leading to the understanding that interaction
with CD27, its unique receptor, may involve three CD27 homodimers
(Boursalian et al., 2009). Upon interaction with CD70, cytoplasmic
residues of CD27 are bound to TNF receptor-associated factors
(TRAFs), such as TRAF2 and TRAF5, thereby activating NFκB and c-Jun
kinase pathways, leading to proliferation, survival and differentiation
(Boursalian et al., 2009). Additionally, a role of CD27 in caspase-
mediated apoptosis is suggested via the receptor-associated death
domain-containing adaptor protein Siva (see Fig. 1) (Prasad et al.,
1997). As new insights into the CD70–CD27 pathway have been gained
over the last decade, we will discuss novel approaches to target this
pathway in human malignancies.

2. CD70–CD27 physiology

The TNF receptor superfamily member CD27 is a tightly regulated
costimulatory molecule, activated through its unique ligand CD70, en-
abling activation of innate and adaptive immunity. In humans, expres-
sion of CD27 is detected on thymocytes and naïve T cells, upregulated
upon T cell activation anddiminishing after effector T cell differentiation
(Hintzen et al., 1994). In addition, CD27 is also foundon centralmemory
T cells, residing in secondary lymphoid organs (6). Despite these

expression patterns, CD27-deficient mice have normal T cell develop-
ment in the thymus and similar numbers of naïve T cells in secondary
lymphoid organs as opposed to wild-type controls. However, deple-
tions in the effector T cell pool and impeded memory T cells are ob-
served (Hendriks et al., 2000, 2003). These studies indicate that
CD27 triggering is neither required nor sufficient to induce effector T
cell formation, but contributes to the formation of the effector T cell
pool by efficient priming of T cells and the subsequent promotion of
T cell survival (Nolte et al., 2009). The role of the CD70/CD27 axis in
the priming of T cells was also demonstrated in a variety of immuniza-
tion and infection models (Matter et al., 2005; Nolte et al., 2009).
CD27–CD70 interactions were shown to induce proliferation and cyto-
kine production by both CD4+ and CD8+ T cells and promote develop-
ment of cytotoxic T cell responses (Lens et al., 1998). Nonetheless,
CD70 knock out mice show normal CD4 T cell responses and memory
CD8 T cell generation after lymphocytic choriomeningitis virus infec-
tion (Munitic et al., 2013). Instead, persistent signaling of CD27 upon
lymphocytic choriomeningitis virus infection induces immunopatholo-
gy and suppression of neutralizing antibodies, indicating that CD27 ac-
tivity should be carefully controlled in order to prevent collateral
damage (Matter et al., 2006). This is established by the strict control
of CD70 expression under physiological conditions: transiently upreg-
ulated on antigen-activated T and B cells, waning following the remov-
al of the antigenic stimulus and mainly detected in primed effector
lymphocytes (Borst et al., 2005). In mature dendritic cells, CD70 ex-
pression is upregulated upon triggering of CD40 or Toll-like receptors
(Boursalian et al., 2009). Thereby an intrinsic pool of CD70 is
transported towards the immunological synapse with MHC-II mole-
cules, ensuring optimal T cell stimulation (Keller et al., 2007; Kuka
et al., 2013). Besides its effect on T cell development, CD27 is upregu-
lated on B cells through antigen receptor triggering and is maintained
after activation, making it a typical marker for memory B cells (Jacquot
et al., 1997). Despite the fact that triggering of the CD70/CD27 axis
stimulates immunoglobulin production by the promotion of plasma
cell differentiation, CD27 is not absolutely required for adequate B
cell responses, since deficiency does not affect isotype switching, so-
matic hypermutation or antibody production (Agematsu et al., 1999;
Xiao et al., 2004). Moreover, in mice that constitutively express CD70
on B cells, T cells or dendritic cells, a demise of B cells in the bone mar-
row and secondary lymphoid organs is seen due to the chronic activa-
tion of CD27 (Nolte et al., 2009). In these mouse models, the
expression of CD70 by B cells even resulted in exhaustion of the
naïve T cell pool, depletion of T cells from lymph nodes and death
from opportunistic infection (Tesselaar et al., 2003). As for B cells
and T cells, CD27 is highly regulated on natural killer (NK) cells, the
key mediators of innate immune defense mechanism. Evidence indi-
cates that NK cells upregulate CD27 in their final developmental
stage before leaving the bone marrow. However, on circulating NK
cells CD27 is absent, implicating that CD27 is turned off when these
cells acquire their highest effector cell potential (Vossen et al., 2008).
The impact of the CD70–CD27 pathway on human NK cells is still
largely unknown since CD27-deficient mice show normal amounts of
NK cells with adequate function properties (Vossen et al., 2008). How-
ever, in mice that constitutively express CD70 on B cells, continuous
CD70–CD27 interactions result in a severe reduction of NK cell num-
bers (De Colvenaer et al., 2010). Overall, CD70–CD27 interaction is cru-
cial for the regulation of the cellular immune response leading either
to improved T cell function or T cell dysfunction, whereby timing, con-
text, and intensity of these costimulatory signals determine the func-
tional consequence of their activity (Nolte et al., 2009). In this regard
overexpression of CD70 can be observed in different auto-immune dis-
eases, such as rheumatoid and psoriatic arthritis and lupus (Boursalian
et al., 2009; Han et al., 2005; Lee et al., 2007; Oelke et al., 2004). In the
next sections we will discuss the role of the CD70/CD27 axis in tumor
biology as it is becoming clear that CD70 can also serve as a target for
cancer immunotherapy.

Fig. 1. CD70–CD27 pathway. Diagram showing the CD27–NFκB pathway, mediated by
TRAF2, and the CD27–c-Jun kinase pathway,mediated by TRAF5, resulting in survival, pro-
liferation and differentiation signals. On the left, cytoplasmic binding of CD27 to Siva is il-
lustrated, leading to caspase-mediated apoptosis. NIK, NFκB inducing kinase; IKK, IkB
kinase; JNK, c-jun N-terminal kinase; TRAF, TNF receptor-associated factor 2.
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Table 1
Overview of CD70 expression by immunohistochemistry on hematological and solid malignancies.

Malignancy Reference IHC method CD70 antibody CD70 expression Threshold for
CD70 positivity

CD70+/total Percentage CD70+

Hematological malignancies
Non-Hodgkin lymphoma

McEarchern et al., 2008 IHC-FFPE mAb SG-21.1 C1 71/119 60% n.s.
Tannir et al., 2014 IHC-FFPE000000 n.s. 82/107 77% n.s.

Diffuse large B cell lymphoma Lens et al., 1999 IHC-Fr mAb 2F2 15/21 71% 20%
Adam et al., 2006 IHC-Fr mAb HNE5.1 4/6 67% n.s.

Follicular lymphoma Lens et al., 1999 IHC-Fr mAb 2F2 6/18 33% 20%
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/8 0% n.s.

Mantle cell lymphoma Lens et al., 1999 IHC-Fr mAb 2F2 1/4 25% 20%
Burkitt lymphoma Lens et al., 1999 IHC-Fr mAb 2F2 1/4 25% 20%
CAEBV associated T cell lymphoma Shaffer et al., 2012 IHC-FFPE n.s. 1/1 100% n.s.
Hodgkin lymphoma

Gruss & Kadin, 1996 IHC-? n.s. n.s. 96% n.s.
McEarchern et al., 2008 IHC-FFPE mAb SG-21.1 C1 23/24 97% n.s.

Leukemia
B-cell chronic lymphocytic leukemia Lens et al., 1999 IHC-Fr mAb 2F2 3/6 50% 20%

Adam et al., 2006 IHC-Fr mAb HNE5.1 0/2 0% n.s.
Multiple myeloma

McEarchern et al., 2008 IHC-FFPE mAb SG-21.1 C1 9/22 41% n.s.

Solid malignancies
Renal cell carcinoma

McEarchern et al., 2008 IHC-FFPE mAb SG-21.1 C1 14/20 70% n.s.
Tannir et al., 2014 IHC-FFPE n.s. 111/127 87% n.s.

Clear cell Junker et al., 2005 IHC-Fr mAb HNE5.1 41/41 100% n.s.
Diegmann et al., 2005 IHC-Fr mAb HNE5.1 10/10 100% n.s.
Adam et al., 2006 IHC-Fr mAb HNE5.1 16/20 80% n.s.
Law et al., 2006 IHC-Fr mAb 2F2 71/131 54% 25%
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 189/230 81% 1%.
Jilaveanu et al., 2012 IHC-ISH n.s. 113/232 49% v N 20.1

Papillary Junker et al., 2005 IHC-Fr mAb HNE5.1 1/9 5% 5%
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/3 0% n.s.
Law et al., 2006 IHC-Fr mAb 2F2 9/23 39% 25%
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 4/8 50% 1%
Jilaveanu et al., 2012 IHC-ISH n.s. 9/46 19% v N 20.1

Chromophobe Junker et al., 2005 IHC-Fr mAb HNE5.1 1/5 20% n.s.
Law et al., 2006 IHC-Fr mAb 2F2 0/6 0% 25%

Oncocytomas Junker et al., 2005 IHC-Fr mAb HNE5.1 0/3 0% n.s.
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.
Jilaveanu et al., 2012 IHC-ISH n.s. 1/20 5% v N 20.1

Sarcomatoid Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.
Jilaveanu et al., 2012 IHC-ISH n.s. 6/11 10% v N 20.1

Brain carcinoma
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 6/59 10% 1%

Glioblastoma Wischhusen et al., 2002 IHC-Fr n.s. 5/12 42% n.s.
Astrocytoma Wischhusen et al., 2002 IHC-Fr n.s. 3/4 75% n.s.
Nasopharyngeal carcinoma

Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 18/82 22% 1%
EBV-associated NPC Agathanggelou et al., 1995 IHC-Fr Ki24 16/18 89% n.s.
Mesothelioma

Hishima et al., 2000 IHC-Fr mAb HNE5.1 0/2 0% 1%
Hepatocellular carcinoma

Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.
Esophagus carcinoma

Hishima et al., 2000 IHC-Fr mAb HNE5.1 0/5 0% 1%.
Pancreatic carcinoma
Esophagus carcinoma Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 35/140 25% 1%
Colon carcinoma

Adam et al., 2006 IHC-Fr mAb HNE5.1 0/2 0% n.s.
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 17/194 9% 1%

Breast carcinoma
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/11 0% n.s.
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 5/204 2% 1%

Ovarian carcinoma
Aggarwal et al., 2009 IHC-FFPE LP-28809 10/10 100% 0.1%
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 37/241 15% 1%

Thyroid carcinoma
Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.

Lung carcinoma
Hishima et al., 2000 IHC-Fr mAb HNE5.1 0/17 0% 1%
Adam et al., 2006 IHC-Fr mAb HNE5.1 1/19 5% n.s.

(continued on next page)

3J. Jacobs et al. / Pharmacology & Therapeutics 155 (2015) 1–10

3. CD70–CD27 in tumor biology

3.1. Expression patterns

In addition to the transient expression of CD70 on antigen-activated
T and B cells andmature dendritic cells, recently constitutive expression
of CD70 has also been found on a unique population of antigen present-
ing cells, exclusively localized in the gut lamina propria (Keller et al.,
2007; Laouar et al., 2005; Nolte et al., 2009). Beyond this, CD70 is gener-
ally absent in non-lymphoid normal tissues (Jacobs et al., 2014). Con-
trarily, constitutive CD70 expression on many types of hematological
malignancies and solid carcinomas has been observed. High rates of
CD70 expression are particularly found in lymphomas, renal cell carci-
noma (RCC), nasopharyngeal carcinoma, as well as in Epstein–Barr
virus-induced carcinomas (Table 1) (Agathanggelou et al., 1995;
Boursalian et al., 2009; Israel et al., 2005). In B cell lymphoma, RCC
and breast cancer, CD70 expression is associated with poor prognosis
(Bertrand et al., 2013; Jilaveanu et al., 2012; Petrau et al., 2014). Inter-
estingly, next to its expression on primary tumor-biopsies, stable
CD70 expression is also found on patient-derived metastatic tissue in
up to 100% of cases (Jacobs et al., 2015; Law et al., 2006). In literature,
different methods to detect CD70 expression have been described,
including real-time PCR, western blot and immunohistochemistry
(IHC) (Diegmann et al., 2005). To date, IHC remains themost frequently
used method to determine CD70 expression due to its simple and rapid
detection of protein expression. However, in literature, discrepancies in
the percentage of CD70-positive cases are seen within identical tumor
types. As shown in Table 1, these dissimilarities could be caused by
different antibodies and cut-off valueswhich show theneed for one uni-
form and validatedmethodology. In this regard, testing themethylation
status of the CD70 promoter region could be an interesting option. In-
deed, constitutive expression of CD70 in patients with large B cell lym-
phoma, as well as auto-immune diseases, has been associated with
demethylation of the CD70 promoter region (Bertrand et al., 2013;
Oelke et al., 2004; Zhou et al., 2011b). Likewise, epigenetic aberrations
of the CD70 promoter region in breast cancer cells have also been dem-
onstrated to affect CD70 expression (Petrau et al., 2014; S. E. Yu et al.,
2010). However, further research is mandatory to unravel whether
de-methylation of the CD70 promoter could be an alternative for
CD70 IHC.

In addition to the constitutive expression of CD70, many of the he-
matopoietic lineage tumors also express CD27, which might implicate
a possible role for CD27–CD70 interactions in the regulation of tumor
cell expansion and survival (Goto et al., 2012; Lens et al., 1999). Nilsson
A. et al. found such co-expression on a high proportion of leukemic cells
in acute lymphoblastic lymphoma samples (Nilsson et al., 2005). More-
over, using a CD70 blocking antibody, proliferation of the leukemic stem
cells could be reduced substantially. Likewise, the coordinated expres-
sion of CD70 and CD27 has been suggested to stimulate activation and

proliferation of Sézary cells, a variant of cutaneous T cell lymphoma
(van Doorn et al., 2004).

Contrarily to its presence in hematological malignancies, CD27-
expressing tumor cells in solidmalignancies have not been demonstrat-
ed to date (Agathanggelou et al., 1995; Hishima et al., 2000). Nonethe-
less, in the tumor microenvironment persistent CD27 signaling can
occur through the expression of CD27 on tumor-infiltrating lympho-
cytes (TILs) which have been shown to communicate with CD70+ car-
cinoma cells (Agathanggelou et al., 1995). The importance of tumor
and T-cell interaction through the CD70/CD27 axis will be discussed
below.

Upon binding of CD70 to CD27, soluble CD27 (sCD27), the extracel-
lular domain of membrane-bound CD27, is cleaved from the cell surface
by metalloproteinases (Hintzen et al., 1991; Kato et al., 2007; Loenen
et al., 1992). This 32 kDa protein has been detected by enzyme-linked
immunosorbent assay in serum, plasma and urine samples fromhealthy
individuals, and at increased levels in hematological malignancies and
auto-immune diseases (Font et al., 1996; Goto et al., 2012). In addition,
measuring sCD27 levels in healthy individuals as opposed to patients in-
fected with human immunodeficiency virus (HIV) demonstrated ele-
vated serum sCD27 levels in the HIV+ subset. Moreover, sCD27 levels
were particularly elevated in HIV+ patients who developed AIDS-
associated non-Hodgkin lymphoma (NHL) (Widney et al., 1999). The
soluble form of CD27 has also been linked to poor outcome in various
hematological malignancies, such as Waldenström's macroglobuline-
mia (WM), an indolent B cellmalignancy characterized by bonemarrow
infiltration with lymphoplasmacytic cells (LPCs) (Ho et al., 2008). Ho
et al. showed LPC-mediated secretion of sCD27, with statistically signif-
icant elevated levels in WM patients in relation to healthy donors. This
study also demonstrated the utility of sCD27 as a surrogate marker of
disease burden (Ho et al., 2008). Moreover, it was demonstrated that
sCD27 could induce upregulation of TNF family ligands on mast cells,
providing survival signals to the tumor cells. Additional data indicated
a possible role ofmatrixmetalloproteinase-8 (MMP-8) in sCD27 release
by cleavage of CD27, since higher transcription levels of this proteinase
were found in WM cells and MMP-8 inhibitors resulted in the blocking
of sCD27 release (Zhou et al., 2011a). Elevated serum concentrations of
sCD27 were also found in patients with acute lymphoblastic leukemia,
chronic lymphocytic leukemia and large B cell lymphoma, predicting
poor outcome in the latter and correlating with CD27 expression on
lymphoma cells (Goto et al., 2012; Kato et al., 2007; Nilsson et al.,
2005; Tadmor & Polliack, 2012). Contrarily to its correlation with out-
come in hematological malignancies, no effect on overall survival was
found in patients with prostate cancer. Moreover, these patients pre-
sented a lower pool of serum sCD27 compared to healthy donors
(Huang et al., 2013). Notably, sCD27 did show potential as a prognostic
marker in non-small cell lung cancer whereby elevated sCD27 levels
correlated with reduced overall survival and progression free survival
(Jacobs et al., 2015). In order to evaluate the potential use of sCD27 as

Table 1 (continued)

Malignancy Reference IHC method CD70 antibody CD70 expression Threshold for
CD70 positivity

CD70+/total Percentage CD70+

Adenocarcinoma Jacobs et al., 2015 IHC-FFPE 4B12 3/32 9% 10%
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 17/172 10% 1%

Squamous carcinoma Jacobs et al., 2015 IHC-FFPE 4B12 4/15 27% 10%
Neuro-endocrine carcinoma Jacobs et al., 2015 IHC-FFPE 4B12 1/1 100% 10%
Thymic carcinoma

Hishima et al., 2000 IHC-Fr mAb HNE5.1 8/27 30% 1%
Melanoma

Adam et al., 2006 IHC-Fr mAb HNE5.1 0/1 0% n.s.
Ryan et al., 2010 IHC-FFPE 1C1/5D12Ab 15/96 16% 1%

Abbreviations: IHC, immunohistochemistry; FFPE, formalin-fixed paraffin embedded; Fr, frozen; ISH, in situ hybridization; mAb, monoclonal antibody; n.s., not specified; EBV,
Epstein–Barr virus; CAEBV, chronic active EBV-infection; NPC, nasopharyngeal carcinoma; v, value.
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Acute myeloid leukemia (AML) is driven by leukemia stem 
cells (LSCs) that resist conventional chemotherapy and are the 
major cause of relapse1,2. Hypomethylating agents (HMAs) are 
the standard of care in the treatment of older or unfit patients 
with AML, but responses are modest and not durable3–5. Here 
we demonstrate that LSCs upregulate the tumor necrosis fac-
tor family ligand CD70 in response to HMA treatment result-
ing in increased CD70/CD27 signaling. Blocking CD70/CD27 
signaling and targeting CD70-expressing LSCs with cusatu-
zumab, a human αCD70 monoclonal antibody with enhanced 
antibody-dependent cellular cytotoxicity activity, eliminated 
LSCs in vitro and in xenotransplantation experiments. Based 
on these preclinical results, we performed a phase 1/2 trial 
in previously untreated older patients with AML with a sin-
gle dose of cusatuzumab monotherapy followed by a combi-
nation therapy with the HMA azacitidine (NCT03030612). 
We report results from the phase 1 dose escalation part of 
the clinical trial. Hematological responses in the 12 patients 
enrolled included 8 complete remission, 2 complete remission 
with incomplete blood count recovery and 2 partial remission 
with 4 patients achieving minimal residual disease negativity 
by flow cytometry at <10−3. Median time to response was 3.3 
months. Median progression-free survival was not reached 
yet at the time of the data cutoff. No dose-limiting toxicities 
were reported and the maximum tolerated dose of cusatu-
zumab was not reached. Importantly, cusatuzumab treatment 
substantially reduced LSCs and triggered gene signatures 
related to myeloid differentiation and apoptosis.

The tumor necrosis factor (TNF) receptor ligand CD70 is 
transiently upregulated on immune cells upon activation but is 
not expressed in normal tissue and on hematopoietic cells dur-
ing homeostasis6,7. However, CD70 is expressed on various solid 
tumors and on non-Hodgkin lymphomas; its expression correlates 
with poor survival8–10. We recently demonstrated that CD34+ AML 
cells (progenitors and LSCs) consistently express CD70 as well as 
its receptor CD27 and that cell-autonomous CD70/CD27 signal-
ing propagates the disease11. The promoter of CD70 is sensitive to  

methylation11,12. To analyze whether HMA treatment results in upreg-
ulation of CD70 on LSCs, bone marrow Lin−CD90−CD34+CD38− 
LSCs1 from patients newly diagnosed with AML (Supplementary 
Table 1 and Supplementary Fig. 1a) were cultured in the presence and 
absence of a pharmacological concentration of decitabine or azaciti-
dine13,14. HMA treatment reduced LSC numbers by approximately 
45%, independent of the risk category15 (Supplementary Fig. 1b). 
HMA-resistant LSCs had a significantly higher expression of CD70 
than vehicle-treated control samples (Fig. 1a and Supplementary 
Fig. 1c,d). In contrast, HMA treatment reduced the numbers of 
Lin−CD90−CD34+CD38+ blasts and Lin−CD90+CD34+CD38− 
hematopoietic stem cells (HSCs) from normal control bone mar-
row (Ctrl) without increasing CD70 expression (Fig. 1a and 
Supplementary Fig. 1b,d,e). Similarly, HMA treatment did not 
affect CD70 expression on natural killer (NK) cells and dendritic 
cells derived from the peripheral blood of healthy donors, two cell 
populations with reported transient CD70 expression during activa-
tion (Supplementary Fig. 1f,g) (ref. 7).

HMA treatment increased CD70 expression on LSCs but not 
lymphocytes in the peripheral blood of patients with AML (Fig. 1b,c 
and Supplementary Fig. 1h). CD70 expression on AML LSCs cor-
related negatively with the degree of methylation of the CD70 pro-
moter (Fig. 1d). In contrast, the CD70 promoter of HSCs showed 
only a moderate degree of methylation (Supplementary Fig. 1i). 
Treatment of Lin−CD90−CD34+ AML cells in vitro with HMA sig-
nificantly reduced the methylation of the CD70 promoter (Fig. 1e). 
The CD70 promoter contains binding sites for various transcription 
factors, such as specificity protein 1 (SP-1) (ref. 16). SP-1 expression 
was upregulated in Lin−CD90−CD34+ AML cells after treatment 
with HMAs, whereas miR-29b, a negative regulator of SP-1 (ref. 17), 
was expressed at lower levels (Fig. 1f,g). Overall, these data indicate 
that HMAs induce CD70 expression in leukemia stem/progeni-
tor cells (LSPCs) by demethylation of the CD70 promoter and by 
downregulating miR-29b levels, which results in the upregulation of 
the transcription factor SP-1.

Ligation of CD27 on LSCs by CD70 induces Wnt pathway 
activation, symmetric cell division and thereby maintains and 
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cells (LSCs) that resist conventional chemotherapy and are the 
major cause of relapse1,2. Hypomethylating agents (HMAs) are 
the standard of care in the treatment of older or unfit patients 
with AML, but responses are modest and not durable3–5. Here 
we demonstrate that LSCs upregulate the tumor necrosis fac-
tor family ligand CD70 in response to HMA treatment result-
ing in increased CD70/CD27 signaling. Blocking CD70/CD27 
signaling and targeting CD70-expressing LSCs with cusatu-
zumab, a human αCD70 monoclonal antibody with enhanced 
antibody-dependent cellular cytotoxicity activity, eliminated 
LSCs in vitro and in xenotransplantation experiments. Based 
on these preclinical results, we performed a phase 1/2 trial 
in previously untreated older patients with AML with a sin-
gle dose of cusatuzumab monotherapy followed by a combi-
nation therapy with the HMA azacitidine (NCT03030612). 
We report results from the phase 1 dose escalation part of 
the clinical trial. Hematological responses in the 12 patients 
enrolled included 8 complete remission, 2 complete remission 
with incomplete blood count recovery and 2 partial remission 
with 4 patients achieving minimal residual disease negativity 
by flow cytometry at <10−3. Median time to response was 3.3 
months. Median progression-free survival was not reached 
yet at the time of the data cutoff. No dose-limiting toxicities 
were reported and the maximum tolerated dose of cusatu-
zumab was not reached. Importantly, cusatuzumab treatment 
substantially reduced LSCs and triggered gene signatures 
related to myeloid differentiation and apoptosis.

The tumor necrosis factor (TNF) receptor ligand CD70 is 
transiently upregulated on immune cells upon activation but is 
not expressed in normal tissue and on hematopoietic cells dur-
ing homeostasis6,7. However, CD70 is expressed on various solid 
tumors and on non-Hodgkin lymphomas; its expression correlates 
with poor survival8–10. We recently demonstrated that CD34+ AML 
cells (progenitors and LSCs) consistently express CD70 as well as 
its receptor CD27 and that cell-autonomous CD70/CD27 signal-
ing propagates the disease11. The promoter of CD70 is sensitive to  

methylation11,12. To analyze whether HMA treatment results in upreg-
ulation of CD70 on LSCs, bone marrow Lin−CD90−CD34+CD38− 
LSCs1 from patients newly diagnosed with AML (Supplementary 
Table 1 and Supplementary Fig. 1a) were cultured in the presence and 
absence of a pharmacological concentration of decitabine or azaciti-
dine13,14. HMA treatment reduced LSC numbers by approximately 
45%, independent of the risk category15 (Supplementary Fig. 1b). 
HMA-resistant LSCs had a significantly higher expression of CD70 
than vehicle-treated control samples (Fig. 1a and Supplementary 
Fig. 1c,d). In contrast, HMA treatment reduced the numbers of 
Lin−CD90−CD34+CD38+ blasts and Lin−CD90+CD34+CD38− 
hematopoietic stem cells (HSCs) from normal control bone mar-
row (Ctrl) without increasing CD70 expression (Fig. 1a and 
Supplementary Fig. 1b,d,e). Similarly, HMA treatment did not 
affect CD70 expression on natural killer (NK) cells and dendritic 
cells derived from the peripheral blood of healthy donors, two cell 
populations with reported transient CD70 expression during activa-
tion (Supplementary Fig. 1f,g) (ref. 7).

HMA treatment increased CD70 expression on LSCs but not 
lymphocytes in the peripheral blood of patients with AML (Fig. 1b,c 
and Supplementary Fig. 1h). CD70 expression on AML LSCs cor-
related negatively with the degree of methylation of the CD70 pro-
moter (Fig. 1d). In contrast, the CD70 promoter of HSCs showed 
only a moderate degree of methylation (Supplementary Fig. 1i). 
Treatment of Lin−CD90−CD34+ AML cells in vitro with HMA sig-
nificantly reduced the methylation of the CD70 promoter (Fig. 1e). 
The CD70 promoter contains binding sites for various transcription 
factors, such as specificity protein 1 (SP-1) (ref. 16). SP-1 expression 
was upregulated in Lin−CD90−CD34+ AML cells after treatment 
with HMAs, whereas miR-29b, a negative regulator of SP-1 (ref. 17), 
was expressed at lower levels (Fig. 1f,g). Overall, these data indicate 
that HMAs induce CD70 expression in leukemia stem/progeni-
tor cells (LSPCs) by demethylation of the CD70 promoter and by 
downregulating miR-29b levels, which results in the upregulation of 
the transcription factor SP-1.
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αCD70 and decitabine monotherapy significantly reduced leu-
kemic engraftment in the bone marrow, spleen and blood com-
pared to vehicle-treated AML mice (Supplementary Fig. 2e,f, data 
not shown). Importantly, cotreatment synergistically reduced the 
engraftment of CD45+Lin−CD34−  and CD45+Lin−CD34+ AML 
cells and CD45+Lin−CD34+CD38−  LSCs in the bone marrow  
(Fig. 1l,m and Supplementary Fig. 2g,h). Similarly, the more primi-
tive CD45RA-expressing LSCs20 were reduced after combination 
treatment (Supplementary Fig. 2i). Decitabine monotherapy had no 
effect on LSC numbers (Fig. 1m and Supplementary Fig. 2h). Bone 
marrow cells from αCD70/decitabine-treated mice formed signifi-
cantly fewer colonies in methylcellulose compared to either mono-
therapy or untreated controls (Fig. 1n), indicating that AML LSPCs 
were reduced by αCD70/decitabine treatment. Extreme limiting 
dilution analysis (ELDA)21 from the bone marrow of primary PDX 
AML mice to NSG mice revealed that αCD70/decitabine cotreat-
ment significantly reduced human AML LSCs in PDX mice com-
pared to either monotherapy, as indicated by a substantial reduction 
in LSC frequency by a factor of 2.9 and 11 in patients P10 and P25, 
respectively (Fig. 1o and Supplementary Table 2). The PDX results 
indicate that HMA treatment increased CD70 expression and pro-
moted consecutive CD70/CD27 signaling. The combination with 
blocking αCD70 mAb synergistically reduced LSC numbers in vivo.

Next, we analyzed whether targeting CD70 with the 
antibody-dependent cellular cytotoxicity activity (ADCC)-enhanced 
αCD70 mAb cusatuzumab reduces LSPCs more efficiently than the 
blocking αCD70 mAb. In the absence of NK cells, cusatuzumab dem-
onstrated a similar capacity in reducing colony formation in vitro as 
the blocking αCD70 mAb. In the presence of NK cells, cusatuzumab 
but not 41D12-D mAb treatment further reduced colony formation 
(Fig. 2a). In contrast, cusatuzumab did not affect colony formation 
of HSCs from normal control bone marrow (Fig. 2b). To validate 
our findings in vivo, PDX AML mice were treated either with con-
trol mAb, αCD70 mAb or cusatuzumab (Fig. 2c). Cusatuzumab was 
similarly effective in reducing leukemia cell engraftment and LSC 
numbers as the blocking αCD70 mAb in the absence of NK cells. 
However, in the presence of NK cells, cusatuzumab further reduced 
leukemia engraftment and LSC numbers in the bone marrow and 
spleen (Fig. 2d,e and Supplementary Fig. 3a–c). The reduction in 
LSPC numbers in the bone marrow was functionally confirmed by 
colony-forming assays ex vivo (Fig. 2f).

CD70 upregulation by HMA may render LSCs even more sus-
ceptible to direct cytolytic interventions. To test this hypothesis, 
we performed a drug combination study according to the Chou–
Talalay method22. Decitabine increased CD70 expression and, 
in combination with cusatuzumab in the presence of NK cells,  
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αCD70 and decitabine monotherapy significantly reduced leu-
kemic engraftment in the bone marrow, spleen and blood com-
pared to vehicle-treated AML mice (Supplementary Fig. 2e,f, data 
not shown). Importantly, cotreatment synergistically reduced the 
engraftment of CD45+Lin−CD34−  and CD45+Lin−CD34+ AML 
cells and CD45+Lin−CD34+CD38−  LSCs in the bone marrow  
(Fig. 1l,m and Supplementary Fig. 2g,h). Similarly, the more primi-
tive CD45RA-expressing LSCs20 were reduced after combination 
treatment (Supplementary Fig. 2i). Decitabine monotherapy had no 
effect on LSC numbers (Fig. 1m and Supplementary Fig. 2h). Bone 
marrow cells from αCD70/decitabine-treated mice formed signifi-
cantly fewer colonies in methylcellulose compared to either mono-
therapy or untreated controls (Fig. 1n), indicating that AML LSPCs 
were reduced by αCD70/decitabine treatment. Extreme limiting 
dilution analysis (ELDA)21 from the bone marrow of primary PDX 
AML mice to NSG mice revealed that αCD70/decitabine cotreat-
ment significantly reduced human AML LSCs in PDX mice com-
pared to either monotherapy, as indicated by a substantial reduction 
in LSC frequency by a factor of 2.9 and 11 in patients P10 and P25, 
respectively (Fig. 1o and Supplementary Table 2). The PDX results 
indicate that HMA treatment increased CD70 expression and pro-
moted consecutive CD70/CD27 signaling. The combination with 
blocking αCD70 mAb synergistically reduced LSC numbers in vivo.

Next, we analyzed whether targeting CD70 with the 
antibody-dependent cellular cytotoxicity activity (ADCC)-enhanced 
αCD70 mAb cusatuzumab reduces LSPCs more efficiently than the 
blocking αCD70 mAb. In the absence of NK cells, cusatuzumab dem-
onstrated a similar capacity in reducing colony formation in vitro as 
the blocking αCD70 mAb. In the presence of NK cells, cusatuzumab 
but not 41D12-D mAb treatment further reduced colony formation 
(Fig. 2a). In contrast, cusatuzumab did not affect colony formation 
of HSCs from normal control bone marrow (Fig. 2b). To validate 
our findings in vivo, PDX AML mice were treated either with con-
trol mAb, αCD70 mAb or cusatuzumab (Fig. 2c). Cusatuzumab was 
similarly effective in reducing leukemia cell engraftment and LSC 
numbers as the blocking αCD70 mAb in the absence of NK cells. 
However, in the presence of NK cells, cusatuzumab further reduced 
leukemia engraftment and LSC numbers in the bone marrow and 
spleen (Fig. 2d,e and Supplementary Fig. 3a–c). The reduction in 
LSPC numbers in the bone marrow was functionally confirmed by 
colony-forming assays ex vivo (Fig. 2f).

CD70 upregulation by HMA may render LSCs even more sus-
ceptible to direct cytolytic interventions. To test this hypothesis, 
we performed a drug combination study according to the Chou–
Talalay method22. Decitabine increased CD70 expression and, 
in combination with cusatuzumab in the presence of NK cells,  
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αCD70 and decitabine monotherapy significantly reduced leu-
kemic engraftment in the bone marrow, spleen and blood com-
pared to vehicle-treated AML mice (Supplementary Fig. 2e,f, data 
not shown). Importantly, cotreatment synergistically reduced the 
engraftment of CD45+Lin−CD34−  and CD45+Lin−CD34+ AML 
cells and CD45+Lin−CD34+CD38−  LSCs in the bone marrow  
(Fig. 1l,m and Supplementary Fig. 2g,h). Similarly, the more primi-
tive CD45RA-expressing LSCs20 were reduced after combination 
treatment (Supplementary Fig. 2i). Decitabine monotherapy had no 
effect on LSC numbers (Fig. 1m and Supplementary Fig. 2h). Bone 
marrow cells from αCD70/decitabine-treated mice formed signifi-
cantly fewer colonies in methylcellulose compared to either mono-
therapy or untreated controls (Fig. 1n), indicating that AML LSPCs 
were reduced by αCD70/decitabine treatment. Extreme limiting 
dilution analysis (ELDA)21 from the bone marrow of primary PDX 
AML mice to NSG mice revealed that αCD70/decitabine cotreat-
ment significantly reduced human AML LSCs in PDX mice com-
pared to either monotherapy, as indicated by a substantial reduction 
in LSC frequency by a factor of 2.9 and 11 in patients P10 and P25, 
respectively (Fig. 1o and Supplementary Table 2). The PDX results 
indicate that HMA treatment increased CD70 expression and pro-
moted consecutive CD70/CD27 signaling. The combination with 
blocking αCD70 mAb synergistically reduced LSC numbers in vivo.

Next, we analyzed whether targeting CD70 with the 
antibody-dependent cellular cytotoxicity activity (ADCC)-enhanced 
αCD70 mAb cusatuzumab reduces LSPCs more efficiently than the 
blocking αCD70 mAb. In the absence of NK cells, cusatuzumab dem-
onstrated a similar capacity in reducing colony formation in vitro as 
the blocking αCD70 mAb. In the presence of NK cells, cusatuzumab 
but not 41D12-D mAb treatment further reduced colony formation 
(Fig. 2a). In contrast, cusatuzumab did not affect colony formation 
of HSCs from normal control bone marrow (Fig. 2b). To validate 
our findings in vivo, PDX AML mice were treated either with con-
trol mAb, αCD70 mAb or cusatuzumab (Fig. 2c). Cusatuzumab was 
similarly effective in reducing leukemia cell engraftment and LSC 
numbers as the blocking αCD70 mAb in the absence of NK cells. 
However, in the presence of NK cells, cusatuzumab further reduced 
leukemia engraftment and LSC numbers in the bone marrow and 
spleen (Fig. 2d,e and Supplementary Fig. 3a–c). The reduction in 
LSPC numbers in the bone marrow was functionally confirmed by 
colony-forming assays ex vivo (Fig. 2f).

CD70 upregulation by HMA may render LSCs even more sus-
ceptible to direct cytolytic interventions. To test this hypothesis, 
we performed a drug combination study according to the Chou–
Talalay method22. Decitabine increased CD70 expression and, 
in combination with cusatuzumab in the presence of NK cells,  
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Fig. 3 | Treatment schedule and response. a, Treatment schedule for untreated patients with AML treated with different concentrations of cusatuzumab 
and azacitidine; 1, 3, 10 and 20!mg!kg− 1 cusatuzumab was given intravenously every second week. Azacitidine was administered subcutaneously at a 
dose of 75!mg!m− 2 for 7 consecutive days every 4 weeks. b, Swimmer plot illustrating the response and outcome of patients with AML treated with 
cusatuzumab in combination with azacitidine. Adv., adverse risk; Fav., favorable risk; Int., intermediate risk. c, Pie chart summarizing the treatment 
responses. d, Pie chart summarizing the MRD assessments in the bone marrow of CR/CRi patients. MRD status is shown for only 9 out of 10 patients in 
CR/CRi. The bone marrow of patient C9 could not be assessed for MRD status due to a short follow-up (Supplementary Table 8). e, Frequency of bone 
marrow blasts as determined by cytomorphology at day –14, C1D1 and BR (n!=!12 patients). The bone marrow blasts for patient C12 at time point of best 
response (BR) are not shown because assessment was not possible due to hypocellular bone marrow. Significance was determined using a two-sided 
paired t-test. f, Representative cytomorphology for patient C2 at day –14, C1D1 and BR. The cytomorphology of all samples was assessed once. Scale bar, 
10!μm. Data are presented as the mean!±!s.d. Only statistically significant differences are shown.
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Near future: BCL2 + TKI ± HMA Combinations
» Gilteritinib + venetoclax[1]

– Multiple US centers, phase 1 dose escalation; 52 patients
» Quizartinib + venetoclax[2]

– MDACC, phase 1b/2; 32 patients
– MRD endpoint - change in FLT-ITD allelic burden

» Quizartinib + venetoclax + decitabine[3]

– MDACC, Phase 1/2; 52 patients
» Gilteritinib + venetoclax + azacytidine[4]

– MDACC, phase 1/2; 42 patients
1. NCT03625505. 2. NCT03735875. 3. NCT03661307. 4. NCT04140487. 
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