
 

1 

 

Flotetuzumab as Salvage Immunotherapy for Refractory Acute Myeloid Leukemia 

Geoffrey L. Uy,1 Ibrahim Aldoss,2 Matthew C. Foster,3 Peter H. Sayre,4 Matthew J. Wieduwilt,5 

Anjali S. Advani,6 John E. Godwin,7 Martha L. Arellano,8 Kendra L. Sweet,9 Ashkan Emadi,10 

Farhad Ravandi,11 Harry P. Erba,12 Michael Byrne,13 Laura Michaelis,14 Max S. Topp,15 Norbert 

Vey,16 Fabio Ciceri,17 Matteo Giovanni Carrabba,17 Stefania Paolini,18 Gerwin A. Huls,19 Mojca 

Jongen-Lavrencic,20 Martin Wermke,21 Patrice Chevallier,22 Emmanuel Gyan,23 Christian 

Recher,24 Patrick J. Stiff,25 Kristen M. Pettit,26 Bob Löwenberg,20 Sarah E. Church,27 Erica 

Anderson,28 Jayakumar Vadakekolathu,29 Marianne Santaguida,28 Michael P. Rettig,1 John 

Muth,30 Teia Curtis,30 Erin Fehr,30 Kuo Guo,30 Jian Zhao,30 Ouiam Bakkacha,30 Kenneth 

Jacobs,30 Kathy Tran,30 Patrick Kaminker,30 Maya Kostova,30 Ezio Bonvini,30 Roland B. 

Walter,31 Jan K. Davidson-Moncada,30 Sergio Rutella,29,32,* John F. DiPersio1 

 
1Department of Medicine, Washington University School of Medicine, Saint Louis, MO 
2Gehr Family Center for Leukemia Research, City of Hope, Duarte, CA 
3Lineberger Comprehensive Cancer Center, University of North Carolina, Chapel Hill, NC 
4Division of Hematology and Blood and Marrow Transplantation, University of California San 
Francisco, San Francisco, CA 
5Moores Cancer Center, University of California, San Diego, La Jolla, CA 
6Leukemia Program, Department of Hematology and Medical Oncology, Taussig Cancer 
Institute, Cleveland Clinic, Cleveland, OH 
7Providence Cancer Institute, Portland, OR 
8Winship Cancer Institute, Winship Cancer Institute of Emory University, Atlanta, GA 
9Department of Malignant Hematology, H. Lee Moffitt Cancer Center, Tampa, FL 
10University of Maryland, School of Medicine, Marlene & Stewart Greenebaum Cancer, 
Baltimore, MD 
11Department of Leukemia, The University of Texas MD Anderson Cancer Center, Houston, 
TX 
12Dept. of Medicine, Division of Hematological Malignancies and Cellular Therapy, Duke 
University Medical Centre, Durham, NC 
13Vanderbilt University, Nashville, TN 
14Medical College of Wisconsin, Milwaukee, WI 
15Medizinische Klinik Und Poliklinik II, Universitätsklinikum Würzburg, Würzburg, Germany 
16Hematologie Clinique, Institut Paoli-Calmettes, Marseille, France 
17Hematology and Bone Marrow Transplantation Unit, IRCCS San Raffaele Scientific Institute, 
Milano, Italy 
18Department of Experimental, Diagnostic and Specialty Medicine, Institute of Hematology "L. 
and A. Seràgnoli", University of Bologna, Bologna, Italy 
19Hematology, University Medical Center Groningen, Groningen, Netherlands 
20Department of Hematology, Erasmus University Medical Center, Rotterdam, Netherlands 
21Universitätsklinikum Carl Gustav Carus an der Technische Universität, Dresden, Germany 
22Centre Hospitalier Universitaire de Toulouse, Institut Universitaire du Cancer Toulouse 
Oncopole, Toulouse, France 
23Centre Hospitalier Universitaire de Nantes, Nantes, France 



 

2 

 

24CHRU de Tours - Hôpital Bretonneau, Tours, France 
25Loyola University Medical Center, Maywood, IL 
26Michigan Medicine Bone Marrow Transplant and Leukemia | C. S. Mott Children's Hospital, 
MI 
27NanoString Technologies Inc., Seattle, WA 
28Notable Labs, Foster City, CA 
29John van Geest Cancer Research Centre, School of Science and Technology, Nottingham 
Trent University, Nottingham, United Kingdom 
30MacroGenics Inc., Rockville, MD 
31Fred Hutchinson Cancer Research Center, Seattle, WA 
32Centre for Health, Ageing and Understanding Disease (CHAUD), School of Science and 
Technology, Nottingham Trent University, Nottingham, United Kingdom 
 
 
Word count: 4860 
 
 
Running title: Flotetuzumab for relapsed/refractory AML. 
 
 
*Correspondence to: 
Sergio Rutella, MD PhD FRCPath 
Professor of Cancer Immunotherapy 
John van Geest Cancer Research Centre 
Nottingham Trent University 
Clifton Campus, NG11 8NS Nottingham, United Kingdom 
E-mail: sergio.rutella@ntu.ac.uk 
 
 
 
 
 
 
  



 

3 

 

Key Point 1: Flotetuzumab is associated with acceptable safety and evidence of activity in 
AML patients with primary induction failure/early relapse. 
 
Key Point 2: A 10-gene immune signature predicts response to flotetuzumab with greater 
accuracy than the ELN risk classifier. 
 
 
ABSTRACT 
Despite recent advancements, approximately 50% of patients with acute myeloid leukemia 

(AML) do not respond to induction therapy (primary induction failure, PIF) or relapse after <6 

months (early relapse, ER). We have recently shown an association between an immune-

infiltrated tumor microenvironment (TME) and resistance to cytarabine-based chemotherapy 

but responsiveness to flotetuzumab, a bispecific DART® antibody-based molecule to CD3ε 

and CD123. 

This study reports the results of a multicenter, open-label, phase 1/2 study of flotetuzumab in 

adults with relapsed/refractory AML. Eighty-eight AML patients were enrolled, 42 in dose-

finding and 46 at the recommended phase 2 dose (RP2D) of 500ng/kg/day. Consistent with 

flotetuzumab’s mode of action, the most frequent adverse events were infusion-related 

reactions (IRR)/cytokine release syndrome (CRS), the majority as grade 1-2. Stepwise dosing 

during week 1, pre-treatment dexamethasone, prompt use of tocilizumab and temporary dose 

reductions/interruptions successfully prevented severe IRR/CRS, resulting in acceptable 

tolerability. Clinical benefit accrued to PIF/ER AML patients, who showed an immune-

infiltrated TME. Among 30 PIF/ER patients treated at the RP2D, the CR/CRh rate was 26.7%, 

with an overall response rate (CR/CRh/CRi) of 30.0%. In PIF/ER patients who achieved 

CR/CRh, median OS was 10.2 months (range 1.87-27.27), with 6- and 12-month survival rates 

of 75% (95%CI, 0.450-1.05) and 50% (95%CI, 0.154-0.846). Bone marrow transcriptomic 

analysis showed that a parsimonious 10-gene signature predicted complete responses to 

flotetuzumab (AUROC=0.904 versus 0.672 for the ELN risk classifier). 

Flotetuzumab represents an innovative experimental approach associated with acceptable 

safety and encouraging evidence of activity in PIF/ER AML patients. 

Trial registration number: NCT02152956. 

 

 

 

 
INTRODUCTION  
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Acute myeloid leukemia (AML) is a highly heterogeneous disease.1 Despite the recent 

approval of several new drugs, cure rates remain largely unsatisfactory, with the majority of 

patients being either refractory to currently available therapeutics or relapsing after achieving 

remission.1,2 Primary refractory and relapsed (R/R) AML are usually treated as one single 

clinical entity, even though the probability of success of subsequent salvage therapy differs 

substantially between affected individuals.3-8 Particularly poor outcomes have been observed 

in patients with primary induction failure (PIF) or those with an initial remission duration of <6 

months (early relapse, ER). Differences in outcomes have been recently associated with 

immune transcriptomic profiles of the tumor microenvironment (TME) that stratifies AML cases 

into an immune-infiltrated and immune-depleted subgroup, with the former being enriched in 

interferon (IFN)-g-related mRNA profiles and showing resistance to cytotoxic chemotherapy 

but an enhanced probability of response to immunotherapy.9 

Given the success of bispecific antibodies, including the T cell-engaging single-chain antibody 

construct blinatumomab, in the treatment of B-cell malignancies,10,11 similar therapeutic 

approaches are being developed in AML. CD123, the low affinity interleukin-3 receptor a 

subunit (IL3RA), is expressed in 60-80% of patients with AML.12-15 What makes CD123 

particularly appealing as a therapeutic target in AML is not only that high expression of CD123 

is enriched in PIF/ER AML patients but also that high CD123 on AML blasts is associated with 

poor outcomes.16-18 Although CD123 is not specifically expressed in putative AML progenitor 

and stem cells, its targeting could lead to the eradication of leukemia stem cell pools.16 

Flotetuzumab (MGD006) is an investigational bispecific antibody-based molecule to CD3ε and 

CD123 engineered in a DART® format.19 CD3-engaging bispecific molecules bind both tumor 

and effector cells to promote an immunologic synapse and redirect polyclonal effectors to kill 

tumor cells in an MHC-independent fashion. In preclinical models, flotetuzumab mediated 

target-effector cell association, T-cell activation and proliferation, and potent killing of CD123+ 
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AML blasts in vitro and in vivo.20,21 Herein, we report the results of a phase 1/2 study of 

flotetuzumab in R/R AML. Furthermore, given the preliminary evidence of an association 

between an immune-infiltrated TME and responsiveness to flotetuzumab that we recently 

reported,9 we explored this agent’s activity specifically in the PIF/ER AML subset. 
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METHODS 

 

Study design 

This open-label, multi-dose, single-arm, multi-center, phase 1/2, dose escalation study was 

designed by the Sponsor (MacroGenics Inc.) in collaboration with the investigators to evaluate 

the toxicity profile, maximum tolerated dose (MTD), immunogenicity, pharmacokinetic (PK), 

and potential anti-tumor activity of flotetuzumab in patients with R/R AML or intermediate-

2/high risk MDS. The trial (NCT02152956) was approved by the Institutional Review Boards 

of participating centers and was conducted according to the International Conference on 

Harmonization (ICH) Guideline for Good Clinical Practice (ICH E6), all applicable local and 

national regulations, and in accordance with the ethical principles of the Declaration of 

Helsinki. All participants provided written informed consent prior to enrollment. 

The trial was conducted as a standard 3+3 dose escalation study with expansion of the studied 

population at the protocol defined MTD (500ng/kg/day administered as a continuous infusion) 

(Fig. S1).   

Two dosing schedules were tested during the dose escalation part of the trial, intermittent 

dosing of 4 days on/3 days off per week and continuous 7-day infusion (CIV), at each target 

dose. The highest dose that was tested in the clinic was 700 ng/kg/day, at which dose 8 AML 

patients were treated, 5 on a 4 days on/3 days off per week schedule and 3 on a CIV schedule. 

Overall, this dose level exceeded the MTD, as evidenced by dose limiting toxicity: 1 event of 

Grade 3 delirium, 1 event of Grade 3 acute confusional state and 1 event of Grade 3 CRS. At 

this dose, the high frequency and severity of the observed CRS and other AEs was in part 

managed by frequent dose reductions and dose interruptions, which had a significant impact 

on the dose intensity (DI, defined as the fraction of flotetuzumab delivered relative to the 

intended dose over time). The DI at the 700 ng/kg/day target dose level (post the lead-in dose 

[LID] phase) was 64.5% and 50.2%, for intermittent and CIV dosing, respectively, compared 
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with 85.7% and 57.2-64.5%, respectively, for the 500 ng/kg/day target dose after LID phase. 

PK and exposure-response analyses indicated that MGD006 exposure plateaus following the 

dose of 500 ng/kg/day (Fig. S2), with exposure at doses above 500 ng/kg/day remaining 

equivalent to the exposure observed at the 500 ng/kg/day dose level, owing to a 

disproportional decreased DI in the 700 ng/kg/day cohort. The goal of the LID step-up dosing 

was to mitigate CRS and, consequently, improve the DI throughout the dosing period. Once 

the dose of 500 ng/kg/day was determined as the MTD and specified as the recommended 

phase 2 dose (RP2D), a “multi-step LID” (MS-LID) scheme was introduced during Week 1 

Cycle 1. The MS-LID comprised the following dosing: 30, 60, 100, 200, 300, 400 ng/kg/day 

each for 24 hours, and on Day 7 the dose increased to 500 ng/kg/day and was administered 

as a continuous infusion for the remainder of Cycle 1. 

Overall the three LID schedules during Week 1 were as follows: 1-step LID (100 ng/kg/day on 

days 1-4, Cohort 2), 2-step LID (30 ng/kg/day on days 1-3 followed by 100 ng/kg/day), and 

MS-LID (Table S1). At the RP2D (500 ng/kg/day), 30 patients received the 2-step LID and 20 

patients received the MS-LID. 

The dosing regimens tested were intermittent dosing (4 days on/3 days off per week, Cohort 

2a) and continuous infusion dosing (Cohorts 7, expansion, and ruxolitinib). Impact of LID on 

CRS (Fig. 1B) and DI (Fig. 1C and Fig. 1D) is notably improved with multiple small step-up 

dosing. 

Consistent anti-leukemic activity and clinical responses were observed at the 500 ng/kg/day 

dose compared to doses below 500 ng/kg/day, where no MLFS, CRi, CRh or CR were noted. 

Balancing CRS incidence and severity with DI and anti-leukemic activity, the RP2D and 

schema was henceforth defined as: MS-LID of 30, 60, 100, 200, 300, 400 ng/kg/day for 24 

hours each for Days 1 through 6, followed by 500 ng/kg/day CIV from Days 7 to 28 (Cycle 1), 

with subsequent additional 28-day cycles not requiring a LID phase, and was used in the 

expansion phase of the study. 
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The primary objective was to determine the MTD and schedule of flotetuzumab and to 

characterize its dose-limiting toxicities (DLT). Secondary objectives included characterization 

of the PK and pharmacodynamic profile and clinical activity of flotetuzumab. Eligible patients 

were diagnosed with non-promyelocytic, R/R AML (according to WHO criteria) unlikely to 

benefit from cytotoxic chemotherapy defined as a) refractory to ≥ 2 induction attempts (primary 

induction failure; PIF); b) first relapse with an initial complete remission (CR) duration <6 

months (early relapse; ER); c) first relapse following an unsuccessful salvage attempt; d) 2nd 

relapse or higher, or e) prior failure of hypomethylating agents (HMA), defined as no evidence 

of response following a minimum of 4 cycles. Late relapse (LR) was defined as patients that 

achieved remission lasting ≥6 months following prior therapy. Documentation of CD123 

expression was not required for study inclusion. Details on study design and participants, 

including inclusion/exclusion criteria, study assessments, safety and efficacy criteria, and 

gene expression profiling are provided in the Supplementary Appendix and in previous 

publications.9,22 

 

Study assessments 

Results are analyzed for three populations: pharmacokinetic population, safety population, 

and response-evaluable population. The pharmacokinetic population includes all patients who 

received flotetuzumab and provided at least one quantifiable flotetuzumab concentration 

value. The population of patients for the assessment of safety included all AML patients who 

received at least 1 dose of flotetuzumab in any portion of the study. The primary safety 

analysis is based on pooled analysis of all diagnoses and dosing cohorts. Safety was also 

summarized for AML patients in the dose expansion phase treated at the RP2D of 500 

ng/kg/day, and for patients treated at RP2D that fit the criteria of PIF/ER. The response-

evaluable population includes all AML patients who received at least 1 dose of flotetuzumab 

in any portion of the study, had baseline BM assessment, and had at least 1 post-baseline 
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disease response assessment or discontinued treatment due to documented disease 

progression or death. 

Disease status was assessed by modified International Working Group (IWG) criteria.23 

Complete response was defined as CR, CR with partial hematological recovery (CRh), CR 

with incomplete hematological recovery (CRi) or morphological leukemia-free state (MLFS) at 

the end of cycle 1. Partial responses (PR) were defined as > 50% decrease in BM blasts from 

baseline to 5-25% at the end of cycle 1. Thus, if the pretreatment BM blast percentage was 50% 

to 100%, the percentage of blasts must decrease to a value between 5% and 25%; if the 

pretreatment BM blast percentage was 20% to less than 49%, the percentage of blasts must 

decrease by at least half to a value of more than 5%. 

Within the response-evaluable population, subgroup analyses were conducted based on 

disease status at study entry: PIF, early relapse (CR <6 months), and late relapse (CR >6 

months); number of lines of prior therapy (2, 3, 4, >4); age (≤70, > 70); primary versus 

secondary AML (treatment-related or history of antecedent hematological malignancy); and 

2017 European Leukemia-Net (ELN) risk classification.2  

 

Statistical methods 

Population PK (nonlinear mixed effects) modeling was used to evaluate flotetuzumab PK. 

Logistic regression was used to describe the relationship between flotetuzumab exposure 

(predicted mean cycle 1 concentration, Cmean) and probability of complete response. The rates 

of survival function estimates at 6 months and 1 year were also calculated. Binary logistic 

regression was used to ascertain the relative contribution of immune subtypes and other 

pretreatment covariates toward the predicted likelihood of anti-leukemic activity of 

flotetuzumab. A two-sided P value < 0.05 was considered to reflect statistically significant 

differences. 
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RESULTS 

 

Patient characteristics 

Eighty-eight AML patients were enrolled as of November 1st, 2019: 42 in the dose-

escalation/dose-finding segment, including 4 patients treated at the RP2D, and 46 in the RP2D 

expansion phase (Table 1). Of the 50 patients treated at the RP2D, 30 (60%) met criteria for 

PIF, of which 24/30 (80%) were refractory to ≥2 induction attempts and 6/30 (20%) were ER. 

The majority of PIF/ER patients (18/30, 60%) had adverse risk by ELN 2017 criteria and 12/30 

(40%) had secondary AML. Patients were heavily pretreated, with a median of 4 lines of prior 

therapy (range 1-9). The distribution of flotetuzumab cycles received is summarized in Table 

S2. 

 

Pharmacokinetic and dose-response analysis 

Flotetuzumab PK is linear and is described by a two-compartment model, albeit with inter-

individual and inter-occasion variability (Table S3). Anti-drug antibodies, which were 

measured on day 1 pre-infusion (cycle 1), on day 1 pre-infusion or prior to dose change, as 

applicable, during subsequent cycles and at end of treatment visit, were detected in only 1/88 

(0.9%) subjects initially enrolled, indicating little, if any, immunogenicity of 

flotetuzumab. Flotetuzumab exposure was optimal at 500 ng/kg/day (Fig. S2A), with a higher 

nominal dose of 700 mg/kg/day resulting in actual lower exposure due to dose reductions or 

interruptions to mitigate incidence and severity of IRR/CRS, which were graded as 

recommended by Lee and coworkers.24 Consistent with this observation, dose intensity 

decreased in the 700 ng/kg/day cohort compared to the 500 mg/kg/day cohort (Fig. S2B-D). 

  
Safety 
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In the primary safety analysis (n=88), irrespective of dose, the most common treatment-

emergent adverse events were IRR/CRS. Non-IRR/CRS treatment-emergent adverse events 

included peripheral edema (40.9%) and nausea (30.7%). The most common non-IRR/CRS 

treatment-emergent adverse events ≥ Grade 3 were cytopenias including anemia (28.4%), 

and decreased platelets (20.5%), lymphocytes and leukocytes (18.2%). The most prominent 

nonhematologic treatment-emergent adverse events ≥ Grade 3 included hypophosphatemia 

(14.8%) and hypokalemia (13.6%). IRR/CRS was the predominant treatment-related adverse 

event (TRAE) observed. The most common non-IRR/CRS treatment-related ≥ Grade 3 

adverse events (>10%) were cytopenias including decreased platelets (12.5%), lymphocytes, 

neutrophils and total white blood cell count (10.2%; Table 2). Seventy-seven percent of the 

patients (68/88) were neutropenic at baseline (absolute neutrophil count [ANC] < 1.0×103/µL. 

The median absolute neutrophil count and platelet count at baseline were 0.27×103/µL (range, 

0-12) and 36×103/µL (range, 2-452), respectively. Fourteen treatment-emergent adverse 

events of neutropenia were reported in 3/88 (3.4%) patients. Four events in 1 patient were 

deemed to be possibly related to flotetuzumab administration. Most prominent 

nonhematologic treatment related ≥ Grade 3 events included transient dyspnea (6.0%), 

myalgias (4.0%), C-reactive protein increase (4.0%) and alanine transaminase increase 

(4.0%). 

Three DLTs were observed among 8 AML patients receiving the highest dose (700 ng/kg/day) 

administered (1 event of Grade 3 delirium, 1 event of Grade 3 acute confusional state, and 1 

event of Grade 3 CRS). The MTD and RP2D was thus defined as 500 ng/kg/day administered 

continuously following a step-up LID during Cycle 1 Week 1.  

In RP2D treated patients in dose expansion (n=50), the most commonly observed treatment 

related event was IRR/CRS (96.0%), and nausea (26%). The most common treatment related 

≥ Grade 3 (>10%) in the RP2D population included anemia, decreased lymphocyte, white 
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blood cell, and platelet counts (14.0%; Table 2). The most commonly observed treatment-

emergent adverse events were comparable to the overall patient population, with IRR/CRS 

being the most common treatment-emergent adverse events and cytopenias being the most 

common treatment-emergent adverse events ≥ Grade 3. 

Neurologic AEs have been infrequent, with the most prominent event being grade 1 or grade 

2 headache in 10% (5/50) treated at the RP2D. Two grade 3 neurologic AEs were reported, 1 

headache and 1 episode or delirium, both were of short duration (1-4 days) and fully reversible 

with no clinical sequelae. 

 

Infusion-related reaction/cytokine release syndrome 

Of the patients with IRR/CRS, the majority (71/88, 81%) had mild to moderate 

signs/symptoms. Seven patients (8%) experienced Grade 3 events; no Grade 4/5 events were 

observed. A single episode of Grade 3 IRR/CRS was observed in each of 4 patients (4/50, 

8%) treated at the RP2D. Most IRR/CRS events (32%) occurred in the first week of treatment 

during step-up dosing and their incidence decreased each week during continuous dosing at 

500 ng/kg/day (27% in week 2, 11% in week 3, and 7% in week 4). IRR/CRS events decreased 

with ongoing treatment, irrespective of dose and LID scheme (Table S4). 

 

Mitigation of infusion-related reaction/cytokine release syndrome (IRR/CRS) 

Strategies employed to mitigate the incidence and severity of IRR/CRS included: step-up lead-

in dose (LID) schedules (Table S1), temporary dose reduction or interruption (Table S5), and 

the prompt use of tocilizumab. Optimal CRS mitigation was achieved through the 

implementation of gradual step-up in dose through a multi-step LID (MS-LID), which not only 

decreased the severity of IRR/CRS in the RP2D population but also improved mean dose 

intensity by minimizing dose reductions and interruptions (Fig. 1B, 1C, 1D). The median 
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duration of drug interruptions for IRR/CRS was 7.2 hours (range, 0.2-129 hours; n=102 events 

overall). 

Of the 78 doses of tocilizumab administered in 40 patients, 25 (32%) doses were given for 

Grade 1 IRR/CRS in 14 patients, 51 (65%) for Grade 2 IRR/CRS in 29 patients, and 2 (3%) 

doses for Grade 3 IRR/CRS in 2 patients. While tocilizumab use was recommended, some 

investigators opted not to use the drug promptly due to evidence of resolving CRS within two 

hours, as indicated in the guidelines for management of IRR/CRS (Table S5). A detailed 

comparison between patients that did and did not receive tocilizumab only for CRS 

management is shown in Table S6. Tocilizumab usage was associated with a decreased 

duration of IRR/CRS events with an average of 1.3 (range 1-3) versus 1.8 days (range 1-5; P 

= 0.0202; Fig. 1E). Consistent with previous observations and its mechanism of action, higher 

levels of IL-6 were observed for up to 6 days in tocilizumab-treated patients.  

Fifty-three out of 88 (60%) patients experienced IRR/CRS events that led to dose interruption, 

including 31/50 (62%) patients that received flotetuzumab at the RP2D. Most IRR/CRS events 

that resulted in dose interruptions in the RP2D population occurred in the first week of 

treatment, with fewer dose interruptions beyond the second week after reaching the target 

drug dose. Fewer dose adjustments were necessary with MS-LID than the 2-step LID (dose 

interruptions: 35% versus 67%; dose reductions: 69% versus 95%), contributing to the higher 

dose intensity observed with MS-LID. Notably, there were no Grade 3 IRR/CRS events with 

MS-LID compared to 11% patients treated with 2-step LID who experienced Grade 3 

IRR/CRS.  A total of 12 patients, 8 at the RP2D, received a total of 19 doses (median of 1 

dose [range 1-3]) of corticosteroids for the treatment of CRS, 2 for Grade 1 events, 10 for 

Grade 2 events, and 1 for a Grade 3 event. 

 

Myelosuppression 
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Preclinical data suggest that effective targeting of CD123+ cells may lead to profound 

myelosuppression.25 However, flotetuzumab, at concentrations equivalent to Cmax levels at 

500 ng/kg/day, had minimal in vitro effect on normal hematopoietic stem cells, megakaryocyte 

erythroid progenitors, granulocyte-myeloid progenitors or common myeloid progenitors (Fig. 

S3), consistent with previous in vivo reports in cynomolgus monkeys.21 In line with these 

preclinical data, we observed that 57% and 67% of patients who achieved response of CR or 

CRh, respectively, experienced recovery of peripheral blood counts even with continued 

flotetuzumab treatment (Table S7 and Table S8), suggesting that flotetuzumab as dosed in 

this study does not result in significant and prolonged suppression of normal hematopoiesis. 

 

Dose-limiting toxicities and recommended phase 2 dose and schema 

Three DLTs (Grade 3 delirium, Grade 3 acute confusion, Grade 3 CRS) were observed among 

8 AML patients receiving the highest dose administered (700 ng/kg/day), while a dose of 500 

ng/kg/day demonstrated manageable safety, with no DLTs observed among 13 patients 

treated during dose escalation. The RP2D dosing schema was defined as 500 ng/kg/day 

administered by continuous infusion following step-up lead-in dosing during first week of Cycle 

1 (detailed in Fig. 1A). 

 

Clinical efficacy 

Response in patients with primary induction failure and early relapse AML 

Of 88 AML subjects enrolled to receive any dose of flotetuzumab, 9 (10%) patients 

discontinued treatment within the first 2 weeks of treatment initiation, 2 patients withdrew 

consent, and 7 patients were withdrawn for non-treatment related adverse event (Table S9). 

The rate of CR or CRh was 11.7% (10/88), with an overall response rate (ORR: CR, CRh, 

CRi) of 13.6% (12/88). Circulating and BM blast reductions were noted at all doses tested; 

however, complete responses were observed among patients treated at the RP2D of 500 
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ng/kg/day (n=50) or higher. At the RP2D, a CR/CRh rate of 18% (9/50) and an ORR of 24% 

(12/50) were documented (Fig. 3A and Table 3). Furthermore, subgroup analysis of evaluable 

patients based on AML status at study entry showed increased flotetuzumab activity (≥50% 

BM blast reduction) in PIF/ER (43%, 12/28) as compared to LR (14%, 1/7) or HMA failure 

(30%, 3/10; Fig. 3A, Table 3 and Fig. S4). This observation is consistent with an increased 

probability of response to immunotherapy in patients with infiltrated/inflamed TME,9 a 

biomarker coincidental with the PIF/ER AML subgroup (see below). Indeed, with the exception 

of a single CR in a patient that failed HMA, all remaining 9 clinical responses (5, 3 and 1 CR, 

CRh and CRi, respectively, 30% ORR) occurred among the 30 patients that met criteria for 

PIF (n=24) or ER (n=6), while no responses were seen in 12 LR patients. Within the evaluable 

patients in the PIF/ER subgroup, ORR was 28.6% (8/28) for patients with non-favorable risk 

by ELN 2017 criteria (6/19 in patients with adverse and, 2/7 in patients with intermediate risk), 

and 40.0% (4/10) for secondary AML. Notably, more limited exposure to prior therapies was 

associated with greater likelihood of response to flotetuzumab, with an ORR of 56% (5/9) 

among patients with 2 lines of prior treatment as compared to an ORR of 0% among 7 patients 

with ≥5 lines of prior therapy (Table S10). While there was no relation between IRR/CRS 

severity and efficacy, the latter was associated with incidence of IRR/CRS events (Fig. 2). In 

line with previously published data,26 CRS severity did not correlate with disease burden 

(absolute AML blasts, % CD123 AML blasts), CD123 expression on AML blasts, monocyte 

levels or effector-to-target ratio in the peripheral blood. However, the frequency of circulating 

CD4+ T cells was significantly higher at baseline in patients who experienced Grade 2 or higher 

CRS compared with Grade 1 CRS (median 73% compared with median 47%, respectively; P 

= 0.0082). Response rate in post-HMA treated patients was 10.0% (1/10), with a very short 

duration of response. 
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Time to response, duration of response and survival 

Among RP2D patients, median follow-up on study was 0.8 months (range 0-25), median time-

to-first response was 0.84 months (range 0.8-2.1), and median overall survival (OS) was 3.2 

months (95% confidence interval [CI]: 2.10-6.47). For PIF/ER patients 6 and 12-month survival 

rates for PIF/ER (n=30) is 42% (0.237, 0.596) and 20% (0.025, 0.377), respectively. Patients 

achieving CR/CRh had a median duration of response of 6.9 months (range 1.1-26.4). Four 

out of 8 patients that attained a complete response underwent hematopoietic cell 

transplantation, 3 in CR and 1 in CRh (Fig. 3B). Median OS was 11.2 months (95%CI: 1.87-

not reached), and 6- and 12-month survival rates were 75% (95%CI, 0.450-1) and 50% 

(95%CI, 0.154-0.846), respectively. 

 

Biomarkers of response  

To identify potential predictor of response, several biomarkers were captured during the study 

and retrospectively analyzed. CD123 expression and receptor density on AML blasts was 

measured by quantitative flow cytometry. CD123 receptor density was higher in patients with 

PIF/ER compared with LR (P = 0.0283; Fig. S5A). However, no association between CD123 

expression and response to flotetuzumab was observed (Fig. S5B, S5C). Interestingly, in-

silico (GSE134589)9 analyses showed that CD123 expression correlated positively with ELN 

risk category (Fig. S6A), and with the expression of inflammatory chemokine genes (P = 

0.029) and IFN-g (P = 0.03; data not shown), and that higher CD123 mRNA is associated with 

PIF and ER in newly diagnosed AML (Fig. S6B). 

Immune gene signature scores, which were computed as previously published,9,27 were 

analyzed in a subgroup of 38 flotetuzumab-treated patients (Fig. 4A). As anticipated based 

on previous findings,9 patients with PIF/ER showed higher immune infiltration relative to LR 

patients (Fig. 4A). Evidence of complete response from flotetuzumab, defined as achieving 

either CR, CRh or CRi, was documented in 21%, 44.4% and 60% of patients with low, 
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intermediate and high immune infiltration, respectively (Fig. 4A and Fig. S7). Responses were 

not correlated with the patient’s molecular profile, as shown in Fig. 4B. Inflammatory 

chemokine and tumor inflammation signature (TIS) scores were higher in PIF/ER patients 

compared with LR patients (Fig. 4C). Furthermore, unsupervised hierarchical clustering of the 

expression of 770 immune-related genes in baseline BM samples showed evidence of 

complete response from flotetuzumab in 26.1%, 33.3% and 66.6% of patients with low, 

intermediate and high immune infiltration, respectively (Fig. 5A). By ranking the genes in the 

panel, we identified a parsimonious expression signature encompassing the top 10 genes 

associated with complete response to flotetuzumab (Fig. 5B). The expression of the 10-gene 

classifier, which was computed as the average sum of gene expression across the patient 

cohort, was higher in patients with heightened levels of BM immune infiltration (Fig. 5B; 

immune clusters defined as detailed in Fig. 4A and in previous publications9), including 

neutrophils, macrophages and myeloid cell types, and with inflammatory chemokines and 

other gene signature scores that reflect a T cell-inflamed, IFN-g-driven TME, such as the TIS 

score (Fig. 5C). The latter, correlated with the antigen processing machinery and inflammatory 

chemokine scores (P < 0.0001), suggesting the occurrence of antigen presentation and T cell 

chemoattraction in highly T cell-inflamed samples. The analysis of functional protein 

association networks revealed that the 10 genes associated with complete response were 

enriched in ontologies and pathways related to antigen binding and processing, VEGF-

activated receptor activity, Notch signaling, micro-RNA regulation in cancer and T helper type 

1 (Th1) and Th2 differentiation (Fig. 5D and Table S11). The ability of the unfavorable ELN 

risk category (adverse and intermediate) and the novel 10-gene signature score to predict 

complete response from flotetuzumab, either individually or in combination, is summarized in 

Fig. 5E. Notably, the 10-gene signature score had an AUROC value of 0.854 when considered 

alone and of 0.904 when in conjunction with the ELN risk category, compared with 0.672 for 

the ELN risk category alone (Table S12). 
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DISCUSSION 

 

Since its initial description as a putative marker of leukemic stem cells,20,21,28 there has been 

considerable interest in targeting the CD123 antigen in AML. In this report, we present the 

clinical results of a CD123-targeted immunotherapy for adults with R/R AML. The optimal 

target dose was determined to be 500 ng/kg/day after 1-week stepwise dose escalation. 

Similar to other to bispecific antibodies and CAR-T cells, IRR/CRS remain the most frequent 

and significant AEs observed following treatment with flotetuzumab. The frequency and 

severity of IRR/CRS may be increased compared to B-cell immunotherapies because of 

shared target antigen expression on monocytes and macrophages, both of which mediate IL-

6 production.29 In a recent study of autologous T cells transduced with a CD19-directed 

chimeric antigen receptor (CTL019) lentiviral vector, severe CRS developed in 27% of the 

patients treated.30 A subsequent clinical trial of CTL019 has reported a 46% incidence of grade 

3-4 CRS in pediatric R/R ALL with a median of 15 organ dysfunction days.31  

Stepwise dosing combined with pre-treatment dexamethasone, prompt use of tocilizumab and 

temporary dose reductions/interruptions were successful strategies to prevent severe 

IRR/CRS while maintaining dose intensity. While the short half-life of flotetuzumab requires 

administration under continuous intravenous infusion, which can be burdensome for patients 

and providers, it also affords the ability to manage CRS through fine dosing control before 

subjects experience severe events. Other approaches to further reduce the severity of 

IRR/CRS are currently under investigation. Blockade of IL-6 signaling through inhibition of the 

JAK/STAT pathway with ruxolitinib has been shown to ameliorate CRS in CAR-T murine 

models32 and is currently being clinically tested in combination with flotetuzumab.  

The findings from our first-in-human study with flotetuzumab indicate that this bispecific 

molecule provides a novel treatment option for PIF/ER AML. The clinical activity of 

flotetuzumab was primarily observed in patients with PIF/ER, with CR/CRh rates of 27% and 
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ORR of 30%. In PIF/ER AML patients who achieved CR or CRh, the median OS was 10.2 

months, with 6- and 12-month survival rates of 75% and 50%, respectively. 

The observation that benefit with flotetuzumab accrued to patients with PIF/ER is highly 

encouraging, because these chemotherapy-resistant leukemias have especially poor 

prognosis and limited treatment options. A retrospective analysis of published literature 

showed that the response rate to salvage chemotherapy regimens was ~12% for patients with 

PIF/ER,33 with subsequent lines of therapy being largely ineffective, and a median OS of only 

3 months.34 The observed response of patients with PIF/ER AML to flotetuzumab is consistent 

with the observation that an immune-infiltrated, IFN-g-dominant TME identifies patients less 

likely to respond to cytotoxic chemotherapy but more likely to respond to immunotherapy.9  

Further to this observation, the ability of a parsimonious 10-gene signature to predict complete 

responses from flotetuzumab further underscores the positive relationship between an 

immune-infiltrated TME and flotetuzumab’s mechanism of action. Genes in the signature 

included CD8B, immune checkpoint ICOS and NOTCH2, all of which reflect a T cell-driven 

and highly immunosuppressed TME that could be re-invigorated by flotetuzumab. In this 

respect, increased Notch signaling has been correlated with enhanced CD8 T-cell infiltration 

in patients with colorectal carcinoma and with inhibited T-cell responses.35 Furthermore, 

Notch2, but not Notch1 signaling, is critically required for the generation of cytotoxic T 

lymphocytes with anti-tumor activity in experimental models of lymphoma and acts as a 

transcriptional activator of granzyme B.36,37 

Network analyses also indicated that antigen binding and processing were among the most 

enriched pathways associated with the 10 genes in our signature, underpinning the potential 

contribution of enhanced and sustained antigen presentation in the TME to the anti-leukemic 

activity of flotetuzumab. High antigen presenting machinery scores have been shown to 

correlate with improved overall response rates to anti-PD-1 or anti-PD-L1 monotherapy in a 

pooled analysis of 25 distinct solid tumor types.38 In line with reports of PD-L1 induction by 
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IFN-g in solid tumor cell lines and primary tissues, we have previously observed PD-L1 up-

regulation of AML blasts incubated with IFN-g.39 Notably, primary AML blasts expressing high 

levels of PD-L1 were less susceptible to flotetuzumab-mediated killing in vitro. Furthermore, 

patients that progressed early (within two-weeks) on flotetuzumab treatment had higher 

baseline levels of PD-L1 on AML cells. Interestingly, a number of patients with residual disease 

on flotetuzumab showed higher proportion of PD-L1 positive AML blasts vs. basal levels.39  

In the current study, adverse and intermediate-risk cytogenetics, which would be considered 

an established negative prognostic factor, acted as a modest predictor of flotetuzumab 

response. However, combination of high-risk cytogenetics and the 10-gene score improved 

the ability to predict response to flotetuzumab. 

In conclusion, flotetuzumab represents an innovative experimental approach that has 

demonstrated an acceptable safety and encouraging evidence of activity. Considering that 

high CD123 expression on AML blasts is also associated with the risk of PIF and with poor 

prognosis,17 flotetuzumab targeting of CD123 represents an attractive option for these 

patients. CD123 expression by leukemic stem cells further contributes to the potential 

therapeutic value of the target.20,21,28 The assessment of minimal residual disease eradication, 

a prognostic factor for relapse and survival in AML, will be of particular interest in future studies 

of flotetuzumab. The trial is continuing but focused on subjects with PIF/ER AML 

(ClinicalTrials.gov NCT02152956). 

 

ACKNOWLEDGEMENTS  

Funding 

MPR is supported by a grant from the NIH/NCI (R50 CA211466). JFD is supported by grants 

from the NIH/NCI (R01 CA152329, P50 CA171963 and R35 CA210084). SR is supported by 

a grant from the Qatar National Research Fund (NPRP8-2297-3-494). 



 

21 

 

The authors thank Mrs Barbara Shepherd for providing medical writing support. 

 

Author contributions 

Concept and design: Jan K. Davidson-Moncada, Sergio Rutella, John F. DiPersio 

Acquired, consented and managed patients; processed patient samples: Geoffrey L. Uy, 

Ibrahim Aldoss, Matthew C Foster, Peter H. Sayre, Matthew J. Wieduwilt, Anjali S. Advani, 

John E. Godwin, Martha L. Arellano, Kendra L. Sweet, Ashkan Emadi, Farhad Ravandi, Harry 

P. Erba, Michael Byrne, Laura Michaelis, Max S. Topp, Norbert Vey, Fabio Ciceri, Matteo 

Giovanni Carrabba, Stefania Paolini, Gerwin A. Huls, Mojca Jongen-Lavrencic, Martin 

Wermke, Patrice Chevallier, Emmanuel Gyan, Christian Recher, Patrick J. Stiff, Kristen M. 

Pettit, Bob Löwenberg, Michael P. Rettig, Roland B. Walter, John F. DiPersio 

Analysis and interpretation of data: Geoffrey L. Uy, Ibrahim Aldoss, Matthew C Foster, 

Peter H. Sayre, Matthew J. Wieduwilt, Anjali S. Advani, John E. Godwin, Martha L. Arellano, 

Kendra L. Sweet, Ashkan Emadi, Farhad Ravandi, Harry P. Erba, Michael Byrne, Laura 

Michaelis, Max S. Topp, Norbert Vey, Fabio Ciceri, Matteo Giovanni Carrabba, Stefania 

Paolini, Gerwin A. Huls, Mojca Jongen-Lavrencic, Martin Wermke, Patrice Chevallier, 

Emmanuel Gyan, Christian Recher, Patrick J. Stiff, Kristen M. Pettit, Bob Löwenberg, Sarah 

E. Church, Erica Anderson, Jayakumar Vadakekolathu, Marianne Santaguida, Michael P. 

Rettig, John Muth, Teia Curtis, Erin Fehr, Kuo Guo, Jian Zhao, Ouiam Bakkacha, Kenneth 

Jacobs, Kathy Tran, Patrick Kaminker, Maya Kostova, Ezio Bonvini, Roland B. Walter, Jan K. 

Davidson-Moncada, Sergio Rutella, John F. DiPersio 

Writing of the manuscript: Jan K. Davidson-Moncada, Sergio Rutella 

Review and/or revision of the manuscript: Geoffrey L. Uy, Ibrahim Aldoss, Matthew C 

Foster, Peter H. Sayre, Matthew J. Wieduwilt, Anjali S. Advani, John E. Godwin, Martha L. 

Arellano, Kendra L. Sweet, Ashkan Emadi, Farhad Ravandi, Harry P. Erba, Michael Byrne, 

Laura Michaelis, Max S. Topp, Norbert Vey, Fabio Ciceri, Matteo Giovanni Carrabba, Stefania 



 

22 

 

Paolini, Gerwin A. Huls, Mojca Jongen-Lavrencic, Martin Wermke, Patrice Chevallier, 

Emmanuel Gyan, Christian Recher, Patrick J. Stiff, Kristen M. Pettit, Bob Löwenberg, Sarah 

E. Church, Erica Anderson, Jayakumar Vadakekolathu, Marianne Santaguida, Michael P. 

Rettig, John Muth, Teia Curtis, Erin Fehr, Kuo Guo, Jian Zhao, Ouiam Bakkacha, Kenneth 

Jacobs, Kathy Tran, Patrick Kaminker, Maya Kostova, Ezio Bonvini, Roland B. Walter, Jan K. 

Davidson-Moncada, Sergio Rutella, John F. DiPersio 

Study supervision: Jan K. Davidson-Moncada 

 

Competing interests 

John Muth, Teia Curtis, Erin Fehr, Kuo Guo, Jian Zhao, Ouiam Bakkacha, Kenneth Jacobs, 

Kathy Tran, Patrick Kaminker, Maya Kostova, Ezio Bonvini, Jan K. Davidson-Moncada: 

Employees, MacroGenics Inc., Rockville, MD, USA; 

Sarah E. Church: Employee, NanoString Technologies Inc., Seattle, WA, USA. 

The other authors have no competing interests to disclose. 

 

Patents 

Bispecific CD123 × CD3 Diabodies for the Treatment of Hematologic Malignancies. 

International Patent Publication No. WO 2020/0942404. 

Bi-Specific Diabodies That Are Capable Of Binding CD123 And CD3 And Uses Thereof. U.S. 

Patent No. 9,822,181.  

 

REFERENCES  

1. Dohner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N Engl J Med. 
2015;373(12):1136-1152. 

2. Dohner H, Estey E, Grimwade D, et al. Diagnosis and management of AML in adults: 
2017 ELN recommendations from an international expert panel. Blood. 2017;129(4):424-
447. 



 

23 

 

3. Daver N, Kantarjian H, Ravandi F, et al. A phase II study of decitabine and gemtuzumab 
ozogamicin in newly diagnosed and relapsed acute myeloid leukemia and high-risk 
myelodysplastic syndrome. Leukemia. 2016;30(2):268-273. 

4. Jabbour E, Garcia-Manero G, Cortes J, et al. Twice-daily fludarabine and cytarabine 
combination with or without gentuzumab ozogamicin is effective in patients with 
relapsed/refractory acute myeloid leukemia, high-risk myelodysplastic syndrome, and blast- 
phase chronic myeloid leukemia. Clin Lymphoma Myeloma Leuk. 2012;12(4):244-251. 

5. Litzow MR, Othus M, Cripe LD, et al. Failure of three novel regimens to improve 
outcome for patients with relapsed or refractory acute myeloid leukaemia: a report from the 
Eastern Cooperative Oncology Group. Br J Haematol. 2010;148(2):217-225. 

6. Willemze R, Suciu S, Archimbaud E, et al. A randomized phase II study on the effects of 
5-Aza-2'-deoxycytidine combined with either amsacrine or idarubicin in patients with 
relapsed acute leukemia: an EORTC Leukemia Cooperative Group phase II study (06893). 
Leukemia. 1997;11 Suppl 1:S24-27. 

7. Chevallier P, Delaunay J, Turlure P, et al. Long-term disease-free survival after 
gemtuzumab, intermediate-dose cytarabine, and mitoxantrone in patients with CD33(+) 
primary resistant or relapsed acute myeloid leukemia. J Clin Oncol. 2008;26(32):5192-5197. 

8. Camera A, Rinaldi CR, Palmieri S, et al. Sequential continuous infusion of fludarabine 
and cytarabine associated with liposomal daunorubicin (DaunoXome) (FLAD) in primary 
refractory or relapsed adult acute myeloid leukemia patients. Ann Hematol. 2009;88(2):151-
158. 

9. Vadakekolathu J, Minden MD, Hood T, et al. Immune landscapes predict chemotherapy 
resistance and immunotherapy response in acute myeloid leukemia. Sci Transl Med. 
2020;12:eaaz0463. 

10. Kantarjian H, Stein A, Gokbuget N, et al. Blinatumomab versus chemotherapy for 
advanced acute lymphoblastic leukemia. N Engl J Med. 2017;376(9):836-847. 

11. Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen receptor-modified T cells for acute 
lymphoid leukemia. N Engl J Med. 2013;368(16):1509-1518. 

12. Munoz L, Nomdedeu JF, Lopez O, et al. Interleukin-3 receptor alpha chain (CD123) is 
widely expressed in hematologic malignancies. Haematologica. 2001;86(12):1261-1269. 

13. Testa U, Pelosi E, Frankel A. CD 123 is a membrane biomarker and a therapeutic target 
in hematologic malignancies. Biomark Res. 2014;2(1):4. 

14. Garnache-Ottou F, Feuillard J, Ferrand C, et al. Extended diagnostic criteria for 
plasmacytoid dendritic cell leukaemia. Br J Haematol. 2009;145(5):624-636. 

15. Li LJ, Tao JL, Fu R, et al. Increased CD34+CD38-CD123+ cells in myelodysplastic 
syndrome displaying malignant features similar to those in AML. Int J Hematol. 
2014;100(1):60-69. 



 

24 

 

16. Kandeel EZ, El Sharkawy N, Hanafi M, Samra M, Kamel A. Tracing leukemia stem cells 
and their influence on clinical course of adult acute myeloid leukemia. Clin Lymphoma 
Myeloma Leuk. 2020. 

17. Vergez F, Green AS, Tamburini J, et al. High levels of CD34+CD38low/-CD123+ blasts 
are predictive of an adverse outcome in acute myeloid leukemia: a Groupe Ouest-Est des 
Leucemies Aigues et Maladies du Sang (GOELAMS) study. Haematologica. 
2011;96(12):1792-1798. 

18. Testa U, Riccioni R, Militi S, et al. Elevated expression of IL-3Ralpha in acute 
myelogenous leukemia is associated with enhanced blast proliferation, increased cellularity, 
and poor prognosis. Blood. 2002;100(8):2980-2988. 

19. Johnson S, Burke S, Huang L, et al. Effector cell recruitment with novel Fv-based dual-
affinity re-targeting protein leads to potent tumor cytolysis and in vivo B-cell depletion. J Mol 
Biol. 2010;399(3):436-449. 

20. Al-Hussaini M, Rettig MP, Ritchey JK, et al. Targeting CD123 in acute myeloid leukemia 
using a T-cell-directed dual-affinity retargeting platform. Blood. 2016;127(1):122-131. 

21. Chichili GR, Huang L, Li H, et al. A CD3xCD123 bispecific DART for redirecting host T 
cells to myelogenous leukemia: preclinical activity and safety in nonhuman primates. Sci 
Transl Med. 2015;7(289):289ra282. 

22. Wagner S, Vadakekolathu J, Tasian SK, et al. A parsimonious 3-gene signature predicts 
clinical outcomes in an acute myeloid leukemia multicohort study. Blood Adv. 
2019;3(8):1330-1346. 

23. Cheson BD, Bennett JM, Kopecky KJ, et al. Revised recommendations of the 
International Working Group for Diagnosis, Standardization of Response Criteria, Treatment 
Outcomes, and Reporting Standards for Therapeutic Trials in Acute Myeloid Leukemia. J 
Clin Oncol. 2003;21(24):4642-4649. 

24. Lee DW, Gardner R, Porter DL, et al. Current concepts in the diagnosis and 
management of cytokine release syndrome. Blood. 2014;124(2):188-195. 

25. Gill S, Tasian SK, Ruella M, et al. Preclinical targeting of human acute myeloid leukemia 
and myeloablation using chimeric antigen receptor-modified T cells. Blood. 
2014;123(15):2343-2354. 

26. Jacobs K, Viero C, Godwin J, et al. Management of cytokine release syndrome in AML 
patients treated with flotetuzumab, a CD123 x CD3 bispecific Dart® molecule for T-cell 
redirected therapy. Blood. 2018;132(Supplement 1):2738-2738. 

27. Danaher P, Warren S, Lu R, et al. Pan-cancer adaptive immune resistance as defined 
by the Tumor Inflammation Signature (TIS): results from The Cancer Genome Atlas (TCGA). 
J Immunother Cancer. 2018;6(1):63. 

28. Zahran AM, Aly SS, Rayan A, et al. Survival outcomes of CD34+CD38-LSCs and their 
expression of CD123 in adult AML patients. Oncotarget. 2018;9(75):34056-34065. 



 

25 

 

29. Teachey DT, Rheingold SR, Maude SL, et al. Cytokine release syndrome after 
blinatumomab treatment related to abnormal macrophage activation and ameliorated with 
cytokine-directed therapy. Blood. 2013;121(26):5154-5157. 

30. Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor T cells for sustained 
remissions in leukemia. N Engl J Med. 2014;371(16):1507-1517. 

31. Fitzgerald JC, Weiss SL, Maude SL, et al. Cytokine release syndrome after chimeric 
antigen receptor T cell therapy for acute lymphoblastic leukemia. Crit Care Med. 
2017;45(2):e124-e131. 

32. Tasian SK, Kenderian SS, Shen F, et al. Optimized depletion of chimeric antigen 
receptor T cells in murine xenograft models of human acute myeloid leukemia. Blood. 
2017;129(17):2395-2407. 

33. Estey E, Kornblau S, Pierce S, Kantarjian H, Beran M, Keating M. A stratification system 
for evaluating and selecting therapies in patients with relapsed or primary refractory acute 
myelogenous leukemia. Blood. 1996;88(2):756. 

34. Walter RB, Othus M, Lowenberg B, et al. Empiric definition of eligibility criteria for 
clinical trials in relapsed/refractory acute myeloid leukemia: analysis of 1,892 patients from 
HOVON/SAKK and SWOG. Haematologica. 2015;100(10):e409-411. 

35. Yu W, Wang Y, Guo P. Notch signaling pathway dampens tumor-infiltrating CD8+ T 
cells activity in patients with colorectal carcinoma. Biomed Pharmacother. 2018;97:535-542. 

36. Sugimoto K, Maekawa Y, Kitamura A, et al. Notch2 signaling is required for potent 
antitumor immunity in vivo. J Immunol. 2010;184(9):4673-4678. 

37. Maekawa Y, Minato Y, Ishifune C, et al. Notch2 integrates signaling by the transcription 
factors RBP-J and CREB1 to promote T cell cytotoxicity. Nat Immunol. 2008;9(10):1140-
1147. 

38. Wang S, He Z, Wang X, Li H, Liu XS. Antigen presentation and tumor immunogenicity in 
cancer immunotherapy response prediction. Elife. 2019;8. 

39. Rettig M, Godwin J, Vey N, et al. Preliminary translational results from an ongoing 
phase 1 study of flotetuzumab, a CD123 x CD3 Dart®, in AML/MDS: Rationale for 
combining flotetuzumab and anti-PD-1/PD-L1 immunotherapies Blood. 
2017;130(Supplement 1):1365. 

40. Metsalu T, Vilo J. ClustVis: a web tool for visualizing clustering of multivariate data using 
Principal Component Analysis and heatmap. Nucleic Acids Res. 2015;43(W1):W566-570. 

 

  



 

26 

 

Figure Legends 

 

Fig. 1: Lead-in-dose (LID) and use of tocilizumab decrease cytokine release syndrome 

(CRS) incidence, severity and duration, and lead to increase in total dose intensity. A) 

Summary of dose and dosing schedule for flotetuzumab: Multi-step lead-in-dose (MS-

LID) of 30, 60, 100, 200, 300, 400, 500 ng/kg/day for 24 hours each for Days 1 through 7 given 

via continuous intravenous (CIV) infusion, followed by 500 ng/kg/day CIV from Days 8 to 28 

during Cycle 1, with subsequent additional 28-day cycles dosed at 500 ng/kg/day doses 

intermittently 4 days on/3 days off per week in 28 day cycles without LID lead-in. B-D: Lead-

in-dose mitigates CRS and consequently leads to improvement in dose intensity. B) 

CRS grade (mean ± SEM) during each week of cycle 1. C-D) Dose intensity (%, mean ± 95% 

confidence interval [CI]) was calculated as the amount of drug received during the time on 

study (actual drug delivered) relative to the intended dose during weeks 2-4 following 

respective LID during week 1 2-step (left) multi-step (right) LID. E) Tocilizumab effect on 

duration of IRR/CRS, irrespective of grade. Only patients for which the drug was not modified 

as a method of controlling IRR/CRS are included. Mean duration of CRS without tocilizumab 

1.8 days (n=42) and with tocilizumab 1.2 days (n=13); P = 0.0375, Student t test. 

SEM=standard error of the mean. 

 

Fig. 2: Relation between cytokine release syndrome (CRS) and anti-leukemic activity. 

A) Relation between bone marrow (BM) blast change and number of days patient experienced 

CRS during cycle 1. B) Relation between BM blast change and number of CRS events during 

cycle 1. C) Relation between BM blast change and CRS severity (mean grade for all events 

per patient) during cycle 1. Simple regression is shown as red line, dotted lines depict 95% 

CI. 
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Fig. 3: Best change in bone marrow blasts, duration of remission and overall survival 

in patients receiving flotetuzumab immunotherapy. A) Fifty patients treated at the 

recommended phase 2 dose (RP2D) differentiated by AML status at study entry: 45 response 

evaluable, 40 patients in waterfall plot, 5 progressive disease (PD) on peripheral blood blasts; 

non-evaluable patients 5 (2 patients withdrew consent, 3 patients withdrawn due to non-

treatment related adverse events (TRAE). AML status at study entry and percentage of BM 

blasts at baseline are indicated. *BM aspirate for this patient was hemodiluted but 

immunohistochemistry on BM FFPE confirmed the percent blast. B) Eight PIF/ER AML 

patients treated at RP2D who achieved a response on flotetuzumab. Median time to best 

response represented in red (median 0.8 months, range 0.8-2.1 months) and duration of 

response in blue (median 9.1 months, range 1.1-26.4 months). Star indicates time at which 

patients underwent hematopoietic stem cell transplantation (HSCT). Purple depicts overall 

survival (OS) beyond relapse. 

 

Fig. 4: The tumor immunological microenvironment (TME) in patients receiving 

flotetuzumab immunotherapy. A) Unsupervised hierarchical clustering (Euclidean distance, 

complete linkage) of immune cell type-specific scores and biological activity scores in baseline 

bone marrow (BM) samples from 38 patients with relapsed/refractory (R/R) AML treated with 

flotetuzumab immunotherapy (color-coded per the legend). ClustVis, an online tool for 

clustering of multivariate data, was used for data analysis and visualization.40 The immune 

landscape from 29 out of the 38 patients in this cohort has been presented in a previous 

publication.9 PIF=primary induction failure; ER=early relapse; LR=late relapse. B) OncoPrint 

plot summarizing the molecular profile of patients receiving flotetuzumab immunotherapy. The 

plot was generated using cBioPortal for Cancer Genomics (https://www.cbioportal.org/). C) 

Inflammatory chemokine score and tumor inflammation signature (TIS) score in baseline BM 

samples from patients with R/R AML. PIF=primary induction failure (n=25); ER=early relapse; 
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LR=late relapse AML (n=7); HMA=hypomethylating agents (n=6). Data were compared using 

the Kruskal-Wallis (KW) test for unpaired determinations. D) Correlation between the tumor 

inflammation signature (TIS) score and antigen processing machinery and inflammatory 

chemokine scores in baseline BM samples from patients with R/R AML. Spearman rank 

correlation coefficients and P values are shown. 

 

Fig. 5: The tumor immunological microenvironment (TME) in patients receiving 

flotetuzumab immunotherapy. A) Unsupervised hierarchical clustering (Euclidean distance, 

complete linkage) of immune gene expression (n=770 genes in the NanoString’s PanCancer 

IO360 panel) in baseline bone marrow (BM) samples from 38 patients with relapsed/refractory 

(R/R) AML treated with flotetuzumab immunotherapy (color-coded per the legend). Complete 

responses were defined as either CR, CR with partial hematological recovery (CRh), CR with 

incomplete hematological recovery (CRi) or morphological leukemia-free state (MLFS) at the 

end of cycle 1. Partial responses (PR) were defined as > 50% decrease in BM blasts from 

baseline or decrease to 5-25% BM blasts at the end of cycle 1. ClustVis, an online tool for 

clustering of multivariate data, was used for data analysis and visualization.40 B) Expression 

of the top 10 genes associated with complete response to flotetuzumab (CR, CRh, CRi). A 

ranked gene list (c2 values) was generated using Orange3 software package (Version 3.25.0). 

Unsupervised hierarchical clustering (Euclidean distance, complete linkage). The immune 

cluster was defined as previously detailed.9 C) Heatmap summarizing the correlation 

coefficients (color-coded per the legend) between our 10-gene signature score and immune 

cell type-specific and biological activity signature scores in baseline BM samples from patients 

with R/R AML. D) Analysis of functional protein association networks using STRING 

(https://string-db.org/). Top 20 molecules interacting with the top 10 genes in our signature are 

shown together with their predicted mode of action (highest confidence interaction scores 

>0.900). Network nodes (query proteins) represent proteins produced by a single protein-
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coding gene locus. White nodes represent second shells of interactors. Empty and filled nodes 

indicate proteins of unknown or partially known 3-dimensional structure, respectively. Edges 

represent protein–protein associations. Line shapes denote predicted modes of action. E) 

AUROC curve measuring the predictive ability of the 10-gene signature score for anti-leukemic 

activity from flotetuzumab. Standard errors and confidence intervals are provided in Table 

S11. AUROC=1.0 would denote perfect prediction and AUROC=0.5 would denote no 

predictive ability. 
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Table 1: Baseline characteristics of AML patients in dose escalation, RP2D and PIF/ER 
subgroup analyses. 
 

 

 
*A subset of the RP2D patient population. 
 
Legend: CR=complete remission; RP2D=recommended phase 2 dose; PIF=primary 
induction failure; ER=early relapse; ELN=European Leukemia-Net; n=number; BM=bone 
marrow; WBC=white blood cells; N/A=not applicable. 
  

Characteristic 
Dose 
escalation 
(N=42) 

RP2D 
population 
(N=50) 

RP2D PIF/ER 
(N=30) * 

Age Median (range) 64 (29, 84) 64 (27, 82) 59 (27, 74) 

Gender Female, n (%) 18 (42.9) 19 (38.0%) 10 (33.3%) 

AML status at entry 

Primary refractory (≥ 2 
induction attempts), 
n (%) 

15 (35.7) 24 (48.0%) 24 (80.0%) 

Early relapse (CR 
duration ≤ 6 months), 
n (%) 

8 (19.0) 6 (12.0%) 6 (20.0%) 

AML risk 
stratification 
(ELN 2017) 

Adverse, n (%) 13 (31.0) 26 (52.0%) 18 (60.0%) 
Intermediate, n (%) 8 (19.0) 12 (24.0%) 7 (23.3%) 
Favorable, n (%) 10 (23.8) 6 (12.0%) 5 (16.7%) 

Secondary AML n (%) 10/42 (23.8) 16/50 (32.0%) 12/30 (40%) 

Number of prior 
lines of therapy Median (range) 2 (0, 9) 3 (1, 9) 4 (1, 9) 

Failed induction 
therapy 

Cytarabine based 
induction 
chemotherapy, n (%) 

N/A N/A 21 (70%) 

Alternative induction 
therapy, n (%) N/A N/A 3 (10%) 

Early relapse (<6 
months) 

n (%) 4 (9.5%) 6 (12%) 6 (20%) 
Median duration of CR 
(months, range) N/A 1.6 (0.8-5.1) 1.6 (0.8-5.1) 

BM blasts at time of 
study enrolment 
(%) 

Median (range) 40 (2-98) 46 (5-94) 41 (5-94) 

Baseline WBC 
(10^9/L) Median (range) 2 (0.4-29.7) 1.95 (0.3-67) 2.35 (0.4-16.2) 
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Table 2: Treatment-related adverse events, all and of grade 3 or higher, occurring in 
more than 10% of the overall population. 
 

Treatment-related adverse 
events 

Dose escalation 
(n=42) 

Dose expansion 
RP2D population 
(n=50) * 

PIF/early relapse 
population (n=30) 
^ 

All 
n (%) 

Grade ≥ 3 
n (%) 

All 
n (%) 

Grade ≥ 3 
n (%) 

All 
n (%) 

Grade ≥ 3 
n (%) 

Infusion-related reaction 
(IRR)/Cytokine release 
syndrome (CRS) 

34 (81.0) 3 (7.1) 48 (96.0) 4 (8.0) 30 (100) 1 (3.3) 

Nausea 11 (26.2) - 14 (28.0) - 8 (26.7) - 

Fatigue 8 (19.0)  6 (12.0) 1 (2.0) 3 (10.0) 1 (3.3) 

Pyrexia 8 (19.0) 2 (4.8) 11 (22.0)  6 (20.0)  

Peripheral edema 6 (14.3)  15 (30.0) 1 (2.0) 8 (26.7)  

Alanine aminotransferase 
increased 5 (11.9) 1 (2.4) 7 (14.0) 2 (4.0) 3 (10.0) 1 (3.3) 

Arthralgia 5 (11.9) 1 (2.4) 7 (14.0) 1 (2.0) 4 (13.3)  

C-reactive protein increased - - 6 (12.0) 2 (4.0) - - 

Diarrhea - - 11 (22.0) - 5 (16.7) - 

Hypotension - - 8 (16.0) - 4 (13.3) - 

Decreased appetite - - 6 (12.0) 1 (2.0) 5 (16.7) 1 (3.3) 

Tachycardia - - 6 (12.0) 1 (2.0) - - 

Myalgia - - 8 (16.0) 2 (4.0) 4 (13.3) - 

Dyspnea - - 9 (18.0) 3 (6.0) 4 (13.3) 2 (6.7) 

Platelet count decreased 7 (16.7) 5 (11.9) 7 (14.0) 6 (12.0) 3 (10.0) 3 (10.0) 
Lymphocyte count 
decreased 6 (14.3) 5 (11.9) 6 (12.0) 4 (8.0)   

Neutrophil count decreased 1 (2.4) 1 (2.4) 2 (4.0) 2 (4.0) 2 (6.7) 2 (6.7) 

Treatment-related 0 0 1 (2.0) 1 (2.0) 1 (3.3) 1 (3.3) 

Non treatment-related 1 (2.4) 1 (2.4) 1 (2.0) 1 (2.0) 1 (3.3) 1 (3.3) 
* Includes 46 patients treated in expansion cohort and 4 patients treated in dose escalation. 

^A subset of the RP2D patient population. 
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Table 3: Response Rate in Relapse/Refractory and Primary Induction Failure and Early 
Relapse AML 

 

% (n) R/R AML (n=50) PIF/ER AML (n=30) 

CR 12.0% (6) 16.7% (5) 

CR/CRh 18.0% (9) 26.7% (8) 

CR/CRh/CRi 20.0% (10) 30.0% (9) 

CR/CRh/CRi/MLFS/PR 24.0% (12) 30.0% (9) 

 

Legend: R/R=relapsed/refractory; PIF=primary induction failure; ER=early relapse; 
CR=complete remission; CRh=complete remission with partial hematopoietic recovery; 
CRi=complete remission with incomplete hematopoietic recovery; MLFS=morphological 
leukemia-free state; PR=partial remission. 
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