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Abstract:
Fms like tyrosine kinase 3 (FLT3) is often overexpressed or constitutively activated by internal
tandem duplication (ITD) and tyrosine kinase domain (TKD) mutations in acute myeloid leukemia
(AML). Despite the use of receptor tyrosine kinase inhibitors (TKI) in FLT3-ITD positive AML, the
prognosis of patients is still poor and further improvement of therapy is required. Targeting FLT3
independent of mutations by antibody drug conjugates (ADCs) is a promising strategy for AML therapy.
Here, we report the development and preclinical characterization of a novel FLT3 targeting ADC,
20D9-ADC, which was generated by applying the innovative P5 conjugation technology. In vitro,
20D9 ADC mediated potent cytotoxicity to Ba/F3 cells expressing transgenic FLT3 or FLT3-ITD, to AML
cell lines and to FLT3-ITD positive patient derived xenograft AML cells. In vivo, 20D9 ADC treatment
led to a significant tumor reduction and even durable complete remission in AML xenograft models.
Further, 20D9 ADC demonstrated no severe hematotoxicity in in vitro colony formation assays using
concentrations that were cytotoxic in AML cell line treatment. The combination of 20D9-ADC with the
TKI midostaurin showed strong synergy in vitro and in vivo, leading to reduction of aggressive AML
cells below the detection limit. Our data indicate that targeting FLT3 with an advanced new-
generation ADC is a promising and potent antileukemic strategy, especially when combined with FLT3-
TKI in FLT3 ITD positive AML.
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Key Points: 37 FLT3 is a promising target for ADCs in AML therapy 38 Combination with midostaurin enhances the effectivity of FLT3-ADC in FLT3-ITD mutated AML 39 

 40 

Abstract 41 Fms like tyrosine kinase 3 (FLT3) is often overexpressed or constitutively activated by internal 42 tandem duplication (ITD) and tyrosine kinase domain (TKD) mutations in acute myeloid 43 leukemia (AML). Despite the use of receptor tyrosine kinase inhibitors (TKI) in FLT3-ITD 44 positive AML, the prognosis of patients is still poor and further improvement of therapy is 45 required. Targeting FLT3 independent of mutations by antibody-drug-conjugates (ADCs) is a 46 promising strategy for AML therapy. Here, we report the development and preclinical 47 characterization of a novel FLT3-targeting ADC, 20D9-ADC, which was generated by applying 48 the innovative P5 conjugation technology. In vitro, 20D9-ADC mediated potent cytotoxicity to 49 Ba/F3 cells expressing transgenic FLT3 or FLT3-ITD, to AML cell lines and to FLT3-ITD positive 50 patient derived xenograft AML cells. In vivo, 20D9-ADC treatment led to a significant tumor 51 reduction and even durable complete remission in AML xenograft models. Further, 20D9-ADC 52 demonstrated no severe hematotoxicity in in vitro colony formation assays using concentrations 53 that were cytotoxic in AML cell line treatment. The combination of 20D9-ADC with the TKI 54 midostaurin showed strong synergy in vitro and in vivo, leading to reduction of aggressive AML 55 cells below the detection limit. Our data indicate that targeting FLT3 with an advanced new-56 generation ADC is a promising and potent antileukemic strategy, especially when combined with 57 FLT3-TKI in FLT3-ITD positive AML.  58 

 59 

Introduction 60 Acute myeloid leukemia (AML) is characterized by uncontrolled growth of differentiation 61 arrested hematopoietic stem and progenitor cells. The 5-year survival rate in the US is 29.5 % 62 (SEER data, 2011-2017), which shows the high medical need to improve therapy1–5. Approaches 63 to increase efficacy of the standard 7+3 chemotherapy include the combination with targeting 64 agents such as receptor tyrosine kinase (RTK) inhibitors (TKI) midostaurin and gilteritinib and 65 gemtuzumab-ozogamicin (GO), an antibody drug conjugate (ADC) against CD336,7. ADCs 66 combine the specificity of antibodies with a highly potent drug8,9 and the mechanism of action 67 include binding to the target, internalizing and releasing the payload to kill the target cells10. 68 Currently, several ADCs are investigated in preclinical settings for AML treatment, targeting for 69 example CLL-1, CD123, IL3RA, or CXCR4 and fms like tyrosine kinase 3 (FLT3)11–16. The latter is 70 
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a member of the class III protein RTK and represents an established receptor for targeted 71 therapies17. The binding of the FLT3-ligand induces phosphorylation, internalization and 72 activation of downstream targets involved in survival and expansion of hematopoietic cells18. In 73 healthy tissue, FLT3 cell surface expression is restricted to granulocytes/macrophage 74 progenitors, a subset of hematopoietic stem cells (HSCs) and differentiated monocytes, dendritic 75 cells and natural killer cells18–21. Remarkably, FLT3 is expressed on blasts and leukemic stem 76 cells of most AML patients. The expression levels are significantly higher compared to healthy 77 tissue, and high levels of FLT3 were reported as risk factor in prognosis22,23. Further, activating 78 internal tandem duplication (ITD) mutations are among the most frequent genetic abnormalities 79 in AML and occur in around 30 % of patients at diagnosis. FLT3-ITD is associated with a high 80 risk of relapse and a poor clinical outcome24–27. FLT3 targeting agents, like midostaurin, are 81 successfully applied in AML treatment28. 82 Here, we report the development of a novel mutation independent FLT3 targeting ADC for AML 83 treatment and provide proof of concept of its efficacy in preclinical in vitro and in vivo models. 84 Recently, we have shown that the treatment of FLT3-ITD mutated AML cells with the TKI 85 quizartinib led to an increased FLT3 expression29. Accordingly, a combination with FLT3-TKIs 86 improved the efficacy of the FLT3-ADC both in vitro and in vivo.  87  88 

Methods 89 

Cell lines  90 Cell lines (Supplementary Table 1) were cultured according to the supplier’s recommendations. 91 For stable recombinant protein expression, Ba/F3 cells were retrovirally transduced as 92 described before30.  93 

Primary samples 94 Primary AML samples were obtained within trials AMLCG-99 (NCT00266136) and AMLCG-2008 95 (NCT01382147). Healthy bone marrow samples were obtained and isolated as described 96 before31. The study was performed in accordance with the ethical standards of the responsible 97 committee on human experimentation (approval number LMU 068-08, LMU 222-10 and 98 TUM 538/16) and with the Helsinki Declaration of 1975, as revised in 2013. 99 

Binding and internalization of monoclonal antibodies  100 For antibody binding studies, cells were stained on ice with primary mouse, rat or human anti-101 FLT3 antibodies (in house) and secondary antibody goat F(ab’)2 anti-human Ig-PE (2012-09), 102 goat anti-mouse IgG(H+L)-PE (1032-09) or goat anti-rat IgG(H+L)-PE (3052-09) purchased from 103 
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Southern Biotech. For internalization experiments, cells incubated with anti-FLT3 antibodies 104 were washed and incubated for 30 min at 4 °C or 37 °C followed by staining with secondary 105 antibody.  106 

Cytotoxicity proliferation assays  107 Suspension cells were treated with 20D9-ADC or IgG1-ADC (in-house), deglycosylated ADC 108 generated by applying Endo S (P0741L NEB), 20D9 mab (in house), palivizumab (404770, 109 AbbVie), quizartinib (S1526, Selleck Chem) or midostaurin (MedChemExpress). AML cells were 110 treated once (d 0) and viability was determined after 96 h using resazurin solution (50 µM final 111 concentration, 4 h incubation) (R12204, Thermo Fisher Scientific). For Ba/F3 cell assays, cells 112 were treated once (d 0) and viable cells were counted after 72 h on Vi-Cell Cell Viability Analyzer 113 (Beckman Coulter, Krefeld, Germany). Calculation of IC50 values was performed using GraphPad 114 Prism version 6.07 (GraphPad Software, La Jolla, CA, USA).  115 

In vivo experiments 116 Patient-derived xenograft (PDX) cells or MOLM-13 cells expressing enhanced firefly luciferase 117 (luc) and mCherry (Addgene, Plasmid #104833) were established as described previously32. For 118 

in vivo therapy trials, luc+ MOLM-13 cells or luc- or luc+ PDX cells were injected intravenously 119 (i.v.) into 8–12-week-old male NSG mice (NOD scid gamma, The Jackson Laboratory, Bar 120 Harbour, ME, USA), and tumor growth was regularly monitored by blood analysis or 121 bioluminescence imaging (BLI)32. After successful engraftment, mice were treated with 122 deglycosylated or native 20D9-ADC (1 or 3 mg/kg, i.v., 1 dose per week), IgG1-ADC (3 mg/kg), or 123 midostaurin (SelleckChem, 50 mg/kg, oral gavage, 5 doses per week; in 5 % DMSO+45 % 124 PEG300+50 % ddH2O). Experimental endpoints were BLI values above 1x1010 Photons/sec or 125 below detection limit (4x106 Photons/sec) for 90-150 days post injection, or blood values above 126 45 % hCD45+ hCD33+ cells. Mice showing clinical signs of illness or weight loss above 15 % 127 under therapy were sacrificed (1 ADC treated mouse in Figure 4D). Mice which died in 128 inhalation narcosis were excluded from further analysis (1 ADC treated mouse in Figure 4D). 129 All animal trials were performed in accordance with the current ethical standards (Regierung 130 von Oberbayern, number ROB-55.2Vet-2532.Vet_02-16-7).   131  132 Further information is provided in the supplementary methods.  133 For original data, please contact karsten.spiekermann@med.uni-muenchen.de.  134  135 
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 136 

Results 137 

Generation and characterization of anti-FLT3 antibodies 138 FLT3 specific monoclonal antibodies (mabs) were generated by hybridoma cells of isolated B 139 cells from immunized rats and mice. After selection procedures, seven antibodies were 140 chimerized using a human IgG1 sequence (Supplementary Figure 1A). This antibody scaffold 141 maintains the ability to interact with Fc gamma receptors (FcgRs), especially the high affinity 142 variant FcgR1 (CD64), which is also expressed on AML blasts and was already evaluated for 143 targeted therapy33–35. Chimeric antibodies were efficiently expressed in HEK293-F cells 144 (Supplementary Figure 1B) and possessed high protein stability (Supplementary Figure 1C). 145 Binding affinities to recombinant FLT3 protein varied from KD = 11.5 ng/ml to KD = 3981 ng/ml 146 between the different clones (Figure 1A). Epitope mapping of the antibodies to peptides derived 147 from extracellular domain of FLT3 identified two main binding motifs KSSSYPM (bound by 148 30B12, 29H1, 27E7, 20D9) and SQGESCK (bound by 19H5, 4B12, 2F12) (Figure 1B, 149 Supplementary Figure 1D). The 20D9 showed additional affinity to a third minor epitope DGYP.  150 To identify their suitability for ADC development, the binding and internalization efficiencies of 151 the antibodies to Ba/F3 cells stably expressing human wildtype FLT3 (hFLT3wt) or empty 152 MSCV-IRES-YFP (pMIY) vector (ev) were evaluated. The clones 20D9, 4B12, 29H1 and 27E7 153 specifically bound the Ba/F3-hFLT3wt cells as analyzed by flow cytometry (Figure 1C and 154 negative control in Supplementary Figure 1E) and 20D9 showed specific binding to Ba/F3 cells 155 expressing human FLT3-ITD (hFLT3ITD) (Figure 1D, receptor expression in Supplementary 156 Figure 1F) and/or TKD mutated FLT3 (Supplementary Figure 1G, receptor expression in 157 Supplementary Figure 1H, Supplementary Results). Further, the antibodies displayed significant 158 internalization of around 80 % in flow cytometry-based internalization assays in the 159 Ba/F3-hFLT3wt cells (Figure 1C, Supplementary Figure 2A). These observations could be 160 confirmed in FLT3+ AML cell lines in flow cytometry and immunofluorescence staining 161 (Figure 1E, Supplementary Figure 2B,C). Further, the internalized antibodies were localized to 162 early endosomes, which was demonstrated by the co-localization with EEA1 (Supplementary 163 Figure 2D).  164 Based on internalization and high expression yields, we selected the 20D9 clone for further 165 development and evaluated the binding to FLT3 orthologs from different species. The protein 166 sequence of human FLT3 in epitope 1 is identical to the cynomolgus FLT3 (cynoFLT3) and 167 differs from the murine FLT3 (mFLT3) receptor (Supplementary Figure 3A). In contrast to the 168 mFLT3, the cynoFLT3 expressing Ba/F3 cells bound the 20D9 mab (Figure 1F, receptor 169 
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expression in Supplementary Figure 3B,C). To proof the epitope specificity, we expressed a 170 human FLT3 receptor with the epitope region mutated to the murine variant (FLT3 S50P/P54R) 171 in Ba/F3 cells (Supplementary Figure 3D), which did not bind the 20D9 mab (Figure 1G, 172 Supplementary Figure 3E). Finally, we verified the binding of 20D9 mab to the high affinity Fc 173 receptor CD64 via the IgG1 backbone using Ba/F3 cells expressing human CD64 (Figure 1H, 174 Supplementary Figure 3F).  175  176 

Generation and characterization of 20D9 antibody-drug-conjugate 177 We applied the P5-technology, which uses ethynylphosphonamidates for a stable conjugation to 178 the antibodies’ cysteine residues36,37. We conjugated IgG1-based 20D9 with the tubulin 179 polymerization inhibitor monomethyl auristatin F (MMAF) payload with a drug to antibody ratio 180 (DAR) of 6.2 (Figure 2A).  Incubation for 2 weeks at 40 °C or storage for 14 months at 4°C did not 181 reduce the antibody-toxin conjunction (Supplementary Figure 4A,B) and only slightly induced 182 the aggregation (Supplementary Figure 4C,D). Furthermore, to obtain an IgG1-ADC only 183 possessing the CD64 but no FLT3 binding, we conjugated MMAF to the IgG1 based antibody 184 palivizumab, which is specific for the glycoprotein F of the respiratory syncytial virus38. 185 In cytotoxicity assays, hFLT3wt, hFLT3ITD and hFLT3 TKD mutants (Figure 2B, Supplementary 186 Figure 4E,F,G; Supplementary Results) as well as cynoFLT3 (Figure 2C, Supplementary 187 Figure 4H) expressing Ba/F3 cells were sensitive to 20D9-ADC treatment. Consistent with the 188 binding analysis, 20D9-ADC was not cytotoxic in Ba/F3-mFLT3 or epitope mutant 189 Ba/F3-hFLT3 S50P/P54R cells (Figure 2C,D). As controls we tested the cytotoxicity of MMAF 190 and control IgG1-ADC in Ba/F3 cells expressing the empty vector or hFLT3wt. MMAF killed 191 Ba/F3 cells only at high concentrations and independent of FLT3 expression, while IgG1-ADC 192 had no effect on Ba/F3 cell viability at all (Supplementary Figure 4I,J). 193 Further, we assessed the cytotoxicity mediated by the IgG1-FcgR binding of the 20D9-ADC. 194 Ba/F3 cells expressing hCD64 were sensitive to 20D9-ADC and IgG1-ADC with similar mean IC50 195 of 37.3 ng/ml and 31.8 ng/ml, respectively (Figure 2E,F), while Ba/F3 cells expressing hCD16 or 196 hCD32 did not respond to 20D9-ADC (Supplementary Figure 4K). Ba/F3 cells expressing both 197 hFLT3wt and hCD64 (Supplementary Figure 4L) were significantly more sensitive to 20D9-ADC 198 compared to IgG1-ADC (IC50= 0.5 ng/ml versus 78.3 ng/ml), indicating the advantage of 199 targeting both antigens in vitro (Figure 2F,G).  200  201 

In vitro cytotoxic activity of 20D9-ADC in AML cell lines 202 
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We determined the expression levels of FLT3 and CD64 in different leukemia and lymphoma cell 203 lines (Supplementary Figure 5A,B) and could detect a significant correlation (Figure 3A). 204 Binding of the 20D9 antibody (Supplementary Figure 5C) and cytotoxicity of the 20D9-ADC 205 could be shown in all FLT3 positive cell lines with IC50 values varying between 1.3 ng/ml and 206 107.33 ng/ml (Figure 3B, Supplementary Table 1). Further, a TP53 knockdown in FLT3 positive 207 AML cell lines only slightly altered IC50 of 20D9-ADC and FLT3 expression (Supplementary 208 Figure 5D,E,F), indicating that a TP53 mutation is not likely to compromise efficacy. 209 The 20D9-ADC acts via apoptosis induction, which was demonstrated in FLT3-ITD positive 210 MOLM-13 cells compared to FLT3 negative HL-60 cells (Supplementary Figure 5G). Further, we 211 observed no cytotoxicity of 20D9-ADC to 5 out of 6 FLT3 negative AML cell lines. The FLT3 212 negative, CD64 positive cell line U-937 showed an IC50 of 334 ng/ml (Figure 3C). Consistently, 213 there was a correlation of summarized CD64 and FLT3 expression and the 20D9-ADC IC50 214 (Figure 3D).  215 The IgG1-ADC showed cytotoxic activity in all CD64 positive cell lines (Figure 3E). The IC50 216 ranged from 12.82 to around 2000 ng/ml and were noticeably higher compared to the 217 20D9-ADC (Supplementary Table 1). FLT3 positive and negative cell lines showed similar 218 sensitivity towards the payload MMAF (Supplementary Figure 5H). The native 20D9 antibody or 219 the IgG1 antibody did not impair cell proliferation (Supplementary Figure 5I and data not 220 shown). 221 To investigate the impact of CD64 interaction on the efficacy of IgG1 based ADCs, we disrupted 222 the CD64-IgG1 binding by removing the N-linked glycans of 20D9-ADC and IgG1-ADC 223 (Supplementary Figure 5J). Compared to the native 20D9-ADC, the IC50 of deglycosylated 224 20D9-ADC shifted from 15.7 ng/ml to 473.7 ng/ml reflecting the proportions of FLT3 and CD64 225 specific targeting. As control, the deglycosylated IgG1-ADC showed no activity on MOLM-13 cells, 226 confirming the effective abrogation of the CD64-FcgR interaction (Figure 3F). 227  228 

Antileukemic activity of 20D9-ADC in cell line and patient-derived xenograft AML mouse 229 

models 230 To determine the in vivo antileukemic activity of 20D9-ADC, we transplanted MOLM-13 or 231 patient derived xenograft (PDX) cells into NSG mice. For sensitive monitoring of tumor burden 232 by bioluminescent imaging (BLI), luciferase-expressing cells were used which showed similar 233 FLT3 expression levels than parental cells (Supplementary Figure 6A). 234 First, we analyzed the efficacy of ADCs on MOLM-13 cells in vivo. While repetitive administration 235 of 1 mg/kg (Q1Wx6) 20D9-ADC decelerated the increase of tumor burden compared to PBS 236 
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treated mice, 3 mg/kg (Q1Wx4) led to a strong reduction of tumor burden below detection limit 237 for at least 154 days (Figure 4A,B). The effect was comparable if therapy started at intermediate 238 or advanced tumor burden (Supplementary Figure 6B). To define CD64-related effects, we 239 applied native and deglycosylated IgG1-ADC and 20D9-ADC. Interestingly, the deglycosylated 240 20D9-ADC showed strong cytotoxicity comparable to the native 20D9-ADC, indicating that FLT3 241 targeting is sufficient to elicit a long-lasting response. In contrast, the effect of native IgG1-ADC 242 (3 mg/kg; Q1Wx2) was reduced compared to native 20D9-ADC underlining that CD64 targeting 243 was less effective in vivo. The deglycosylated IgG1-ADC had only a minimal effect compared to 244 PBS treatment, confirming the functional abrogation of CD64-IgG1 interaction (Figure 4C).  245 Next, we determined the effect of 20D9-ADC on native and luciferase positive PDX samples32. We 246 selected samples with FLT3-ITD mutation and moderate to high FLT3 expression compared to 247 AML patient samples39 (Figure 4D, Supplementary Table 2). Ex vivo, the PDX cells were sensitive 248 to 20D9-ADC treatment but not to 20D9 mab treatment (Supplementary Figure 6C,D). In vivo 249 treatment of AML-573 transplanted mice with 3 mg/kg 20D9-ADC (Q1Wx5) led to a strong 250 tumor reduction followed by stable low tumor burden up to 150 days, both if treatment started 251 at intermediate or at advanced tumor burden (Figure 4E,F). The strong effect of 20D9-ADC could 252 also be seen when native primograft AML-573 cells were transplanted (Supplementary Figure 253 6E). Similarly, in two additional PDX samples, AML-640 and AML-579, treatment with 3 mg/kg 254 20D9-ADC (Q1Wx3) at intermediate or advanced tumor burden led to a strong tumor reduction 255 followed by a tumor outgrowth after treatment stop (Supplementary Figure 6F-I).  256  257 

Hematotoxicity of 20D9-ADC 258 To assess hematotoxicity, we investigated the effect of 20D9-ADC on normal human 259 hematopoietic cells in vitro by analyzing bone marrow cells from healthy donors enriched for 260 CD34+ cells (Supplementary Figure 7A,B). As expected, FLT3 expression could be detected in 261 18.9 % ± 2.9 % of CD34+ cells, while CD64 was barely expressed (1 % ± 0.6 %, Figure 5A). Cells 262 were treated with ADC concentrations within the range of the observed IC50 in AML cells (40 and 263 200 ng/ml) and with high dose (1000 ng/ml). Only treatment with the high dose of both 264 20D9-ADC and IgG1-ADC led to a significant decrease in cell viability (Figure 5B) and might 265 indicate IgG1-dependent toxicity that induces a significant reduction of CD64 expressing cells 266 after treatment (Supplementary Figure 7C). Accordingly, an effect on the differentiation capacity 267 could only be seen after treatment with high dose 20D9-ADC, which revealed a significantly 268 decreased proportion of HSC, CD34+CD38-, CD34+CD38+, multi-lymphoid progenitor (MLP), 269 common myeloid progenitor (CMP), and granulocyte-monocyte progenitor (GMP) cell 270 populations (Figure 5C). After treatment with IgG1-ADC, we observed significantly decreased 271 
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MLPs, CMPs, and GMPs but to a lower extent compared to the 20D9-ADC. Furthermore, we 272 assessed clonogenic capacity by colony forming unit assay of healthy CD34+ cells (Figure 5D, 273 Supplementary Figure 7D). Again, only high dose treatment with 20D9-ADC and IgG1-ADC 274 revealed significantly reduced granulocytic, monocytic and granulocytic-macrophagic colony 275 formation. The erythroid progenitors were unaffected. 276 

 277 

Treatment combination of 20D9-ADC and TKIs 278 We have previously shown that TKI treatment increased the surface expression of FLT3 on 279 FLT3-ITD positive AML cells and sensitized them to bispecific FLT3 x CD3 antibodies29. Thus, we 280 combined the 20D9-ADC with TKIs for treatment of FLT3 mutated AML, to increase the cytotoxic 281 activity of the ADC. Incubation of MOLM-13 (FLT3-ITD heterozygote), MV4-11 (FLT3-LOH-ITD) 282 and MM-6 (V592A) cells with midostaurin, quizartinib or sorafenib led to an increase of FLT3 283 cell surface expression after incubation, (Figure 6A,B and Supplementary Figure 8A,B). To 284 investigate whether this is a FLT3-TKI specific effect, we determined the FLT3 expression as 285 response to the control TKI dasatinib, that targets BCR-ABL, c-KIT, EPH and PDGFβ and is used 286 in CML, ALL and AML therapy40. Even though dasatinib exhibits similar effects on cell viability 287 compared to FLT3 TKIs in selected concentrations (data not shown), dasatinib does not 288 upregulate FLT3 surface expression (Figure 6B).  289 Different dose combinations of 20D9-ADC and TKI were applied to MOLM-13 cells in vitro. While 290 midostaurin as single drug did not affect cell viability at low doses, combination treatment with 291 the 20D9-ADC was significantly beneficial compared to 20D9-ADC treatment alone (Figure 6C). 292 Similar effects could be observed for the combination of 20D9-ADC and AC220 in MOLM-13, 293 MV4-11 and MM-6 cells (Figure 6E and Supplementary Figure 8C). To calculate synergistic 294 effects, we utilized two calculation methods, the Combination Index (CI)41,42 and the ZIP method 295 using the Synergy finder43,44, which revealed synergism of a combined treatment approach with 296 20D9-ADC and FLT3-TKI (Figure 6C-F). In the MOLM-13 xenograft model, treatment with 297 midostaurin (50 mg/kg; Q5Wx3) or 20D9-ADC (1 mg/kg; Q1Wx3) as single agents only led to 298 modest growth delay in vivo (Figure 6G). Strikingly, the combination of 20D9-ADC and 299 midostaurin treatment led to drastic tumor reduction and probably cure in 2 out of 3 tumor-300 bearing animals. Thus, these results indicate a high synergistic potential of the FLT3 specific ADC 301 when combined with FLT3 TKIs.  302  303 

Discussion  304 
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Here, we report the development and preclinical characterization of a novel FLT3 targeting ADC, 305 20D9-ADC, with robust preclinical activity in multiple models of AML. Further, we found a 306 strong synergistic effect of the combination treatment of 20D9-ADC with a recently approved 307 TKI in FLT3 mutated AML.  308 FLT3 is an established target for TKIs, like midostaurin which are approved in FLT3 mutated 309 AMLs with permanently activated receptor signaling45. Moreover, FLT3 is overexpressed in AML 310 with a restricted expression pattern in a subset of healthy hematopoietic cells and low 311 abundance in non-hematopoietic tissue. There, a low RNA expression in lung, pancreas and 312 brain was not yet confirmed to result in cell surface expression of FLT3. Thus, agents targeting 313 FLT3 in AML may have the largest therapeutic index compared to other targets like CD33, 314 CD123 and CLL146 and are expected to have little to no healthy tissue toxicity beyond potential 315 hematologic toxicities46. This makes FLT3 a promising ADC target in AML treatment, addressing 316 a broader patient cohort regardless of the FLT3 mutation status.  317 So far, GO, an ADC targeting CD33, is the only approved ADC in AML53,54. The conjugation and 318 linker design in ADC development are essential as they influence the toxicology profile8. The 319 linker of GO exhibits instability, leading to premature release of calicheamycin47. For 20D9-ADC 320 development, the novel P5 conjugation technology with outstanding serum stability was applied 321 to conjugate MMAF via a cleavable linker, which facilitates efficient intracellular release of 322 MMAF 37,48. MMAF belongs, like monomethyl auristatin E (MMAE), to the microtubule-targeting 323 agents which are used as payloads in two-thirds of all clinical stage ADCs49. It is a highly potent 324 agent with IC50 in the subnanomolar range and has lower bystander killing effects in comparison 325 to MMAE, which is an advantage in hematologic malignancies50,51. 326 We show here that 20D9-ADC had strong and selective cytotoxicity in FLT3 positive cell lines in 327 

vitro. We could clearly distinguish between CD64- and FLT3-mediated cytotoxicity in a cell line 328 model by applying deglycosylated ADCs, showing a strong advantage of co-targeting both 329 receptors. In vivo, we found a dose dependent response of aggressive AML cell lines to 330 20D9-ADC independent from the tumor burden at start of treatment, proving the robustness and 331 high efficacy of 20D9-ADC. Interestingly, the deglycosylated 20D9-ADC achieved almost the 332 same efficacy compared to the native 20D9-ADC in MOLM-13 cells in vivo, despite targeting 333 exclusively FLT3. Applying IgG1-ADC in vivo was much less effective than 20D9-ADC, indicating 334 that FLT3 targeting might be sufficient and superior compared to dual targeting in the AML 335 mouse model. Moreover, we could also successfully treat AML PDX models in vivo. These PDX 336 samples recapitulate the phenotype of human AML since they comprise of AML stem cells and 337 subclonal AML cell populations32,52. In the in vivo studies, the ADCs were well tolerated as single 338 agent or in combination with TKIs. 339 
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To evaluate the toxicity profile of 20D9-ADC in healthy tissue, we focused on hematopoietic stem 340 and progenitor cells, since FLT3 expression in the brain, pancreas and lung tissue seems to be 341 limited to the cytoplasm or to be very low46. 20D9-ADC in concentrations in the range of IC50 342 values of AML cell lines did not affect healthy human CD34+ cells, which is promising for a 343 favourable toxicity profile. Only in high concentrations, the 20D9-ADC but also the IgG1-ADC 344 shows cytotoxicity towards myelomonocytic and lymphoid progenitors. Thus, Fc receptor 345 engagement might result in side effects and toxicity toward megakaryocytes leading to 346 thrombocytopenia53. On the other hand, brentuximab vedotin, an approved IgG1-based ADC in 347 Hodgkin lymphoma, showed manageable tolerability and safety profile in a phase III study54. A 348 functional IgG1 Fc region might also have advantages as it was reported that IgG1 can mediate 349 antibody-dependent cell-mediated cytotoxicity and antibody-dependent cellular phagocytosis in 350 the context of drug conjugates49,55–57. Of note, our studies have shown a superior cytotoxic 351 activity of the native 20D9-ADC compared to the deglycosylated 20D9-ADC (that is devoid of 352 FcgR binding) in vitro, but not in vivo. It is unclear whether the FcgR binding properties of the 353 20D9-ADC will be beneficial in AML patients with respect to toxicity and efficacy. Therefore, 354 further studies in humans or nonhuman primates will be necessary to answer this question. For 355 FLT3 targeting, a favourable toxicity profile can be expected, since a FLT3 x CD3 bispecific 356 antibody in cynomolgues monkey revealed a reversible depletion of dendritic cells, HSPCs and 357 monocytes without any major clinical signs of toxicity46. 358 Due to the observed high efficacy, we evaluated the potential of 20D9-ADC for therapy of FLT3 359 mutated AML, since especially patients with a high ratio of FLT3 ITD have a worse prognosis58. 360 By combining 20D9-ADC and FLT3 TKIs, we aimed at (1) exploiting the potential of the FLT3 361 target, since the ITD mutated FLT3 receptor has a partially intracellular localization29, (2) 362 opening the therapeutic window for the FLT3 specific ADC treatment while reducing side effects, 363 and at (3) integrating an FLT3 ADC in the therapeutic landscape of FLT3-mutated AML.  364 The combination of 20D9-ADC and TKI treatment showed significantly higher effectivity in vitro 365 compared to single drug treatment. The in vivo experiments resulted in even more striking 366 benefit of the combination therapy of low dose 20D9-ADC and midostaurin. We hypothesize that 367 the outstanding treatment efficacy of the drug combination of 20D9-ADC and midostaurin is due 368 to an upregulation of the activated FLT3 receptor on the cell surface as previously reported by 369 our group29. However, we cannot exclude other mechanisms as midostaurin is not specific for 370 FLT3 and inhibits also other kinases like VEGFR-2, PDGFR and KIT59. Further, Fu Li et al 371 described an anti CD123-ADC to be more efficient in combination with quizartinib14 and a CD33-372 targeting ADC (IMGN779) showed increased effectivity in combination with quizartinib60.  373 
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Interestingly, an anti-FLT3 ADC from Astellas Pharma (AGS62P1; NCT02864290) is being 374 evaluated in clinical studies, supporting the relevance of the FLT3 receptor as a therapeutic 375 target for ADCs55. Our study using 20D9-ADC clearly distinguishes from the AGS62P1 molecule. 376 We (1) use Ethynylphosphonamidate-linkers with excellent stability as opposed to oxime 377 linkages in AGS62P1, which is (2) limited to DAR2 and we believe that the expression profile of 378 FLT3 dictates a higher DAR to ensure a good efficacy also in FLT3-low expressing malignant 379 cells. Further, the (3) additional CD64 targeting and (4) the combination therapy with TKIs to 380 enhance the efficacy is mostly promising regarding the effectivity in FLT3+ AML. 381 In conclusion, we have developed and characterized a novel FLT3 targeting ADC that 382 demonstrated potent antileukemic activity in preclinical models of AML including PDX mouse 383 models. Importantly, 20D9-ADC was effective at low concentrations in combination with 384 midostaurin, suggesting a treatment concept with a possibly favorable toxicity profile. Our data 385 indicate that FLT3 is a clinically promising target for ADC application which should be further 386 evaluated in clinical studies in combination with FLT3 inhibitors.  387 
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 612 

Figure Legends 613 

Figure 1: Evaluation of epitope specificity and internalization capability of anti-FLT3 614 
monoclonal antibodies. 615 (A) Affinity of seven anti-FLT3 monoclonal antibody (mab) clones to recombinant human FLT3 616 measured in enzyme-linked immunosorbent assay (ELISA) normalized to the binding of the 617 antibodies to BSA control. Dissociation constant (KD; mean ± s.d..; n=3) is depicted. (B) Schematic 618 FLT3 receptor. Black arrows indicate common mutations and blue arrows indicate the three 619 identified epitopes of seven anti-FLT3 antibodies analyzed in linear epitope mapping by 620 PEPperPRINT©. Figure was created with BioRender.com. (C) Binding and temperature induced 621 internalization of anti-FLT3 antibodies in Ba/F3 cells expressing human wildtype FLT3. 622 Internalization was induced by incubation for 30 min at 37°C (grey) compared to 4°C (black). 623 
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Remaining surface-bound antibody was detected in flow cytometry. MFI was normalized to 624 control human IgG1 binding. MFI= mean fluorescence intensity. Unpaired, two-tailed Student’s t-625 test; *p<0.05; mean ± s.d. of n=3 is depicted. (D) Cell surface binding of 20D9 mab or control 626 human IgG1 antibody to Ba/F3 cells stably expressing pMIY (Ba/F3-pMIY) empty vector (ev), 627 human wildtype (hFLT3wt) or ITD mutant human FLT3 (hFLT3ITD) was measured in flow 628 cytometry. Mean ± s.d. of n=3. (E) Temperature induced internalization of 4B12 mab in MOLM-629 13 (FLT3 positive) cells after 30 min incubation at 37°C compared to 4°C and HL-60 (FLT3 630 negative) after 37°C incubation assessed in immunofluorescence staining. Red = FLT3 staining 631 by 4B12, Green = membrane staining by Vybrant DiO, Blue = nuclear staining by DAPI. Scale bar 632 5 µm. Representative pictures are shown. (F) Cell surface binding of 20D9 mab or control hIgG1 633 antibody to Ba/F3-pMIY ev, hFLT3wt, murine (mFLT3wt) or cynomolgues monkey FLT3 634 (cynoFLT3wt) was measured in flow cytometry. Mean ± s.d. of n=3. (G) Cell surface binding of 635 20D9 mab or control hIgG1 antibody to Ba/F3-pMIY ev, hFLT3wt or epitope mutant FLT3 636 (hFLT3/S50P/P54R) measured in flow cytometry. Mean ± s.d. of n=3. (H) Cell surface binding of 637 20D9 mab or control hIgG1 antibody to Ba/F3-pMIY ev, hFLT3wt or human CD64 (hCD64) 638 measured in flow cytometry. Mean ± s.d. of n=3. 639  640 

Figure 2: Analysis of cytotoxicity of FLT3-specific 20D9-ADC to different FLT3 variants. 641 (A) Schematic process of P5 conjugation technology37 via disulfite bond reduction and 642 Staudinger induced Michael addition. Final ADC consists of monoclonal antibody (20D9 or IgG1 643 antibody) coupled to monomethyl auristatin F toxin. Figure was created with BioRender.com. 644 (B-E,G) Assessment of cytotoxicity of ADCs in different Ba/F3 cell lines. Viability was determined 645 after 72 h treatment with different ADC concentrations by trypan blue exclusion count and 646 compared to untreated control. Mean ± s.d. of n=3 biological replicates. (B) Treatment of Ba/F3-647 pMIY ev, hFLT3wt and hFLT3ITD cells with 20D9-ADC. (C) Treatment of Ba/F3-pMIY ev, 648 hFLT3wt, mFLT3wt and cynoFLT3wt cells with 20D9-ADC. (D) Treatment of Ba/F3-pMIY ev, 649 hFLT3wt and hFLT3/S50P/P54R cells with 20D9-ADC. (E) Treatment of Ba/F3-pMIY ev or 650 hCD64 with either 20D9-ADC or IgG1-ADC. (F) IC50 values of 20D9-ADC and IgG1-ADC in 651 Ba/F3-CD64 and Ba/F3-CD64-FLT3 cells. Calculation based on data from Figure 2E and 2G 652 calculated by GraphPad Prism. Unpaired, two-tailed Student’s t-test; *p<0.05. Each dot 653 represents a replicate, horizontal line indicates mean.  (G) Treatment of Ba/F3-pMIY ev or 654 hCD64 and hFLT3 (CD64-FLT3) with different concentrations of either 20D9-ADC or IgG1-ADC.  655  656 

Figure 3: Analysis of 20D9-ADC and control IgG1-ADC cytotoxicity in leukemia and 657 
lymphoma cell lines. 658 (A) Correlation of MFI of CD64 cell surface expression and MFI of FLT3 cell surface expression of 659 myeloid human cell lines measure in flow cytometry. Expression data presented in 660 Supplementary Figure 5A and B. Black line indicates simple linear regression with error interval. 661 r= Pearson correlation coefficient; r²= Coefficient of determination; p= p value from two tailed 662 test with confidence interval of 95%. MFI= mean fluorescence intensity. (B,C,E,F) Assessment of 663 cytotoxicity of ADCs in different human cell lines. Viability was determined after 96h treatment 664 with different concentrations of ADCs by resazurin fluorescence and normalized to untreated 665 control. Dashed line indicates 100 ng/ml drug concentration. Mean ± s.d. of n=3 biological 666 replicates. (B) Treatment of FLT3 positive human cell lines with 20D9-ADC. (C) Treatment of 667 FLT-3 negative human cell lines with 20D9-ADC. (D) Correlation of IC50 values of 20D9-ADC and 668 sum of MFI of FLT3 and CD64 cell surface expression of myeloid human cell lines measure in 669 flow cytometry. Expression data presented in Supplementary Figure 5 A,B and IC50 values of 670 
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20D9-ADC in Supplementary Table 1. Black line indicates simple linear regression with error 671 interval. (E) Treatment of FLT3 positive human cell lines with IgG1-ADC. (F) Treatment of 672 MOLM-13 cells with either native, buffer-incubated control (buffer control), or deglycosylated 673 (deglyc.) 20D9-ADC or IgG1-ADC. 674  675 

Figure 4: Evaluation of in vivo activity of 20D9-ADC in xenograft mouse models. 676 NSG mice were injected intravenously (i.v.) with 1x105 luciferase expressing MOLM-13 cells (A-677 C) or 2x106 luciferase expressing AML-573 PDX cells (D,E). Leukemic burden was monitored 678 once or twice a week by bioluminescence imaging (BLI), and total flux was quantified. Mean 679 ± s.d. is depicted. Treatment is indicated with rectangles in dark blue (20D9-ADC, 3 mg/kg), 680 light blue (20D9-ADC, 1 mg/kg), grey (PBS) or black (all groups as indicated). (A) One week after 681 transplantation, mice were treated with 20D9-ADC (1 mg/kg or 3 mg/kg, i.v.) or PBS as control 682 (n=4/group) once a week for six weeks (1 mg/kg) or for four weeks (3 mg/kg). (B) BLI pictures 683 of one representative mouse per group are shown. (C) One week after transplantation, mice 684 were treated with either native or glycosylated 20D9-ADC or with either native or glycosylated 685 IgG1-ADC (3 mg/kg; n=3/group) once a week for two weeks. PBS control mice of experiment 686 shown in A are included as control. (D) FLT3 RNA expression of  AML PDX samples (n=21) and 687 primary patient samples39 (n=261) analyzed by SCRB sequencing61. Data presented as 688 normalized log2 counts per million (cpm). Samples selected for ex vivo and in vivo analysis are 689 marked in blue. (E) 20 days after transplantation, mice were treated at intermediate tumor 690 burden with 20D9-ADC (3 mg/kg) or PBS as control (n=3/group) once a week for up to four 691 weeks (2 mice) or five weeks (one mouse). (F) PBS-treated control mice from (E) (n=3) were 692 treated at day 41 after transplantation at advanced tumor burden with 20D9-ADC once a week 693 for four weeks (two doses of 3 mg/kg, followed by two doses of 1 mg/kg).  694  695 

Figure 5: Analysis of hematotoxicity of 20D9-ADC. 696 (A) Expression of FLT3 and CD64 in CD34 positive healthy bone marrow (BM) cells measured in 697 flow cytometry. Mean ± s.d. of n=3 donors. (B,C) CD34 positive cells were treated with 0.04 698 µg/ml, 0.2 µg/ml or 1 µg/ml 20D9-ADC, 1 µg/ml IgG1-ADC or PBS and analyzed in flow 699 cytometry after 4 days. Kruskal-Wallis test; *p<0.05; **p<0.01; ***p<0.001; Mean ± s.d. of n=5. 700 (B) Percentage of living cells measured with Annexin V/PI staining and normalized to PBS. (C) 701 Differentiation assessment after staining to differentiation markers. CMP: common myeloid 702 progenitors; GMP: granulocyte-monocyte progenitors; MEP: megakaryocyte/erythroid 703 progenitors; MLP: multilymphoid progenitors; MPP: multipotent progenitors; hematopoietic 704 stem cells (HSC). (D) Assessment of clonogenic capacity of healthy CD34+ BM cells. Cells were 705 treated with 0.04 µg/ml, 0.2 µg/ml or 1 µg/ml 20D9-ADC, 1 µg/ml IgG1-ADC or PBS and plated 706 afterwards for colony forming unit (CFU) assay without further treatement. After 14 days, 707 colonies were counted. GEMM: granulocyte, erythrocyte, macrophage, megakaryocyte. GM: 708 granulocyte, macrophage. M: macrophage. G: granulocyte. E: erythrocyte. BFU-E: burst-forming 709 unit erythrocyte. 2way ANOVA; *p<0.05; Mean ± s.d. of n=5. 710  711 

Figure 6: Treatment combination of 20D9-ADC and tyrosine kinase inhibitors. 712 (A,B) Upregulation of FLT3 cell surface expression in MOLM-13 cells after treatment with kinase 713 inhibitors compared to untreated control. Cells were analyzed in flow cytometry after treatment. 714 Dotted line represents MFI ratio of untreated cells. Mean ± s.d. of n=2 is depicted. (A) Cells were 715 
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treated with 5, 25 or 50 nM midostaurin, quizartinib and sorafenib for 6, 24, 48 or 72 h. (B) Cells 716 were treated with 5 nM midostaurin, 1 nM quizartinib, 5 nM sorafenib or 1 µM dasatinib for 72 717 h. (C-F) Treatment combination of 20D9-ADC and midostaurin (C,D) or quizartinib (E,F) in 718 MOLM-13 cells compared to treatment with 20D9-ADC, midostaurin or quizartinib as single 719 agent. Viability was determined after 96h by resazurin fluorescence and normalized to dimethyl 720 sulfoxide (DMSO) treated control. (C,E) Each dot represents one biological replicate, the 721 horizontal line indicates the mean. two-way ANOVA; *p<0.05; **p<0.01; ***p<0.001. 722 Combination indices (CIs) with standard deviation were determined using CompuSyn software; 723 CI < 1 indicates synergy and is underlined; CI = 1 additivity; CI > 1 antagonism. (D,F) The 724 synergy score was calculated by ‘Synergy Finder’ software using zero interaction potency (ZIP) 725 modeling. Grey triangles indicate increasing drug concentrations. A positive Synergy score value 726 δ and the red coloring indicate synergism. (G) Treatment combination of 20D9-ADC and 727 midostaurin in vivo. NSG mice were injected i.v. with 1e5 luciferase expressing MOLM-13 cells. 728 Leukemic burden was monitored once or twice a week by BLI, and total flux was quantified. 729 Mean ± s.d.  is depicted. One week after transplantation, mice were treated for three weeks with 730 20D9-ADC (1 mg/kg i.v., once per week), midostaurin (50 mg/kg p.o. 5 days a week), a 731 combination of both or PBS as control (n=4/group). Bioluminescence imaging of one 732 representative mouse of each group at day 6 and 16. 733 
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