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ABSTRACT 73 

Acute leukemias are systemic malignancies associated with a dire outcome. Due to low 74 

immunogenicity, leukemias display a remarkable ability to evade immune control and are 75 

often resistant to checkpoint blockade. Here, we discover that leukemia cells actively 76 

establish a suppressive environment to prevent immune attacks by co-opting a signaling axis 77 

that skews macrophages towards a tumor promoting tissue repair phenotype, namely the 78 

GAS6/AXL axis. Using aggressive leukemia models, we demonstrate that ablation of the 79 

AXL receptor specifically in macrophages, or its ligand GAS6 in the environment, stimulates 80 

anti-leukemic immunity and elicits effective and lasting NK- and T-cell dependent immune 81 

response against naive and treatment resistant leukemia. Remarkably, AXL deficiency in 82 

macrophages also enables PD1 checkpoint blockade in PD1-refractory leukemias. Lastly, we 83 

provide proof-of-concept that a clinical grade AXL inhibitor can be used in combination with 84 

standard of care therapy to cure established leukemia, regardless on AXL expression in 85 

malignant cells.  86 
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STATEMENT OF SIGNIFICANCE  87 

Alternatively primed myeloid cells predict negative outcome in leukemia. By demonstrating 88 

that leukemia cells actively evade immune control by engaging AXL RTK in macrophages 89 

and promoting their alternative priming, we identified a target which blockade, using a clinical 90 

grade inhibitor, is vital to unleashing the therapeutic potential of myeloid-centered 91 

immunotherapy.   92 
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INTRODUCTION 93 

Acute leukemia is a heterogenous group of devastating and rapidly progressing blood 94 

cancers that have a dismal outcome. Despite therapeutic progress, acute leukemia remains 95 

the leading cause of cancer-related death in children and is an appalling clinical challenge in 96 

particular in adults and elderly, whose overall survival (OS) remains below 50% (1,2). Similar 97 

to solid cancers, immune evasion is a hallmark of acute leukemia (3). Several studies have 98 

identified leukemia intrinsic mechanisms that promote immune escape, including loss of HLA 99 

molecules (4-6), expression of inhibitory ligands that dampen T cell response (7) as well as 100 

downregulation of ligands that activate cytotoxic lymphocytes, such as NK cells (8). 101 

Moreover, the disseminated nature of acute leukemia, their rapid disease course as well as 102 

their notoriously low mutational load (9) represent specific features that likely limit the initial 103 

engagement of anti-leukemic immunity (3,10). This is exemplified by the recent finding that 104 

disseminated acute myeloid leukemia (AML) cells fail to induce host type I interferon 105 

response and effective anti-leukemic immunity (11). Besides these leukemia intrinsic 106 

features, the extrinsic environment is also believed to heavily contribute to immune evasion, 107 

but the underlying molecular mechanisms remain largely unknown in hematological 108 

malignancies. Therefore, identifying the pathways that impose a suppressive environment is 109 

critical to close this gap in knowledge and inform the development of more effective 110 

therapies.  111 

Tumor associated myeloid cells significantly impact tumor progression through a 112 

plethora of mechanisms including dampening protective adaptive immunity (12).  113 

In B-cell acute lymphoblastic leukemia (B-ALL), a recent single cell RNA study revealed that 114 

monocyte abundance, and in particular non-classical monocytes, is predictive of patient’s 115 

survival (13). Likewise, high number of CD68+CD163+ M2-like macrophages or  CD206 116 

immune suppressive myeloid cells are associated with poor outcome in adult T-cell leukemia 117 

and AML, respectively (14,15).  These studies suggest, that similar to their counterpart found 118 

in solid tumors, leukemia associated myeloid cells likely contribute to disease progression, 119 

however, the underlying molecular mechanisms remain undefined.  120 

Under physiological conditions, a well-known immune regulatory mechanism, that is 121 

primarily active in myeloid cells, is driven by the TYRO3, AXL and MERTK (collectively 122 

termed TAM) receptor tyrosine kinases (RTKs). These RTKs are differentially activated by 123 

their ligands GAS6 and PROS1, with GAS6 showing highest affinity for AXL. When engaged 124 
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in innate immune cells, namely macrophages and dendritic cells (DCs), TAM RTKs drive the 125 

acquisition of a non-inflammatory phenotype that promotes tissue-repair and resolution of 126 

inflammation (16-18). In cancer, AXL overexpression is frequently associated with poor 127 

prognosis, both in solid and hematological malignancies (19). This tumor promoting function 128 

of AXL is primarily attributed to its tumor cell intrinsic ability to promote proliferation, epithelial 129 

to mesenchymal transition, survival and resistance to cancer therapy, including in 130 

hematological malignancies (20-29). Additionally, tumor intrinsic AXL expression can exert 131 

immune-suppressive functions by suppression of MHC-I expression, induction of PDL1 132 

expression and altered expression of cytokines and chemokines that promote recruitment of 133 

myeloid cells (30-36). Notably, although AXL is expressed in immune cells within the tumor 134 

microenvironment, its potential tumor immune modulatory function in tumor-associated 135 

immune cells per se, remains largely unexplored.  136 

Here we demonstrate that acute leukemia cells establish a self-reinforcing immune 137 

suppressive microenvironment by co-opting a host-derived mechanism, driven by GAS6/ 138 

AXL axis in macrophages, to dampen innate immunity and limit protective inflammation. 139 

Combining different mouse models and clinical grade pharmacological inhibitors, we show 140 

that targeting AXL specifically in macrophages, promotes anti-leukemic immunity, and elicits 141 

susceptibility to PD1 blockade. When further combined with the standard of care treatment, 142 

GAS6/AXL blockade leads to unprecedented cure rates in high-risk B-ALL in mice, including 143 

those resistant to BCR-ABL1 inhibition.  144 

 145 

RESULTS 146 

GAS6 is induced in the bone marrow microenvironment of patients with hematological 147 

malignancies and its expression correlates with poor outcome. 148 

Using publicly available data sets, we found that high GAS6 expression correlates with poor 149 

outcome in acute myeloid leukemia (AML), the most frequent form of acute leukemia in 150 

adults, as well as B-cell lymphoma (Fig. 1A, Supplementary Fig. S1A). Consistently, high 151 

GAS6 expression was previously associated with high-risk adult patients with de novo AML 152 

(28). To extend these in-silico findings to other hematological malignancies, and pinpoint the 153 

cellular source of GAS6, we used immune-histochemistry (IHC) to evaluate GAS6 154 

expression in situ, in bone marrow trephine biopsies from B-cell and T-cell acute 155 

lymphoblastic leukemia (B-ALL and T-ALL) patients, at diagnosis (Table S1). In B-ALL, 156 
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GAS6 was undetectable in malignant blasts marked by CD10 expression (Fig. 1B, top left 157 

panel), that often constitute over 95% of the cells in diagnostic biopsies, and readily 158 

produced by stromal cells, megakaryocytes and hematopoietic cells with typical myeloid 159 

morphology (Fig. 1B, Supplementary Fig. S1B). Using an ex-vivo co-culture system, we 160 

show that both Philadelphia chromosome positive (Ph+) B-ALL and myeloid leukemia cells 161 

(MDS and AML) instructively enhance GAS6 expression in human monocytes (CD14+) 162 

isolated from healthy donors (Fig. 1C). Overall, these human data indicate that leukemic cells 163 

enhance GAS6 expression in the microenvironment in a spectrum of hematological 164 

malignancies and most importantly, that GAS6 expression correlates with poor outcome.   165 

 166 

Induction of successful anti-leukemic immunity by Gas6 ablation in the host 167 

environment  168 

To functionally test the role of GAS6 in possibly abetting leukemia progression, three 169 

syngeneic leukemia models were used in this study. In the myeloid models, disease was 170 

initiated by either the loss of Asxl1 (37) (Supplementary Fig. S1C-H and Supplementary 171 

Methods) or the expression of the MLL-ENL fusion oncogene coupled to a tomato reporter 172 

(38) (Supplementary Fig. S1I). For lymphoblastic leukemia, we used a highly aggressive B-173 

ALL model driven by the expression of the BCR-ABL1 fusion oncogene coupled to GFP, in 174 

an Arf null genetic background (Supplementary Fig. S1J-L). This secondary genetic lesion is 175 

frequently found in high-risk B-ALL patients bearing the Philadelphia chromosome (Ph+, the 176 

chromosomal translocation encoding the BCR-ABL1 oncoprotein) and is associated with an 177 

inferior outcome (39). Leukemic burden was defined by the percentage of B220dimGFP+ and 178 

CD11bdim tomato+ cells in the B-ALL and MLL-ENL models, respectively. The Asxl1 model 179 

was characterized by massive hepatosplenomegaly and myeloblast infiltration, hence, spleen 180 

and liver weight were often used as a surrogate for disease burden (Supplementary Fig. 181 

S1F-G). Notably, all three disease models show undetectable leukemia-intrinsic expression 182 

of Axl and Mertk, but do express Tyro3, albeit at variable levels (Supplementary Fig. S2A-J), 183 

and therefore could possibly derive cell-intrinsic benefit from Gas6 in the microenvironment, 184 

as previously reported by others (20-25,27,28,40). In line with the human data, we show 185 

increased Gas6 protein expression in leukemia associated Iba1+ myeloid cells 186 

(Supplementary Fig. S2K). Several cytokines are proposed to induce Gas6 expression, 187 

including TSG6, IL4, M-CSF and IL10 (22,41). We found Il10 to be readily upregulated by B-188 
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ALL blasts upon in vivo transplantation (Supplementary Fig. S2L). Moreover, IL10 blockade 189 

using a neutralizing antibody in vivo, significantly blunts GAS6 induction and dramatically 190 

reduces the positive correlation seen between the percentage of GFP+ leukemic blasts and 191 

GAS6-expressing Iba1+ myeloid cells (Supplementary Fig. S2M-O). These data demonstrate 192 

that IL10, at least in part, contributes to GAS6 induction in leukemia-associated 193 

macrophages. 194 

To functionally distinguish between the possibilities that GAS6 stimulates leukemic growth by 195 

activating oncogenic TAM receptor signaling in the blasts versus whether GAS6 functions via 196 

negatively regulating the anti-leukemic immune response, we transplanted established 197 

leukemia, from three different models, to wild-type (WT) and newly generated Gas6-deficient 198 

(Gas6-/-) hosts in a C57BL/6 immune-competent or a NOD.Cg-Prkdcscid IL2rgtmWjl/Sz 199 

(NSG) severely immune compromised backgrounds (Fig. 1D-O and Supplementary Fig. 200 

S3A-D). In all three models, leukemic burden was significantly reduced in immune competent 201 

(Fig. 1E, 1I and 1M) but not immune-compromised (Fig. 1F, 1J, 1N, Supplementary Fig. 202 

S3E) Gas6-deficient animals. The reduction in leukemic burden observed in immune-203 

competent Gas6-deficient animals translated in significantly prolonged survivals, in the 204 

myeloid disease models (Fig. 1G, 1K), but not in the aggressive B-ALL model (Fig. 1O). 205 

Together, these data demonstrate that the functional relevance of GAS6 in leukemia goes 206 

well-beyond its previously recognized role as a cell-intrinsic growth promoting factor and 207 

relies on its ability to effectively suppress the immune response against leukemia.  208 

 209 

GAS6 deficiency synergizes with standard of care therapy to enable a powerful and 210 

durable anti-leukemic immune response against BCR-ABL1 positive B-ALL 211 

In the clinical setting, the standard of care for Ph+ B-ALL patients combines a tyrosine kinase 212 

inhibitor (TKI) targeting the ABL1 kinase and intensive chemotherapy (including vincristine) 213 

followed by allogeneic hematopoietic cell transplantation (HCT) for clinically fit adult patients. 214 

Because efferocytic clearance of apoptotic cells by TAM receptors expressing phagocytes, 215 

promotes the resolution of inflammation both by avoiding secondary inflammatory cell death 216 

and altering phagocyte priming (42), we speculated that induction of apoptotic cell death, 217 

may synergize with a Gas6-deficient environment to promote anti-tumor immunity. Leukemia 218 

challenged immune competent WT and Gas6-/- mice were therefore subjected to a second-219 

generation tyrosine kinase inhibitor targeting the BCR-ABL1 oncogene (nilotinib) and 220 
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vincristine treatment (Fig. 1P), both of which induce effective apoptotic cell death. While 221 

vehicle treated animals rapidly succumbed to leukemia with a median survival of 20 days, 222 

regardless on genotype (Fig. 1Q), 70% (9/13) of nilotinib plus vincristine treated Gas6-/- mice 223 

remained leukemia free and achieved long-term disease-free survival (Fig. 1Q, 224 

Supplementary Fig. S4A). In stark contrast, only 30% (4/12) of WT mice showed durable 225 

responses (Fig. 1Q, Supplementary Fig. S4A), a result that is well in line with the 5-year 226 

overall survival (OS) observed in patients (43). Additionally, bone marrow cells from long-227 

lived Gas6-/- mice failed to transfer disease to secondary immune-compromised NSG hosts 228 

(Supplementary Fig. S4B), thereby demonstrating leukemia eradication in the primary hosts. 229 

To further model the clinical situation often encountered with elderly and frail Ph+ B-230 

ALL patients that cannot tolerate intensive chemotherapy, we also evaluated the impact of 231 

treatment with nilotinib alone. Although nilotinib-treated WT mice showed a significantly 232 

prolonged survival, they ultimately succumbed to full blown leukemia (Supplementary Fig. 233 

S4C), hence recapitulating the relapses seen in patients treated with TKI alone (44). In stark 234 

contrast, 30% (3/10) of nilotinib-treated Gas6-/- mice showed durable responses and 235 

remained leukemia free (Supplementary Fig. S4C). Bone marrow cells from long lived 236 

nilotinib-treated Gas6-/- mice also failed to propagate leukemia upon transfer to secondary 237 

NSG recipients, indicating effective cure of the primary host (Supplementary Fig. S4D). 238 

Importantly, when immune compromised NSG mice, bearing the same leukemia cells, were 239 

subjected to the same treatment, the synergistic effects between Gas6 deficiency and 240 

nilotinib were abrogated (Supplementary Fig. S4E). Together, these data unequivocally show 241 

that blockade of GAS6-mediated immune suppression effectively synergizes with standard of 242 

care regimens to achieve eradication of leukemic stem cells (i.e. cells with leukemia 243 

propagating activity) in B-ALL, thereby leading to long-term disease-free survival. This new 244 

strategy could considerably enhance the effectiveness of TKI treatment in frail patients that 245 

are urgently in need for alternative therapeutic approaches. 246 

 247 

AXL-expressing leukemia-associated macrophages contribute to immune 248 

suppression.  249 

AXL, the TAM RTK with the highest affinity for GAS6, is readily expressed in 250 

leukemia associated myeloid cells, in particular, Iba1+ macrophages (Fig. 2A). High Axl 251 

expression in mononuclear phagocytes, namely monocytes, macrophages and dendritic cells 252 

Cancer Research. 
on January 18, 2022. © 2021 American Association forcancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on June 8, 2021; DOI: 10.1158/2159-8290.CD-20-1378 

http://cancerdiscovery.aacrjournals.org/


 11 

(45) was also seen using the Immunological Genome project (https://www.immgen.org) 253 

(Supplementary Fig. S5A). We next speculated that GAS6 expression could promote 254 

leukemic progression by signaling through AXL in immune cells and tested whether selective 255 

Axl deletion in leukemia associated myeloid cells (both macrophages and DCs) enhances 256 

anti-leukemic immunity using mice with floxed alleles of Axl plus a Cre recombinase driven 257 

by the Csf1r promoter (Csf1r-Cre+ Axlf/f), as previously described (42) (Supplementary Fig. 258 

S5B). When challenged with B-ALL, control mice (Axlf/f) exhibited full-blown leukemia, while 259 

Csf1r-Cre+ Axlf/f mice showed no sign of disease as evidenced by macroscopic analysis, flow 260 

cytometry and IHC (Fig. 2B, Supplementary Fig. S5C-E). Remarkably, this translated into 261 

long-term DFS of >140 days in 80% of the animals (Fig. 2C). Long-term survivors had no 262 

detectable GFP+ leukemia cells in the bone marrow, indicating effective leukemia clearance 263 

(Supplementary Fig. S5F). Potential Csf1r-Cre toxicity was carefully excluded as both Axlf/+ 264 

and Csf1r-Cre+ Axlf/+ mice had full-blown leukemia after challenge with B-ALL 265 

(Supplementary Fig. S5G-H). Notably, myeloid specific Axl deletion has more prominent anti-266 

leukemic effects than constitutive Gas6 loss in B-ALL (Compare Fig. 1M and 1O to Fig. 2B 267 

and 2C). We speculate this might be mitigated by the increased expression of other TAM 268 

receptors ligands, such as Pros1, which is significantly induced in macrophages in response 269 

to B-ALL, but not AML (Supplementary Fig. S5I). Similar to GAS6, PROS1 promotes the 270 

resolution of inflammation by phagocytes (16) and tumor derived PROS1 has been proposed 271 

to limit anti-tumor immune response in the B16F10 melanoma model (46).  272 

Because of its physiological expression in DCs and the recent finding that AXL 273 

partially marks a subpopulation of immunoregulatory DCs that restrain DC immuno-274 

stimulatory function, termed mregDCs (47), we also explored the impact of selective Axl 275 

deletion in DCs, using the CD11c-eGFP-Cre line, as previously reported (Supplementary Fig. 276 

S5B)(48).  We found that Axl deletion in DCs alone, is not sufficient to elicit anti-leukemic 277 

immunity (Fig. 2D), while depletion of macrophages, using clodronate liposomes in Csf1r-278 

Cre+ Axlf/f mice prior to leukemia challenge abolished anti-leukemic immunity (Fig. 2E, 279 

Supplementary Fig. S5J). Importantly, the anti-leukemic effects and prolongation of survival 280 

conferred by Axl deletion in Csf1r-expressing cells were also recapitulated in the myeloid 281 

leukemia models (Fig. 2F-I). Likewise, AML burden remained unaffected when Axl was 282 

specifically ablated in DCs (Fig. 2J), further confirming the finding from the B-ALL model. 283 

Notably however, Axl-deficiency did not lead to cure in the MLL-ENL model, possibly 284 
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reflecting a difference in the downstream immune response to these different types of 285 

leukemia.  Collectively, these data point to AXL as a bona fide innate immune checkpoint in 286 

leukemia-associated macrophages.  287 

 288 

AXL ablation in leukemia-associated macrophages prevents the establishment of an 289 

immune suppressive microenvironment.  290 

To further characterize the immune changes associated with leukemia and hampered by 291 

AXL ablation in macrophages, we FACS purified non-leukemic CD45+ spleen leukocytes 292 

from Axlf/f control and Csf1r-Cre+Axlf/f animals that were either challenged or not with B-ALL, 293 

and subsequently subjected them to scRNAseq using the 10X Genomics platform. A total of 294 

36000 cells, with a median number of 1529 quantified genes/cell were analyzed. 295 

Downstream analysis (detailed in the Methods section) identified distinct clusters that were 296 

subsequently classified into major hematopoietic cell types (Fig. 3A).To confirm the validity of 297 

the inferred cell types, we identified conserved gene markers for each cluster and evaluated 298 

their expression across all identified clusters (Fig. 3B, Supplementary Fig. S6A).  In response 299 

to leukemia, Axlf/f animals showed a marked expansion of the monocytes and granulocytes 300 

clusters with a massive drop in lymphoid cells, likely reflecting the accumulation of immune 301 

suppressive myeloid populations (Fig. 3C) including monocytes, which have recently been 302 

linked to poor outcome in both adult and childhood BCR-ABL1+ B-ALL (13).  These immune 303 

suppressive changes, including the accumulation of immune suppressive CD11b+Ly6G-304 

Ly6Chigh myeloid derived suppressor cells (MDSCs), were abrogated upon Axl ablation in 305 

Csf1r-expressing cells (Fig. 3C) and verified to occur both in the spleen and bone marrow, 306 

using flow cytometry (Supplementary Fig. S6B and S6C).  Differential gene expression 307 

(DGE) analysis further revealed that leukemia-challenged Csf1r-Cre+Axlf/f macrophages 308 

display reduced expression of proliferation associated genes (Pclaf, H2afz, Hspa8) and 309 

drastic decrease in Stathmin expression (Stmn1), a microtubule binding protein 310 

downregulation of which is required for classical priming of macrophages (49), as well as 311 

Ccl24, a chemokine that is highly expressed in M2 polarized macrophages (50) (Fig. 3D). 312 

Targeted expression analysis of key polarization genes additionally showed that, in response 313 

to leukemia challenge, Axl-deficient macrophages, exhibit an enhanced expression of 314 

immune-stimulatory cytokines (Il12, Tnfα)(51,52) and blunted expression of genes 315 

associated with tissue-repair and immune-suppressive functions (Retnla, Chil3, Il10, Arg1 316 
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and Tgfb)(53) (Fig. 3E), which further support the single cell transcriptomic results. Of note, 317 

detection of these genes in the scRNAseq results was hampered by the limited number of 318 

recovered macrophages and DCs, as well as the sequencing depth achieved with the 10X 319 

Genomics platform. Besides macrophages, DCs from Csf1rCre+Axlf/f mice also displayed 320 

increased expression of the immune stimulatory cytokine Il12, while higher expression of Il10 321 

was prominent in leukemia challenged Axlf/f control animals (Fig. 3F) and correlated with 322 

increased abundance of  CD11b+CD11c+ tolerogenic cDC2 in these mice (Fig. 3G) (54). 323 

Ultimately, this prominent shift in myeloid priming resulted in reduced frequency of 324 

suppressive Foxp3+ T regulatory cells (Supplementary Fig. S6D and S6E), higher ratio of 325 

CD8 to CD4 T cells (Supplementary Fig. S6F, S6G and S6H) and higher frequency of  NK 326 

cells (Supplementary Fig. S6I and S6J), reflecting the potent anti-leukemic immune response 327 

observed in Csf1rCre+Axlf/f animals. 328 

In a recent study, systemic blockade of MERTK, another TAM receptor family 329 

member, was shown to enhance anti-tumor immunity in the MC38 model of colorectal cancer 330 

model by engaging the cGAS-STING pathway in phagocytes (55). In our leukemia model, we 331 

found STING expression in immune cells to be dispensable for the leukemia rejection 332 

phenotype imposed by AXL blockade (Supplementary Fig. S7A-B) while myeloid selective 333 

ablation of the suppressor of cytokine signaling 3 (SOCS3) (Supplementary Fig. S7C), an 334 

AXL downstream target that actively impairs type I IFN response and pro-inflammatory 335 

cytokines signaling, readily recapitulates the protective effects associated with myeloid 336 

selective Axl-ablation, in all 3 leukemia models (Supplementary Fig. S7D-G). This hints 337 

towards a potentially essential role of pro-inflammatory and immune stimulatory cytokines in 338 

this process and argues that, although the outcomes of blocking MERTK in the MC38 model, 339 

or AXL in leukemia, are similar, the underlying downstream molecular mechanisms are likely 340 

distinct.  341 

 342 

Axl ablation in leukemia-associated macrophages unleashes an effective NK- and T 343 

cells mediated-killing of leukemia cells.  344 

Because the activity of NK cells is tightly modulated by macrophages and greatly 345 

enhanced by IL12, we speculated that NKs might be involved in the leukemia clearance 346 

phenotype. Intra-peritoneal administration of an anti-NK1.1 antibody every 5 days, starting 2 347 

days before leukemia transplantation, achieved effective and continuous depletion of NK 348 
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cells (Supplementary Fig. S7H-I). In B-ALL (Fig. 4A-C) and AML (Fig. 4D-F) challenged 349 

mice, both NK depleted, and non-depleted Axlf/f control animals showed comparable 350 

leukemic burden and succumbed to disease with similar latencies, suggesting that NK cells 351 

are functionally impaired. In Csf1r-Cre+ Axlf/f mice however, NK-depletion abrogated anti-352 

leukemic immunity and resulted in an accelerated disease course in both leukemia types, 353 

while IgG-treated counterpart remained largely protected against B-ALL (Fig. 4C) and 354 

maintained a prolonged survival in AML (Fig. 4F). This demonstrates that Axl ablation in 355 

phagocytes is sufficient to elicit a powerful NK cell response that is essential for leukemic 356 

clearance.   357 

To further interrogate the functional relevance of T cells as additional downstream 358 

effectors, we generated compound mice that lack CD8 T cells as well as Axl expression in 359 

phagocytes (Csf1r-Cre+ Axlf/f Cd8a-/- and Axlf/f Cd8a-/-) and challenged them with B-ALL or 360 

AML. In B-ALL, CD8 deficiency abrogated the survival advantage observed in Csf1r-Cre+ 361 

Axlf/f compared to Axlf/f control mice (Fig. 4G, 4H).  These results were recapitulated by 362 

depletion of CD8+ T cells using an antibody approach (Supplementary Fig. S7J-K). Notably, 363 

the lower leukemic burden observed in Csf1r-Cre+ Axlf/f Cd8a-/- animals may reflect the 364 

productive engagement of NK cells that are unaffected in this model. In the MLL-ENL AML 365 

model, the survival benefit conferred by Axl-deficient phagocytes was maintained in CD8 366 

deficient animals (Fig. 4I, 4J). Together, these data reveal that productive engagement of NK 367 

cells is a shared downstream mechanism by which Axl-deficient macrophages elicit anti-368 

leukemic immunity, while the engagement of CD8 T cells appear to be model dependent. 369 

 370 

Axl ablation in macrophages elicits susceptibility to PD1-checkpoint blockade in PD-1 371 

refractory treatment naive B-ALL  372 

The fact that the enhanced anti-leukemic immunity observed in B-ALL challenged 373 

Csf1r-Cre+ Axlf/f mice depends, at least in part, on T cells, prompted us to test whether 374 

interfering with this axis could also sensitize PD-1 refractory B-ALL (Fig. 5A), to PD1 375 

checkpoint blockade therapy. To address this issue, we took advantage of the limited fraction 376 

(10-20%) of Csf1r-Cre+ Axlf/f mice that eventually escape immune control and develop 377 

leukemia in the B-ALL model with a significantly delayed latency of > 40 days (Fig. 2C). In 378 

situ IHC analysis of bone marrow and spleen sections revealed prominent PD1-expression in 379 

these mice (Fig. 5B), which was largely restricted to the CD8+ T cell subset, as demonstrated 380 
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by flow cytometry (Fig. 5C-D). On the other hand, PD1 ligand (PD-L1) is readily expressed 381 

by stromal and immune cells in the bone marrow as well as leukemic cells themselves (Fig. 382 

5E).  PD1 blockade in Csf1r-Cre+ Axlf/f mice in early stage relapse (up to 2% leukemic burden 383 

in PB) led to rapid leukemic clearance (Fig. 5F-G) and long-term DFS of over 120 days (Fig. 384 

5H). Hence our data demonstrate that AXL blockade in phagocytes, not only triggers a 385 

potent and lasting immune response against BCR-ABL1+ B-ALL, but also elicits susceptibility 386 

to checkpoint blockade in case of disease recurrence 387 

AXL inhibition in non-malignant cellular components of the leukemic 388 

microenvironment, unleashes a potent anti-leukemic immunity in vivo and synergizes 389 

with standard of care therapy to eradicate leukemia. 390 

To determine the translational relevance of these findings, we pharmacologically 391 

interfered with AXL in vivo, using Bemcentinib (also known as R428 or BGB324) (56), an 392 

orally available and selective inhibitor for AXL currently undergoing clinical evaluation in 393 

cancers in which AXL expression, in tumor cells, is thought to contribute to disease 394 

pathogenesis (e.g. NCT02488408; NCT02424617; NCT02922777). In this study, by using 395 

leukemia models that do not express AXL protein (Fig. S2J), we primarily used Bemcentinib 396 

to evaluate its potential immune modulatory effects on the non-malignant components of the 397 

leukemic microenvironment that express AXL, namely myeloid cells (Fig. 2A). To model an 398 

intervention trial in which patients would exhibit low leukemic burden, such as those with 399 

measurable minimal residual disease (MRD+) after induction therapy, Bemcentinib treatment 400 

was initiated several days post-leukemia challenge when leukemic cells were readily 401 

detected in the bone marrow and administered 7 days a week, twice daily at a dose of 50 402 

mg/kg body weight. This resulted in reduced AXL phosphorylation in Iba1 expressing 403 

macrophages (Fig. 6A) and led to a significant reduction in leukemic burden across all 404 

analyzed organs in the highly aggressive B-ALL model (Fig. 6B). As anticipated, in this 405 

model, the anti-leukemic effects were dependent on the engagement of CD8 T cells, as 406 

demonstrated by the lack of therapeutic efficacy of Bemcentinib in CD8 deficient mice (Fig. 407 

6C). In line with our observations in Axl deleted macrophages, Bemcentinib significantly and 408 

consistently enhanced the proinflammatory priming of macrophages as evidenced by 409 

increased expression of Il12 and Tnfα in response to LPS and IFNγ, ex vivo (Supplementary 410 

Fig. S8A).  Consequently, we show that the therapeutic effects of Bemcentinib are curtailed 411 

upon IL12 and TNFα blockade in vivo (Fig. 6D), indicating that these pro-inflammatory 412 
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cytokines indeed contribute to the overall immune stimulatory effects observed upon AXL 413 

inhibition in vivo. 414 

To further evaluate whether AXL inhibition may improve overall survival, leukemia bearing 415 

mice were first treated with Bemcentinib, as a single agent, on an intermittent schedule of 5 416 

days on, 2 days off for the indicated duration. Under these conditions, Bemcentinib led to a 417 

significant increase in overall survival (OS) in the Asxl1-/- model (Fig. 7A). These effects were 418 

lost in immune-compromised NSG mice, in line with Bemcentinib’s predicted effects on AXL 419 

positive immune cells (Fig. 7B). Of note, terminally ill mice exhibited the same disease 420 

phenotype regardless on treatment status (Supplementary Fig. S8B). In the high-risk B-ALL 421 

model, single agent treatment with Bemcentinib (Supplementary Fig. S8C) or nilotinib, 422 

(Supplementary Fig. S8D), significantly extended survival but all animals eventually 423 

succumbed to bona fide B-ALL within 50 days, despite continuous drug treatment.  424 

Remarkably, however, combination treatment with nilotinib and Bemcentinib exhibited a 425 

prominent synergistic effect that led to complete remission and disease eradication in over 426 

90% (30/33) of the animals, with no sign of drug toxicity (Fig. 7C). Notably, although 427 

combination treatment was stopped on day 48, all mice remained leukemia-free, as 428 

demonstrated by the analysis of their bone marrow using flow cytometry (Fig. 7D) while 429 

vehicle-treated mice succumbed to bona fide leukemia within 15-20 days. In this experiment, 430 

weekly monitoring revealed that 3 out of 33 mice (9%) treated with nilotinib plus Bemcentinib 431 

showed sign of disease recurrence around day 30, at which point these mice were subjected 432 

to anti-PD1 treatment. Similar to our observation in relapsing Csf1r-Cre+ Axlf/f mice (Fig. 5), 433 

checkpoint blockade led to disease clearance in 2 out of the 3 relapsing mice (Fig. 7E). 434 

Additionally, when NSG mice, bearing the same leukemia were subjected to combined 435 

treatment with nilotinib and Bemcentinib, the latter failed to drastically potentiate nilotinib 436 

effects as demonstrated by the fact that 100% of the mice succumbed to leukemia with a 437 

median survival that was comparable to nilotinib only treated animals (Fig. 7F).  438 

 439 

AXL inhibition synergizes with chemotherapy to eradicate leukemia and promote 440 

disease-free survival in TKI resistant BCR-ABL1+ B-ALL.  441 

Because treatment resistance is a major source of relapse and a leading cause of 442 

acute-leukemia related deaths, we explored the therapeutic efficacy of AXL inhibition in the 443 

context of B-ALL resistant to BCR-ABL1 inhibition. B-ALL cells were exposed to increasing 444 
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doses of nilotinib ex-vivo to obtain a nilotinib resistant subclone (referred to as TKIR), that 445 

was proven to be equally resistant to nilotinib treatment in vivo as shown by the lack of 446 

survival advantage (Fig. 7G).  This is in stark contrast to the increased survival of nilotinib 447 

treated animals challenged with the parental (nilotinib sensitive) B-ALL cells (Supplementary 448 

Fig. S8D). Bemcentinib alone did not significantly prolong survival in this TKIR B-ALL model, 449 

while chemotherapy using vincristine showed some efficacy, with 4 out of 12 mice (33.3%) 450 

achieving long-term DFS (Fig. 7G). Most importantly, addition of the AXL inhibitor to 451 

vincristine showed remarkable synergistic effects, with 22 out of 23 mice (95.6 %) achieving 452 

leukemic clearance and long-term DFS of over 180 days (Fig. 7G-H). Additionally, secondary 453 

transplantation of bone marrow cells from these long-term survivors failed to propagate 454 

disease to secondary NSG recipients, thereby indicating effective eradication of leukemia in 455 

the treated mice (Supplementary Fig. S8E-F). Notably, TKIR blasts remained AXL negative 456 

thereby excluding a potential leukemia intrinsic effect of AXL inhibition in this setting 457 

(Supplementary Fig. S8G). Together, these data unambiguously demonstrate that systemic 458 

AXL inhibition using a clinical grade inhibitor, shows significant immune dependent 459 

therapeutic efficacy, that further synergizes with standard of care treatment to promote 460 

leukemic clearance, prolong OS and even lead to cure in leukemia-bearing mice, including in 461 

a TKIR setting. Additionally, our findings confirm that similar to Axl ablation, pharmacological 462 

inhibition of AXL also elicits susceptibility to PD1 checkpoint blockade in case of disease 463 

recurrence. Collectively this highlights the broad clinical applicability of this new 464 

immunotherapeutic modality which could constitute a life-saving alternative strategy for 465 

patients that develop therapy resistant disease.  466 

 467 

DISCUSSION 468 

In this study, we show that leukemic cells engage a pathway that physiologically 469 

enables the non-inflammatory clearance of apoptotic cells by phagocytes (18), namely the 470 

GAS6/AXL axis, to usurp macrophages to evade immune control and convert the 471 

environment into a highly immune-suppressive milieu that reinforces leukemic expansion. 472 

Additionally, we comprehensively demonstrate that ablating AXL, specifically in leukemia-473 

associated macrophages, or its high affinity ligand GAS6 in the host environment, prevents 474 

the establishment of a suppressive immune architecture and converts leukemia cells with 475 

notoriously low mutational load (9) into potent immune-stimulatory triggers. This is further 476 
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supported by the fact that combining GAS6/AXL blockade with treatment regimens that 477 

increase apoptosis of leukemia cells (e.g. TKI, chemotherapy) leads to enhanced anti-478 

leukemic effects.  Of utmost clinical importance is the demonstration that these 479 

unprecedented anti-leukemic effects can be effectively recapitulated, in vivo, by subjecting 480 

mice bearing AXL negative leukemias to a selective clinical grade AXL inhibitor (56) that can 481 

remarkably synergize with standard of care therapy, such as chemotherapy to potentiate 482 

anti-leukemic immunity. In highly aggressive Ph+ B-ALL, this approach effectively eradicates 483 

leukemia propagating stem cells, including in TKI resistant models, an outcome that is 484 

unprecedented with current therapies. Additionally, we carefully demonstrate that with both 485 

the genetic and pharmacological approach, the observed therapeutic effects are strictly 486 

immune dependent, as efficacy can be shown in leukemia-bearing immune competent but 487 

not immune deficient animals.  488 

Interestingly, a recent study showed that higher expression of GAS6 correlates with 489 

adverse effects in AML patients who underwent HCT (57). The fact that HCT, the curative 490 

potential of which primarily relies on the induction of potent graft-versus-leukemia (GvL) 491 

effect, cannot overcome the harmful effects imposed by high GAS6 expression, further 492 

supports our conclusion that in vivo, GAS6/AXL axis primarily promotes leukemic 493 

progression by its suppressive effects in leukemia-associated immune cells. These finding 494 

are of high clinical significance as failure to achieve long-term survival in patients, is primarily 495 

due to a high rate of relapse and ability of treatment resistant leukemic stem cells to escape 496 

immune control (3). Consequently, AXL inhibition may represent a promising post-remission 497 

strategy after HCT to boost the donor immune system to eradicate residual malignant cells 498 

and thus prevent relapse. Moreover, because AXL inhibition has remarkable immune-499 

sensitizing effects when combined with reduced intensity single agent chemotherapy 500 

regimen (Fig. 7G), a combination treatment could empower the patient’s own immune 501 

system and provide hope for cure to adult and frail patients that cannot be exposed to 502 

intensive chemotherapy or HCT, including those with measurable minimal residual disease 503 

(MRD+) after induction therapy. 504 

Mechanistically, we found that AXL blockade in leukemia associated macrophages 505 

triggers productive inflammation, by skewing their priming towards a leukemia suppressive 506 

phenotype. This prevents the accumulation of MDSCs and stimulates the acquisition of 507 

immune stimulatory features in DCs and production of key cytokines such as IL12 and TNFα, 508 
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that we demonstrate to be essential for the potent anti-leukemic immunity observed upon 509 

AXL inhibition. In line with our finding, myeloid cells engineered to express high levels of IL12 510 

have recently been shown to reverse immune suppression and activate anti-tumor immunity 511 

in pre-clinical models of metastasis (58). Additionally, we show that rewiring of the myeloid 512 

compartment in our setting, kick starts the immunity cycle (59) and results in major changes 513 

in downstream effector cells, including productive engagement of NK cells, suppression of T 514 

regulatory cells, as well as potent CD8 response, the latter being most prominently seen in 515 

Ph+ B-ALL. Notably, in Ph+ B-ALL, our approach leads to complete eradication of leukemia 516 

propagating stem cells and elicits susceptibility to PD1 checkpoint blockade upon relapse, an 517 

outcome that is unprecedented in this highly aggressive disease model. We speculate that 518 

the differential engagement of CD8 T cells, observed in B-ALL versus MLL-ENL AML, may 519 

reflect the contribution of leukemia intrinsic determinants, such as the immunogenic potential 520 

of specific genetic alterations.  521 

To the best of our knowledge, this study is the first to demonstrate that AXL blockade 522 

in leukemia associated myeloid cells, triggers effective and durable anti-leukemic immunity, 523 

in particular in highly aggressive acute leukemia subtypes, such as Ph+ B-ALL. Because 524 

tumor associated macrophages (TAMs) are key components of the tumor microenvironment 525 

and potent drivers of immune suppression, our study goes well beyond the existing cancer 526 

literature that only provides rationale for AXL targeting in AXL positive tumors and warrants 527 

the clinical evaluation of AXL targeting strategies in other cancer types, including those with 528 

AXL negative tumor cells. Furthermore, while tumors evolve under selective pressure of 529 

therapies and rapidly acquire resistance, which may limit the long-term benefits associated 530 

with tumor intrinsic AXL inhibition, its targeting in non-malignant tumor-associated immune 531 

cells may result in lasting efficacy. 532 

Because of its selectivity towards AXL, Bemcentinib triggers robust anti-leukemic 533 

immunity without inducing the autoimmune manifestations that are reported in mice with 534 

deletion of all three TAM receptors (60). Bemcentinib has so far showed favorable safety 535 

data in three phase II clinical trials in AML (NCT02488408; NCT02424617; NCT02922777) 536 

with interim reports providing evidence of TCR repertoire diversification in some patients 537 

(61), thereby hinting towards a potential immune modulatory effect. In light of our work, it 538 

would be important to extend such studies to other hematological malignancies such as Ph+ 539 

B-ALL, and more specifically evaluate the potential tumor extrinsic immune modulatory 540 
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function of AXL targeting compounds, including Bemcentinib and other compounds such as 541 

Gilteritinib, a dual FLT3/AXL inhibitor that has shown efficacy in FLT3 mutated relapsed or 542 

refractory AML (62) 543 

By demonstrating the key immune suppressive function of the GAS6/AXL axis in 544 

leukemia-associated macrophages, this work provides a conceptual advance in our 545 

understanding of the molecular mechanisms underlying immune suppression in leukemia 546 

and can effectively be translated into a treatment strategy that not only empowers the 547 

patient’s own immune system to fight leukemia but also be harnessed, in specific contexts, to 548 

overcome the major issue of primary resistance to PD1 checkpoint blockade. Collectively, we 549 

believe our work paves the way for the design of new combinatorial therapeutic strategies 550 

that can enhance the effectiveness of standard and immune-based therapies, while limiting 551 

treatment-associated toxicity, in aggregate to significantly improve the outcome of leukemia 552 

patients. Moreover, because AXL blockade demonstrates efficacy in AXL negative tumors, 553 

this work has far-reaching clinical implications, as it extends the potential clinical benefit of 554 

AXL inhibition to a wider population of cancer patients. Within the hematological malignancy 555 

field, our study also stands as an important report demonstrating that effective rewiring of 556 

alternatively primed macrophages towards a pro-inflammatory fate is sufficient to “lift the 557 

barriers” towards potent anti-tumor immunity, kick start the immunity cycle and even elicit 558 

susceptibility to PD1 checkpoint blockade in highly aggressive PD1-refractory leukemia. As 559 

such, our work puts AXL on the list of promising cancer therapeutic targets that could 560 

improve efficacy of current therapeutic strategies by virtue of stimulating the innate immune 561 

system.   562 
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LEAD CONTACT AND MATERIALS AVAILABILITY 586 

Further information and requests for resources and reagents may be directed to and will be 587 

fulfilled by the Lead Contact, Hind Medyouf (Medyouf@gsh.uni-frankfurt.de). All 588 

unique/stable reagents generated in this study are available from the Lead Contact with a 589 

completed Materials Transfer Agreement. 590 

 591 

METHODS 592 

Animal Studies 593 

MxCre Asxl1f/f mice were a kind gift from Dr. Omar Abdel-Wahab (37) and used to generate 594 

a transplantable Asxl1-/- AML model after inducible ablation of Asxl1 in aged animals. All 595 

experiments were carried out using cells from a diseased primary mouse that displayed 596 

expansion of immature CD11bdimB220dim blasts that transferred leukemia to non-irradiated 597 

secondary recipients. Details about the generation of both BCR-ABL1+ B-ALL and the serially 598 

transplantable Asxl1-/- AML models are described in Supplementary Methods and 599 

Supplementary Fig. S1.  Immune competent C57BL/6N Gas6 knock out mice 600 

(Gas6tm1.1(KOMP)Vlcg) were obtained from the Knock Out Mouse Project (KOMP) Repository. A 601 

scheme (Supplementary Fig. S3A) and detailed description of the knock out allele are 602 

available at http://www.mousephenotype.org/data/alleles/MGI:95660/tm1.1(KOMP)Vlcg. 603 

Absence of Gas6 was validated by real-time PCR and ELISA (Supplementary Fig. S3B and 604 

S3D). For Gas6-/- mice, C57BL/6N mice were used as controls (Jackson laboratories; line 605 

#005304).  In all other experiments with immune competent mice, control wild-type mice 606 

were from the C57BL/6J sub-strain (Jackson laboratories; line #000664). For bone marrow 607 

transplantation experiments, B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) were used as recipients 608 

(Jax line # 002014). Immune-deficient Gas6 knock out mice were generated by inactivation 609 

of the Gas6 gene using CRISPR-Cas9 editing in NOD.Cg-Prkdcscid IL2rgtmWjl/Sz (NSG) 610 

zygotes using a workflow that was recently described by our group and detailed in 611 

Supplementary Methods and Supplementary Fig. S3C (63). NSG mice were obtained from 612 

the Jackson Laboratories (Jackson laboratories; line #005557). The Csf1r-Cre Axlf/f and 613 

CD11c-eGFP-Cre Axlf/f mice were obtained from Carla Rothlin and Sourav Ghosh (Yale 614 

university, New Haven, CT,  USA) and described previously (42,48). Cd8a-/- mice (Jax line 615 

#002665), Sting-/- mice (Jax line # 025805) and Socs3f/f mice (Jax line # 010944) were 616 

obtained from the Jackson Laboratories. Mice were bred and maintained at the animal facility 617 
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of the Institute for Tumor Biology and Experimental Therapy, Frankfurt am Main, Germany in 618 

accordance with regulatory guidelines. All experiments were approved under protocols 619 

number G50/15, F123/1034 and F123/2003. 620 

 621 

Data Reporting 622 

No statistical methods were used to predefine sample size. In drug treatment experiments, 623 

mice were randomized to different treatment groups. Mice monitoring was done with blinding.  624 

 625 

Cell Lines 626 

The MS-5 cell line was acquired from the DSMZ-German Collection of Microorganisms and 627 

Cell Cultures. The PlatE cell line (64) was a gift from Dr. Jacques Ghysdael, and used to 628 

generate retroviral stocks expressing BCR-ABL1 as described previously (65). Primary 629 

leukemia lines and cell lines were routinely checked for mycoplasma using the Venor GeM 630 

OneStep Mycoplasma PCR kit (Minerva Biolabs). 631 

 632 

Leukemia Transplantation Experiments 633 

For primary BCR-ABL1+ B-ALL generation (Supplementary Fig. S1J), transduced cells were 634 

transplanted in lethally irradiated C57BL/6J mice (9 Gy). For all experiments, leukemia cells 635 

from primary mice were transplanted in non-irradiated secondary recipients, to maintain the 636 

integrity of the microenvironment. The number of cells injected is indicated in each Fig. 637 

legend. Generation of BCR-ABL1+ B-ALL and a serially transplantable Asxl1-/- AML model 638 

are described in more details in Supplementary Methods and Supplementary Fig. S1. The 639 

MLL-ENL leukemia model has been described previously (38,66). For this model, 640 

transplantation of 105 leukemic cells (tomato+) cells was used to carry out all described 641 

experiments.    642 

 643 

Generation of Bone Marrow Chimeras 644 

WT B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) (Jax line # 002014) mice were lethally irradiated (9 645 

Gy) and subsequently reconstituted by intravenous injection of 1.5 106 whole bone marrow 646 

cells isolated from either WT C57BL/6J (CD45.2) mice or Sting -/- (CD45.2) mice. 647 

Hematopoietic reconstitution was verified by bleeding and flow analysis before mice were 648 

used in experiments (Supplementary Fig. S7A). 649 
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 650 

Peripheral Blood Analysis  651 

Blood was collected by bleeding from the vena facialis using an EDTA containing microvette 652 

(Microvette® 200 K3E, SARSTEDT).  653 

 654 

Isolation of human monocytes and co-culture experiments.  655 

Peripheral blood was obtained from healthy adults, and mononuclear cells isolated by Ficoll 656 

density gradient centrifugation using Ficoll-Paque Plus (1077 g/ml; GE Healthcare). 657 

Monocytes were isolated using MACS Human CD14 microbeads (#130-050-201; Miltenyi 658 

Biotec) according to the manufacturer’s instructions. Purity was confirmed by FACS to be > 659 

95%. Co-cultures of monocytes and Cell Trace Violet (Invitrogen, #C34557) labelled 660 

leukemia cells were carried out in StemSpan serum free medium (Stem Cell Technologies) 661 

supplemented with 1% penicillin/streptomycin and glutamine for 24h in 12-well plates. 662 

CD45+CD14+ monocytes were subsequently purified using flow-cytometry before RNA was 663 

isolated using the PicoPure™ RNA Isolation Kit (Applied Biosystems, #KIT0204). 664 

 665 

RNA Isolation and Real-time PCR 666 

Spleen-derived macrophages were obtained using ultrapure mouse anti-F4/80 microbeads 667 

(#130-110-443, Miltenyi Biotec) as per-manufacturer's instructions.  Purified cells were 668 

verified to be least 95% CD45+CD11b+F4/80+. Assessment of Axl excision in the Csf1r-Cre+ 669 

Axlf/f mice has been evaluated as previously described (42). RNA was isolated using the 670 

PicoPure™ RNA Isolation Kit (Applied Biosystems, #KIT0204) according to the 671 

manufacturer’s instructions and converted into cDNA using the SuperScript® VILO™ cDNA 672 

Synthesis Kit (Thermo Fischer Scientific, #11754050). cDNA was diluted 1:4 before usage. 673 

Real-time PCR for assessment of Axl excision was carried out using Axl primers described in 674 

(42) and expression was normalized to Sdha. Primers were purchased from Sigma-Aldrich 675 

and sequences provided in Supplementary Methods. ABI Power SYBR Green Master Mix 676 

(#4368702, Thermo Fischer Scientific) was used. For all other real-time PCR experiments, 677 

taqman based real-time PCR assays using the TaqMan™ Gene Expression Master Mix 678 

(Thermo Fisher Scientific, #4369016) and taqman probes listed in Supplementary Methods, 679 

all purchased from Thermo Fisher Scientific. Reactions were all performed on Viia7 system 680 

(Thermo Fisher Scientific). 681 
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 682 

Analysis of Publicly Available Datasets 683 

RSEM-normalized RNA-seq expression data of 173 primary AML samples from The Cancer 684 

Genome Atlas (TCGA-LAML)(67) and corresponding clinical data were downloaded using 685 

the cBioPortal for Cancer Genomics (https://www.cbioportal.org). The B-cell lymphoma 686 

dataset (GSE4475, n=159) was retrieved from The SurvExpress database (68). Both 687 

datasets were imported into the R2 Genomics Analysis and Visualization Platform 688 

(http://r2.amc.nl) and subjected to a KaplanScan analysis to stratify patients according to 689 

GAS6 expression using the “scan” mode to define the best expression cutoff. Results were 690 

exported and plotted using GraphPad Prism 7 software and survival analysis performed 691 

using the log-rank (Mantel–Cox) test.  692 

 693 

Flow Cytometry 694 

Cells were prepared as single cell suspension and blocked with CD16/32 Fc Block (BD 695 

Biosciences, #553441) then subjected to multicolor panel staining. Staining was performed 696 

for 45 mn on ice, in the dark. Antibodies and secondary reagents were titrated to determine 697 

optimal concentrations. CompBeads (BD Biosciences) were used for single-color 698 

compensation to create multi-color compensation matrices. The mouse antibodies used in 699 

this study were as follows: anti-CD45 BV786 (BD Biosciences, #564225), anti-CD45.1 FITC 700 

(eBioscience, #11-0453-85), anti-CD45.2 PE (eBioscience, #12-0454-83), anti-Gr1 PE-Cy7 701 

(BD Biosciences, #552985) , anti-CD3 APC-CY7 (Biolegend, #100222), anti-CD8a AF700 702 

(BD Biosciences, #564986) or anti-CD8 PECY7 (eBioscience, #25-0081-82), anti-CD4 703 

PECY7 (eBioscience, #25-0041-82), anti-B220 APC (BD Biosciences, #553092) or anti-704 

B220 BV711 (BD Biosciences, #563892), anti-NK1.1 PECF594 (BD Biosciences, 705 

#562864), anti-CD11b FITC (BD Biosciences, #553310) or anti-CD11b PECF594 (BD 706 

Biosciences, #562317), anti-CD11c AF700 (BD Biosciences, #560583), anti-F4/80 PE (BD 707 

Biosciences, #565410), anti-MHC-II BV650 (BD Biosciences, # 563415), anti-Annexin V-APC 708 

(BD Biosciences, #550475) and anti-FoxP3 PE (eBioscience, #12-5773-82), anti-Axl APC 709 

(eBioscience, #17-1084-82), anti-DX5 APC (eBioscience, #17-5971-81). The human 710 

antibodies used in this study were as follows: hCD45 PE (BD Bioscience; cat 555483), 711 

hCD14 APC-CY7 (BD bioscience; Cat 557831). For Foxp3 staining, following cell surface 712 

staining cells were fixed and permeabilized using the Cytofix/Cytoperm plus (BD 713 
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Biosciences, #555028) according to the manufacturer instructions and Foxp3 staining was 714 

performed overnight, at 4C in dark using an antibody dilution of 1:200.  Propidium iodide 715 

(Cas No. 25535-16-4, Sigma-Aldrich) or the AF700 fixable viability dye (BD bioscience; cat 716 

564997) was used for live- and dead-cell discrimination. Gating strategies are depicted in 717 

main and Supplementary Figures. FACS data were acquired on a BD LSRFortessa™ (BD 718 

Biosciences). Fluorescence-activated cell sorting (FACS) was done using a FACSAria™ 719 

Fusion (BD Biosciences, Heidelberg, Germany). BD FACS Diva software version 8.0.1 was 720 

used for data collection. FlowJo version 10.4.2 was used for data analysis. Post-sort purity 721 

was >95% and determined by re-analysis of sorted Cells.  722 

 723 

Single cell RNA sequencing  724 

Viable non-leukemic (GFP-) leukocytes were FACS sorted from the spleen of n = 8 mice (No 725 

leukemia Axlf/f, n = 2; no leukemia Csf1r-Cre+ Axlf/f, n = 2; B-ALL Axlf/f, n = 2; B-ALL Csf1r-726 

Cre+ Axlf/f, n = 2) and subjected to single cell RNA sequencing following a standard 10X 727 

Genomics workflow. Libraries were generated using the Chromium Next GEM Single Cell 3' 728 

v3.1 kit. cDNA QC and quantification was measured using Bioanalyzer High Sensitivity DNA 729 

chip (Agilent) and Qubit dsDNA High Sensitivity kit (Thermo Fisher Scientific). The 730 

sequencing was performed on NextSeq500 platform (Illumina) with a sequencing depth of at 731 

least 20,000 reads per cell using the NextSeq500/550 high output kit v2.5 (75 cycles) 732 

(Illumina; cat 20024906). 2 runs were conducted, thus generating 2 libraries, using 1 mouse 733 

from each condition.  10X Genomics demultiplexed sequencing reads were obtained using 734 

cellranger mkfastq (version 3.1.0) from 10X Genomics and used to align the reads to the 735 

mouse genome (refdata-cellranger-mm10-3.0.0). The data from all samples were loaded in R 736 

(R version 3.6.2) and processed using the Seurat package (version 3.2.0) (69). Cells with at 737 

least 1000 UMI’s per cell and less than 20% mitochondrial gene content were retained for 738 

analysis. To increase our analytical power, data from all mice, regardless on genotype or 739 

disease status, were initially combined into a single set leading to a total cell number of 740 

36000 cells. Merged dataset was normalized for sequencing depth per cell and log-741 

transformed using a scaling factor of 10,000. The most variable genes in the dataset were 742 

identified and the top 2000 was used for dimensionality reduction using Uniform Manifold 743 

Approximation and Projection (UMAP) dimension reduction technique (70) followed by 744 

density-based clustering using the Seurat tool (69). The top differentially expressed genes 745 
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per cluster were used to identify cell types. To evaluate the differences between samples, 746 

differential expression analysis was performed using the MAST test using the 10X run 747 

number as latent variable (71). 748 

 749 

Administration of Drugs 750 

Nilotinib (cas Nr- 641571-10-0) was purchased from APExBIO (APExBio, Houston, USA) and 751 

administered once daily by oral gavage at a dose of 80 mg/kg (72). Bemcentininb (BGB324; 752 

cas Nr-1037624-75-1) was kindly provided by BergenBio, ASA and administered twice daily 753 

by oral gavage at a dose of 50 mg/kg as previously reported (35). Vincristine sulfate was 754 

purchased from APExBIO (Cas Nr-2068-78-2) and administered by intra-peritoneal injection 755 

(i.p.) once a week at a dose of 0.5 mg/kg for 2 weeks. The vehicle used for both Bemcentinib 756 

and nilotinib was 0.5 % (W/W) Methyl Cellulose 400cp (#M0262, Sigma-Aldrich) / 0.1 % 757 

(W/W) Tween 80 (#P4780, Sigma-Aldrich) in water. Vincristine sulfate was prepared in 758 

phosphate-buffered saline (PBS). Nilotinib and Bemcentinib were administered on 5 days ON 759 

/ 2 days OFF schedule, unless otherwise indicated in text or Fig. legends. Nilotinib and 760 

Bemcentinib were prepared freshly every day. 761 

 762 

ELISA 763 

Peripheral blood serum was isolated using Microvette® 500 Z-Gel (#20.1344, SARSTEDT). 764 

Samples were then analyzed using the Mouse Gas6 DuoSet ELISA (DY986: R&D Systems), 765 

according to the manufacturer’s instructions. Results were plotted using GraphPad Prism 7 766 

software. 767 

 768 

Generation of Bone Marrow Derived Macrophages and Polarization Experiments 769 

Bone marrow cells from 2 femurs were cultured for 6 days in 30ml size teflon bags (#PL30, 770 

PermaLife, Origen) in DMEM (#21969-035, Gibco, Life Technologies) complemented with 771 

10% fetal bovine serum (#10270106, Gibco, Thermo Fischer Scientific), 1% L-Glutamine 772 

(#25030-024, Gibco, Thermo Fischer Scientific), 1% HEPES 1M (#H0887, Sigma-Aldrich), 773 

1% penicillin-streptomycin (#15140-122, Gibco, Thermo Fischer Scientific) and 10 ng/ml 774 

mouse M-CSF (#14-8983-80, Thermo Fisher Scientific) (M0). Media was exchanged every 2 775 

days. For polarization experiments, cells were seeded in Nunc™ Multidishes with UpCell™ 776 

Surface (#174899, Thermo Fischer Scientific) with 10 ng/ml mouse M-CSF for M0 or 10ng/ml 777 
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mouse IFNγ (#315-05, Peprotech) plus 10 ng/ml LPS (#L4391, Sigma) for M1. Polarization 778 

was done for 24h in the presence or absence of 0.5 µM of Bemcentinib (BergenBio, ASA, 779 

Bergen, Norway). 780 

 781 

Administration of Antibodies and Liposome Suspension 782 

Clodronate liposomes were purchased from Liposoma Research (Amsterdam, Netherlands) 783 

and delivered intravenously (iv) at a dose of 250 µl/mouse as indicated in Fig. legends. All 784 

depletion antibodies were purchased from Hölzel Diagnostika (Köln, Germany) and 785 

administered via i.p injection. CD8 depletion: InVivoMab anti-mouse CD8alpha (BE0061) 786 

and InVivoMab rat IgG2b isotype control (BE0090) were administered at a dose of 50 µg 787 

/mouse. NK depletion: InVivoMab anti-mouse NK1.1 (BE0036) and InVivoMab mouse 788 

IgG2a isotype control (BE0085) were diluted in the InVivoPure pH7.0 dilution buffer (Hölzel 789 

Diagnostika; IP0070) and administered at a dose of 50 µg /mouse. PD1 blockade: 790 

InVivoMab anti-mouse PD1 (BE0146) and InVivoMab Rat IgG2a isotype control (BE0089) 791 

were administered at a dose of 200 µg /mouse every 4 days. Anti-PD1 and Rat IgG2a 792 

isotype control antibodies were diluted in the InVivoPure pH7.0 and pH6.5 dilution buffers, 793 

respectively, (Hölzel Diagnostika; IP0070) as recommended by the manufacturer. IL10, IL12, 794 

and TNFα blocking antibodies: InVivoMab anti-mouse IL12p40 (BE0051) and anti-mouse 795 

TNFα (BE0058) were administered via i.p injection at a dose of 300 and 400 µg / mouse/ 796 

day, respectively, for the whole duration of the experiment, as indicated in Fig. 6D. IL10 797 

neutralizing antibody (BE0049) or Rat IgG1 isotype control (BE0088) were administered daily 798 

at 300 µg /mouse as described I Supplementary Fig. S2M.   799 

 800 

Histological Analyses 801 

 Tissue samples (spleen, liver, brain and femur) fixed in ROTI® Histofix 4% (#P087.3, Carl 802 

Roth), dehydrated and embedded in paraffin. Bones were decalcified in 0.5 M EDTA PH7.4 803 

(#ED2SS, Sigma-Aldrich) at 4°C under constant agitation, for 1-2 weeks, prior to embedding. 804 

Paraffin sections (3µm) were subjected to either H&E staining or immunohistochemistry 805 

staining on a Leica Bond-Max using the detection systems Bond Polymer Refine Detection 806 

(Leica) for anti-rabbit and anti-mouse antibodies or Bond Intense R Detection (Leica) for anti-807 

goat antibodies. Primary antibodies were diluted with the Bond Primary Antibody Diluent 808 

(Leica). Anti-human GAS6 (1:100, rabbit polyclonal, HPA008275; Sigma-Aldrich), anti-human 809 
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CD10 (1:100, ORG-8941, monoclonal mouse clone 56C6, Novocastra); anti-mouse PD1 810 

(1:200, goat polyclonal, R&D, AF1021), anti-human PDL1 (1:200; rabbit monoclonal, Cell 811 

Signaling, 13684). Antigen retrieval was performed within the detection system using a 812 

citrate or EDTA (CD10) buffer solution. Anti-GFP (1:1000, polyclonal goat, ab6673; Abcam). 813 

Antigen retrieval and a secondary antibody staining were performed within the detection 814 

system using an EDTA buffer solution and a biotinylated Rabbit anti-Goat IgG Antibody (BA-815 

5000; Vector Laboratories), respectively. MPO staining was performed using the ready to 816 

use Rabbit Polyclonal Antibody (Myeloperoxidase (MPO) Ab-1, #RB-373-R7, Thermo 817 

Scientific). Slides were examined with a Zeiss Axio Imager 2 microscope and pictures were 818 

taken using the AxioVision SE64 Rel.4.9 software. Analysis depicted in Fig. S2M was carried 819 

out using QuPath v0.2.3 digital pathology software (73). 820 

 821 

Tissue Preparation, Immunofluorescence Staining and Microscopy 822 

Tissues were fixed in ROTI® Histofix 4% (#P087.3, Carl Roth) for 24 h, then washed in PBS 823 

for an additional 24 h before transfer into 30% sucrose (#9097.1, CarlRoth) in PBS until full 824 

equilibration. Tissues were then embedded in OCT (# 600001, Weckert Labortechnik) and 5 825 

μm tissue sections were cut at a cryostat (Leica, Wetzlar, Germany). For 826 

immunofluorescence staining, frozen tissue sections were thawed, dried for 1 h at room 827 

temperature and rehydrated for 30 min in PBS. Subsequently, tissue sections were blocked 828 

in 3% BSA (#BSA-50, BiomoL) + 0.1% Triton-X100 (# X100, Sigma Aldrich) in PBS for 1 h at 829 

room temperature, followed by incubation with primary antibodies in 1% BSA overnight at 830 

4°C, in a humidified chamber. Primary antibodies were used at the following dilutions: anti-831 

AXL (#AF584, R&D; 1:50); Anti-Phospho AXL(#AF2228, R&D; 1:50); (Anti-GAS6 (#AF986, 832 

R&D; 1:50); anti-GFP (#ab13970, Abcam; 1:500); Anti-Iba1 (Rabbit; #019-19741, Wako 833 

Chemicals; 1:500), Anti-Iba1 (Goatt; #ab48004, Abcam; 1:200). Fluorophore-conjugated 834 

secondary antibodies were used at a dilution of 1:500 in 1% BSA in PBS for 1h at room 835 

temperature. Hoechst 33342 (#H3570, Thermo Fisher Scientific) was used to counterstain 836 

nuclei at a dilution of 1:2500 prior to covering tissues with Fluoromount™ Aqueous Mounting 837 

Medium (#F4680, Sigma Aldrich) and cover slides (#631-0158, VWR). Immunofluorescence 838 

was visualized with a Yokogawa CQ1 confocal microscope (Yokogawa, Musashino, Japan) 839 

using a 40x objective. 840 

 841 
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Human Samples and Ethical Compliance 842 

All human specimens were obtained after written informed consent in compliance with the 843 

institutional review board at the Faculty of Medicine of the Technical University of Munich. 844 

(ethics vote number 538/16) and the university hospital Carl Gustav Carus (ethics vote 845 

number EK49022018). Paraffin embedded bone marrow trephine biopsies were retrieved 846 

from archived diagnostic samples (Patient information is presented in Table S1). The medical 847 

chart of all patients was reviewed by a physician to confirm the diagnosis and clinical data. 848 

Evaluation of GAS6 staining on bone marrow biopsies was carried out by a trained 849 

pathologist. Pseudonymized use of healthy donor buffy coat preparations from whole blood 850 

donations was approved by the Ethics Committee of Goethe University of Medicine, under 851 

ethics vote 329/10. 852 

 853 

QUANTIFICATION AND STATISTICAL ANALYSIS 854 

All statistical analyses were carried out using version 7 of the GraphPad Prism software. 855 

Kaplan-Meier survival curves with two-sided log-rank Mantel-cox analysis was used to 856 

evaluate the difference in survival in vivo. Comparison of leukemic burdens and target 857 

expression levels were carried out using two-sided Student’s t-tests. 858 

 859 

DATA AND CODE AVAILABILITY 860 

All raw sequencing data have been deposited in the European Nucleotide Archive 861 

(https://www.ebi.ac.uk/ena/) under the accession number: PRJEB43830. Further information 862 

and requests for resources and reagents may be directed to and will be fulfilled by the Lead 863 

Contact, Hind Medyouf (Medyouf@gsh.uni-frankfurt.de). All unique/stable reagents 864 

generated in this study are available from the Lead Contact with a completed Materials 865 

Transfer Agreement.  866 
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 1106 
Figure 1. Leukemia-induced GAS6 contributes to immune evasion and leukemic 1107 
progression.  1108 
(A) Prognostic value of GAS6 expression in acute myeloid leukemia (TCGA LAML, n=173). 1109 
Data was generated using the KaplanScan mode from the R2 Genomics Analysis and 1110 
Visualization Platform (http://r2.amc.nl). Survival analysis by log-rank (Mantel–Cox) test. 1111 
(B) Immunohistochemistry (IHC) of GAS6 on bone marrow trephine biopsies from 1112 
representative Ph+ (BCR-ABL1+) B-ALL patients at diagnosis.  CD10 marks B-ALL blasts 1113 
(upper left). Arrowhead marks myeloid cells; asterisks marks megakaryocytes; white 1114 
pyramids marks vessels/serum.  1115 
(C) CD14+ peripheral blood monocytes from healthy donors were cultured with leukemia cells 1116 
from either Ph+ B-ALL patients (Left: CD14+ from 11 donors cultured with 2 Ph+ B-ALL) or 1117 
patients with myeloid diseases (right: CD14+ from 8 donors cultured with 1 AML and  1 1118 
higher-risk myelodysplatic syndrome). Then GAS6 mRNA levels was determined by real-time 1119 
PCR.  Each data point represents a mean value obtained from 2 technical replicates, after 1120 
normalization to a reference gene, GUSB. **p<0.01, paired two-tailed Student’s t-test.  1121 
Characteristics of all patients and healthy donors are described in Table S1.  1122 
(D, E and F) WT and Gas6-/- C57BL/6 or NSG (NSG Gas6-/-, line#697-31) mice were challenged 1123 
with Asxl1-/- leukemia cells (105). Weight of spleens and livers on day 19 days post-leukemia 1124 
challenge are displayed. NSG (n= 5) and C57BL/6 (n = 6) mice without leukemia are used as 1125 
reference. ns, not significant. ***p<0.001, paired two-tailed Student’s t-test.   1126 
(G) Kaplan–Meier survival analysis of WT and Gas6-/- C57BL/6 challenged with Asxl1-/- 1127 
leukemia cells (105). **p<0.01, log-rank (Mantel–Cox) test. 1128 
(H, I and J) WT and Gas6-/- C57BL/6 or NSG (NSG Gas6-/-, line#697-31) mice were challenged 1129 
with MLL-ENL AML cells (105). BM aspiration was performed after 22-days to determine 1130 
leukemic burden (Tomato+). ns, not significant. *, p<0.05, paired two-tailed Student’s t-test.   1131 
(K) Kaplan–Meier survival analysis of WT and Gas6-/- C57BL/6 challenged with MLL-ENL 1132 
AML cells (105). **p<0.01, log-rank (Mantel–Cox) test. 1133 
(L, M and N) WT and Gas6-/- C57BL/6  or NSG (NSG Gas6-/-, line#697-29) mice were 1134 
challenged with B-ALL cells (103) and analyzed two weeks post leukemia injection for 1135 
leukemic burden (B220+GFP+) in bone marrow (BM), spleen (Spl) and peripheral blood (PB). 1136 
This experiment was repeated with a different NSG Gas6-/- mouse line (line#697-31) with similar 1137 
results (Figure S3E). ns, not significant. ***p<0.001, paired two-tailed Student’s t-test.   1138 
(O) Kaplan–Meier survival analysis of WT and Gas6-/- C57BL/6 challenged with B-ALL cells 1139 
(103). ns, not significant, log-rank (Mantel–Cox) test. 1140 
(P and Q) Kaplan–Meier survival analysis of WT and Gas6-/- C57BL/6 challenged with B-ALL 1141 
cells (103) and subjected to either vehicle or nilotinib plus vincristine treatment combination. 1142 
Treatment was initiated on day 7 and terminated on day 39. Data representative of at least 2 1143 
independent experiments. *p<0.05, ***p<0.001, log-rank (Mantel–Cox) test. 1144 
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Figure 2. Selective Axl ablation in macrophages confers effective protection against 1147 
leukemia.  1148 
(A) Representative immune fluorescence showing AXL expression (White) in Iba1+ leukemia-1149 
associated macrophages (Red) in the spleen of a B-ALL leukemia bearing mouse.  1150 
(B) leukemic burden (% of GFP+ B220+) in bone marrow (BM), spleen (Spl) and peripheral 1151 
blood (PB) of Axlf/f (n = 6) and Csf1r-Cre+ Axlf/f (n = 4) animals twelve days after challenge 1152 
with 103 B-ALL cells. ***p<0.001, unpaired two-tailed Student’s t-test. Experiment is 1153 
representative of at least three experiments.  1154 
(C) Kaplan–Meier survival analysis of control Axlf/f and Csf1r-Cre+ Axlf/f animals challenged 1155 
with 103 Ph+ B-ALL. Data are from 2 independent experiments. Similar results obtained in a 1156 
third experiment using a different primary B-ALL. ****p<0.0001, log-rank (Mantel–Cox) test. 1157 
(D) leukemic burden (% of GFP+ B220+) in BM, Spl and PB of Axlf/f (n = 4) and CD11c-Cre+ 1158 
(CD11c-eGFP-Cre+ Axlf/f, n = 3) mice twelve days after challenge with 103 B-ALL cells. ns, 1159 
not significant, unpaired two-tailed Student’s t-test. Experiment is representative of 2 1160 
independent experiments.  1161 
(E), Csf1r-Cre+ control mice (n = 5) and Csf1r-Cre+ Axlf/f mice (n = 4) received 1 injection of 1162 
clodronate liposomes (250ul i.v / mouse) 3 days before challenge with 103 B-ALL cells. Three 1163 
weeks later, when the first mouse was terminally ill, all mice were sacrificed and leukemic 1164 
burden evaluated in BM, Spl and PB. ns, not significant, unpaired two-tailed Student’s t-test. 1165 
(F) Axlf/f (n = 3) and Csf1r-Cre+ Axlf/f (n = 3) animals were challenged with 5.105 Asxl1-/- AML 1166 
cells. At day 26, leukemic burden (CD11bdimB220dim) in BM, Spl and PB is depicted. 1167 
**p<0.01, unpaired two-tailed Student’s t-test.   1168 
(G), Kaplan–Meier survival analysis of control Axlf/f (n = 9) and Csf1r-Cre+ Axlf/f (n = 6) 1169 
animals challenged with 105 Asxl1-/- AML as in (F). **p<0.01, log-rank (Mantel–Cox) test. 1170 
(H) Axlf/f (n = 4) and Csf1r-Cre+ Axlf/f (n = 4) animals were challenged with 105 MLL-ENL AML 1171 
cells. At day 28, leukemic burden (% tomato+ CD11b+) in BM, Spl and PB is depicted. 1172 
***p<0.001, unpaired two-tailed Student’s t-test.   1173 
(I) Kaplan–Meier survival analysis of control Axlf/f and Csf1r-Cre+ Axlf/f animals challenged 1174 
with 105 MLL-ENL AML. These mice are also depicted in Figure 4I. **p<0.01, log-rank 1175 
(Mantel–Cox) test. 1176 
(J) Axlf/f (n = 8) and CD11c-Cre+ (CD11c-eGFP-Cre+ Axlf/f, n = 6) mice were challenged with 1177 
105 MLL-ENL AML. On day 26, leukemic burden (% tomato+ CD11b+) in BM, Spl and PB is 1178 
depicted.  ns, not significant, unpaired two-tailed Student’s t-test. 1179 
  1180 

Cancer Research. 
on January 18, 2022. © 2021 American Association forcancerdiscovery.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on June 8, 2021; DOI: 10.1158/2159-8290.CD-20-1378 

http://cancerdiscovery.aacrjournals.org/


 38 

Figure 3. Axl-deficient macrophages prevent the establishment of an immune 1181 
suppressive environment in response to leukemia.  1182 
(A) Non-leukemic (GFP-) spleen leukocytes were FACS purified from control Axlf/f mice and 1183 
Csf1r-Cre+ Axlf/f mice that were either naïve (Axlf/f n = 2; Csf1r-Cre+ Axlf/f n = 2) or challenged 1184 
with 103 B-ALL cells  (n = 2 Axlf/f + B-ALL; n = 2  Csf1r-Cre+ Axlf/f+ B-ALL) for 8 days and 1185 
subjected to 10X Genomics scRNA sequencing.  Data clustering, UMAP visualization of 1186 
36000 individual cells (pooled from all conditions) followed by marker-based cell type 1187 
annotation identified 10 broad immune subsets across all profiled single cells.  1188 
(B) Dot plot of selected cluster specific marker genes.  1189 
(C) Relative abundance of identified cell types across conditions.  1190 
(D) Volcano plots showing the DEG (Padj<0.01 and fold change >1.5) in macrophages 1191 
comparing Axlf/f and Csf1r-Cre+ Axlf/f under steady state conditions (left) and upon leukemia 1192 
challenge (right), with the significant genes (max 10) annotated.  1193 
(E) Real-time PCR expression data in F4/80+ spleen macrophages purified using magnetic 1194 
beads from naïve WT mice (n = 4) and mice transplanted with 103 B-ALL (WT n = 4; Csf1r-1195 
Cre+ Axlf/f n = 4). Data are normalized to a reference gene, Ubc and are mean ± s.e.m. 1196 
*p<0.05, unpaired two-tailed Student’s t-test.   1197 
(F) Real-time PCR expression data in dendritic cells (DCs) isolated by flow cytometry as 1198 
CD45+GFP-MHC-II+CD11c+ from the spleen of B-ALL challenged Axlf/f (n = 4) and Csf1r-Cre+ 1199 
Axlf/f mice (n = 3).  Data are normalized to a reference gene, Sdha and are mean ± s.e.m. 1200 
*p<0.05, ****p<0.0001, unpaired two-tailed Student’s t-test.   1201 
(G) Representative gating and flow cytometry based quantification of total classical dendritic 1202 
cells (DCs: CD45+GFP-MHC-II+CD11c+) as well as subsets: cDC1 (CD8+DCs: MHC-1203 
II+CD11c+CD8+CD11b-) and cDC2 (CD11b+DCs: MHC-II+CD11c+CD8-CD11b+) within non-1204 
leukemic splenocytes (GFP-CD45+) from B-ALL challenged Axlf/f (n = 6) and Csf1r-Cre+ Axlf/f 1205 
(n = 4) mice. ns, not significant, ***p<0.001, unpaired two-tailed Student’s t-test.   1206 
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Figure 4. Axl deficient macrophages trigger a robust NK- and T cell immune response 1208 
that suppresses leukemia.  1209 
(A and B) Axlf/f and Csf1r-Cre+ Axlf/f mice were challenged with 103 B-ALL cells and treated 1210 
with either an anti-NK1.1 antibody or a mouse IgG2a isotype control (50 µg /mouse) every 5 1211 
days as indicated. Leukemic burden (% GFP+) in the BM and Spl on day 14 is depicted (B). 1212 
ns, not significant. ***p<0.001, unpaired two-tailed Student’s t-test.    1213 
(C) Kaplan-Meier survival analysis of mice of the indicated genotypes challenged with 103 B-1214 
ALL cells and treated as in A. Treatments stopped once all anti-NK1.1 treated mice were 1215 
dead. ns, not significant. **p<0.01, log-rank (Mantel–Cox) test.   1216 
(D, E) Same as in A-B using 105 MLL-ENL AML cells. Leukemic burden (% Tomato+) on day 1217 
25 is depicted. ns, not significant. **p<0.01, ***p<0.001, unpaired two-tailed Student’s t-test.    1218 
(F) Kaplan-Meier survival analysis of mice of the indicated genotypes challenged with 105 1219 
MLL-ENL AML cells and treated as in D. Treatments stopped once all anti NK1.1 treated 1220 
mice were dead. ns, not significant. **p<0.01, ***p<0.001, log-rank (Mantel–Cox) test.   1221 
(G) Kaplan-Meier survival analysis of mice of the indicated genotypes challenged with 103 B-1222 
ALL cells. Data are pooled from two independent experiments as indicated in the scheme. 1223 
**p<0.01, ***p<0.001, ****p<0.0001, log-rank (Mantel–Cox) test.   1224 
(H) Leukemic burden (% GFP+) in all terminally ill animals that could be analyzed from G. 1225 
Note that burden from animals found dead cannot be depicted. ns, not significant. *p<0.05, 1226 
**p<0.01, unpaired two-tailed Student’s t-test.    1227 
(I) Kaplan-Meier survival curve of mice of the indicated genotypes challenged with 105 MLL-1228 
ENL cells. Survival of the reference groups (Axlf/f and Csf1r-Cre+ Axlf/f) is also depicted in 1229 
figure 2I. ns, not significant. **p<0.01, ***p<0.001, log-rank (Mantel–Cox) test.   1230 
(J) Leukemic burden (% tomato+) in all terminally ill animals that could be analyzed from I. 1231 
Note that burden from animals found dead cannot be depicted. ns, not significant, unpaired 1232 
two-tailed Student’s t-test.   1233 
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Figure 5. Axl deficient macrophages trigger anti-leukemic immunity and elicit PD1 1236 
checkpoint blockade.  1237 
(A) Kaplan–Meier survival analysis of WT mice challenged with 103 B-ALL cells and treated 1238 
with either anti-PD1 (n= 8) or isotype control (n = 7).  1239 
(B) GFP+ blasts (left) and PD1+ cells (right) by IHC in the spleen of Csf1r-Cre+ Axlf/f mice that 1240 
succumbed to B-ALL with a delayed latency of >40 days (Mice depicted in Figure 2C).  1241 
(C and D) Csf1r-Cre+ Axlf/f from 3 independent experiments were followed by weekly 1242 
bleeding to identify mice with late disease recurrence (n=7). Flow cytometry data depicting 1243 
PD1 expression in peripheral blood lymphocytes (CD4 and CD8 T cells, NK cells) and 1244 
corresponding PD1 mean fluorescence intensity (MFI) from Csf1r-Cre+ Axlf/f mice showing 1245 
signs of relapse (detectable GFP+ cells, representative data in G). ****p<0.0001, unpaired 1246 
two-tailed Student’s t-test.    1247 
(E) PD-1 ligand (PDL1) expression by IHC in bone marrow cells with both stromal and 1248 
hematopoietic morphology (left), as well as on cytospined B-ALL cells (right).  1249 
(F and G) Csf1r-Cre+ Axlf/f mice with late disease recurrence (n = 7, depicted in C and D) 1250 
were either left untreated (n = 3) or subjected to 7 cycles of anti-PD1 treatment (n = 4; 200 1251 
µg /mouse every 4 days). Representative FACS plot depicting leukemic burden (GFP+ 1252 
B220dim) in the peripheral blood of the same mouse before and after one shot of anti-PD1 1253 
treatment.  1254 
(H) Kaplan–Meier survival analysis of mice from F. *p<0.05, log-rank (Mantel–Cox) test. 1255 
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Figure 6. Bemcentinib, a clinical grade AXL inhibitor triggers effective anti-leukemic 1257 
immunity in B-ALL that depends on IL12, TNFa and engagement of CD8 T cells.  1258 
(A) Representative Phospho-AXL (White) expression and Iba1+ leukemia-associated 1259 
macrophages (Red) by immune-fluorescence in frozen bone sections from vehicle and 1260 
Bemcentinib treated leukemia bearing mice depicted in B, at final analysis.  1261 
(B) Leukemic burden (% GFP+ B220dim in bone marrow, spleen and peripheral blood) and 1262 
spleen pictures of WT mice challenged with 103 B-ALL cells and treated twice daily with 1263 
either vehicle or Bemcentinib at 50 mg/kg. Treatment was initiated on day 4 post leukemia 1264 
injection and mice were analyzed on day 11. *p<0.05, **p<0.01, two-tailed Student’s t-test.   1265 
(C) Same as B, using CD8 deficient mice. ns, not significant, two-tailed Student’s t-test.   1266 
(D) Day 10 leukemic burden (% GFP+ B220dim in peripheral blood) in WT mice challenged 1267 
with 103 B-ALL cells treated as in B, in the presence or absence of blocking antibodies 1268 
against IL12 (300 µg/mouse) and TNFa (400 µg/mouse). Blocking antibodies for IL12 and 1269 
TNFa were administered daily starting from day 4 post-leukemia challenge. Each dot 1270 
represents an individual mouse and mean value is depicted. ns, not significant, *, p<0.05, 1271 
unpaired two-tailed Student’s t-test.   1272 
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Figure 7. Systemic AXL inhibition induces potent anti-leukemic immunity and 1274 
eliminates leukemic blasts in AXL negative leukemias.  1275 
(A and B) Kaplan-Meier survival curves of C57BL/6 WT mice (A) or NSG mice (B) 1276 
challenged with 5.105 Asxl1-/- AML cells and treated with either vehicle or Bemcentinib (50 1277 
mg/kg, twice daily). ns, not significant. ***p<0.001, log-rank (Mantel–Cox) test. 1278 
(C) Kaplan-Meier survival analysis of C57BL/6 WT mice challenged with 103 B-ALL cells and 1279 
treated with either vehicle (n = 7) or nilotinib (80 mg/kg, once a day) plus Bemcentinib (50 1280 
mg/kg, twice daily) (n = 33) for a total of 44 days. Data are pooled from two independent 1281 
experiments. ***p<0.001, log-rank (Mantel–Cox) test. 1282 
(D) Representative FACS plots depicting absence of GFP+ B220dim leukemic cells in the 1283 
bone marrow of long-term survivors from C.  1284 
(E) Mice from C were followed by weekly bleeding.  3 out of 33 mice (#24, #26 and #31) 1285 
showed GFP+ cells indicative of disease recurrence and were subjected to anti-PD1 1286 
treatment as indicated (7 x 200 µg/ml every 4th day). Mouse#31 succumbed to full blown 1287 
leukemia on day 36, while #24 and #26 remained leukemia free.  1288 
(F) Kaplan-Meier survival analysis of NSG mice challenged with 103 B-ALL cells and treated 1289 
with either vehicle, nilotinib or nilotinib plus Bemcentinib for a total of 44 days as in C. ns, not 1290 
significant, log-rank (Mantel–Cox) test. 1291 
(G) WT mice were injected with 103 TKIR B-ALL cells. After 5 days, mice were randomly 1292 
attributed to the indicated vehicle or treatment groups and their survival depicted using a 1293 
Kaplan-Meier analysis. Data are pooled from two independent experiments. ns, not 1294 
significant, **p<0.01, ****p<0.0001, log-rank (Mantel–Cox) test.  1295 
(H) Representative FACS plots depicting absence of GFP+ B220dim leukemic cells in the 1296 
bone marrow of Bemcentinib + vincristine treated long term survivors from G.  1297 
In all experiments, treatments were initiated and stopped on the days indicated by dotted 1298 
lines. 1299 
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