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Abstract 66 

Therapeutic cancer vaccination seeks to elicit activation of tumor-reactive T cells capable 67 

of recognizing tumor-associated antigens (TAAs) and eradicating malignant cells. Here, we 68 

present a cancer vaccination approach utilizing myeloid lineage reprogramming to directly 69 

convert cancer cells into tumor reprogrammed-antigen presenting cells (TR-APCs). Using 70 

syngeneic murine leukemia models, we demonstrate that TR-APCs acquire both myeloid 71 

phenotype and function, process and present endogenous TAAs, and potently stimulate TAA-72 

specific CD4+ and CD8+ T cells. In vivo TR-APC induction elicits clonal expansion of cancer-73 

specific T cells, establishes cancer-specific immune memory, and ultimately promotes leukemia 74 

eradication. We further show that both hematologic cancers and solid tumors, including 75 

sarcomas and carcinomas, are amenable to myeloid-lineage reprogramming into TR-APCs. 76 

Finally, we demonstrate the clinical applicability of this approach by generating TR-APCs from 77 

primary clinical specimens and stimulating autologous patient-derived T cells. Thus, TR-APCs 78 

represent a cancer vaccination therapeutic strategy with broad implications for clinical immuno-79 

oncology. 80 

 81 

Statement of Significance 82 

Despite recent advances, the clinical benefit provided by cancer vaccination remains 83 

limited. We present a cancer vaccination approach leveraging myeloid lineage reprogramming of 84 

cancer cells into APCs, which subsequently activate anti-cancer immunity through presentation 85 

of self-derived cancer antigens. Both hematologic and solid malignancies derived significant 86 

therapeutic benefit from reprogramming-based immunotherapy.  87 
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Introduction 88 

Therapeutic generation of tumor-eradicating immunity critically depends on the 89 

instruction and activation of tumor-reactive T cells1,2. As a therapeutic modality, cancer 90 

vaccination leverages the well-characterized ability of antigen presenting cells (APCs) to take up 91 

and present tumor-associated antigens (TAAs) in order to stimulate potent anti-tumor T cell 92 

responses3–5. Early preclinical studies in the 1990s were seminal in establishing dendritic cells 93 

(DCs) as safe and effective in generating CD4+ and CD8+ T cell-mediated anti-cancer 94 

immunity6–8. Further work characterizing the maturation of monocyte-derived DCs paved the 95 

way for the first clinical implementation of a DC-based cancer vaccine9. Sipuleucel-T, a cancer 96 

vaccine consisting of enriched APCs pulsed with prostatic acid phosphatase (PAP) fused to 97 

granulocyte-macrophage colony-stimulating factor (GM-CSF), gained FDA approval for use in 98 

castration-resistant prostate cancer10. Despite having a limited impact on overall survival, 99 

evidence of immunity elicited by the immunizing agent was observed. Following these initial 100 

lackluster results, significant effort has been aimed at increasing the potency of cancer 101 

vaccination. Favorable results have been obtained with diverse approaches, including fusion of 102 

DCs to tumor cells, transfection of DCs with mRNA encoding neoantigens, and pulsing of DCs 103 

with neoantigenic peptides11–13. However, clinical successes with therapeutic cancer vaccination 104 

remain limited. Ongoing efforts seek to characterize and predict immunogenic tumor antigens for 105 

use as cancer vaccines, optimize delivery of those antigens, and elicit more robust tumor-reactive 106 

T cell activity. Despite recent advances in each of these areas, no consensus regarding an optimal 107 

cancer vaccination strategy has been reached14. Thus, novel methodologies and technological 108 

innovations are needed to offer rapid improvement to the cancer vaccination platform. 109 

Lineage reprogramming, or the direct induction of a functional cell lineage from an 110 
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alternate lineage, has been a longstanding goal within the field of regenerative medicine with 111 

clear implications for the clinical advancement of cellular therapeutics. Since the conversion of 112 

fibroblasts into myoblasts via overexpression of the MyoD gene, transcription factors have been 113 

of keen interest to the lineage reprogramming field given their ability to instruct cell fate 114 

decisions in a lineage-specific manner15,16. Since these initial studies, enforced expression of 115 

lineage-specific transcription factors has been used to generate a wide array of functionally 116 

diverse cells from unrelated lineages, including induced pluripotent stem cells, neurons, 117 

cardiomyocytes, and hepatocytes17. Importantly, the induction of neuronal cells from fibroblasts 118 

demonstrated that lineage reprogramming could even be conducted between different germ 119 

layers18.  120 

Lineage plasticity within the hematopoietic hierarchy has also been studied following 121 

exogenous cytokine stimulation, as well as overexpression of lineage-instructing transcription 122 

factors. Indeed, the lineage-restricted common lymphoid progenitor can be redirected to generate 123 

myeloid progeny through in vitro stimulation with exogenous interleukin-2 (IL-2) and GM-124 

CSF19. Subsequent studies further demonstrated that ectopic expression of the granulocyte and 125 

macrophage-restricted transcription factor CCAAT/enhancer-binding protein alpha (C/EBPα) is 126 

capable of reprogramming both immature and mature antibody-producing lymphoid-lineage B 127 

cells into myeloid lineage macrophages20,21. Since this initial identification of C/EBPα as a 128 

myeloid-reprogramming factor, myeloid-lineage cells have been successfully generated from 129 

more distantly related, non-hematopoietic cell lineages, through the combined activity of 130 

C/EBPα and other master regulators of myeloid lineage differentiation, including PU.1 131 

(Spi1)22,23.  132 

Importantly, we and others have also shown that malignant B lineage cells, including 133 
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those with a block in B cell differentiation, remain amenable to reprogramming into non-134 

malignant macrophage-like cells20,24–26. Irrespective of the cellular origin and reprogramming 135 

methodology employed, the resulting cells following myeloid lineage reprogramming exhibit 136 

increased expression of myeloid phenotypic markers and adopt myeloid function. Indeed, 137 

myeloid reprogrammed cells are capable of phagocytosis and generation of reactive oxygen 138 

species at levels similar to normal macrophages. Interestingly, these reprogrammed cells also 139 

exhibit increased expression of MHC molecules and T cell co-stimulatory signals, suggesting 140 

they could function as APCs. However, the therapeutic potential of reprogramming cancer cells 141 

into APCs has not been reported. Coupled with the observation that myeloid-reprogrammed cells 142 

retain all of the genetic abnormalities present in the cell-of-origin24, we hypothesized that 143 

reprogramming cancer cells into myeloid lineage APCs could function as a novel cancer 144 

vaccination modality. Here, we demonstrate APCs generated from cancer cells via myeloid 145 

lineage reprogramming are capable of processing and presenting self-derived TAAs, which 146 

potently activate tumor-reactive T cells and effectively extended overall survival in multiple 147 

diverse pre-clinical cancer models. 148 

 149 

Results 150 

Ectopic TF Expression Generates TR-APCs 151 

 To investigate the therapeutic potential of reprogramming cancer cells into APCs, we 152 

constructed an inducible system to drive the ectopic expression of two master myeloid 153 

transcription factors, C/EBPα and PU.1 (Figure 1A), which have previously demonstrated 154 

myeloid-lineage reprogramming activity in a wide variety of cell types20,22,24,25,27. Via dual 155 

transduction of these lentiviral constructs into two murine leukemia cell lines (RAW-112 and 156 
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2F3), we generated stable, transplantable, syngeneic models of B cell lineage acute leukemia 157 

with doxycycline-inducible C/EBPα and PU.1 expression (Figure 1B)28,29.  158 

Tumor-reprogrammed APCs (TR-APCs) were efficiently generated from both RAW-112 159 

and 2F3 leukemia cells following five days of ectopic C/EBPα and PU.1 expression (Figure 160 

1C). Reprogramming of tumor cells was accompanied by cell surface expression of myeloid 161 

markers (CD11b, CD14, Ly6C, CD115, and SIRPα), and included the loss of cell-of-origin 162 

marker (CD19) (Figure 1C-D). This immunophenotype is consistent with murine monocytic 163 

differentiation concomitant to loss of B-lineage identity, as previously reported20,24,25. 164 

Morphological assessment by Wright-Giemsa stain of sorted CD11b+CD14+ TR-APCs further 165 

revealed nuclear condensation and a corresponding decrease in the nuclear-cytoplasmic ratio, 166 

consistent with monocytic differentiation (Figure 1E). Importantly, RAW-112-derived TR-167 

APCs adopted not only a myeloid phenotype, but also myeloid functionality, as evidenced by an 168 

increased phagocytic capacity compared to uninduced RAW-112 leukemia cells (Figure 1F). 169 

 To test the efficiency of tumor reprogramming in vivo, inducible RAW-112 leukemia 170 

cells were transplanted subcutaneously into immunodeficient NOD/SCID/IL2Rγnull (NSG) mice. 171 

Following one week of subcutaneous tumor growth, palpable tumors were injected with 172 

doxycycline every other day for a total of three injections. Histological analysis of tumors 173 

revealed significant morphological alterations, indicating widespread generation of TR-APCs 174 

throughout the tumor mass (Figure 1G). Myeloid reprogramming was accompanied by increased 175 

staining of the myeloid marker CD11b and diminished expression of the proliferative marker 176 

Ki67. Tumor digestion and cytometric analysis further confirmed that in vivo TR-APC 177 

generation resulted in widespread upregulation of myeloid antigens (Supplemental Figure S1A-178 

C). Thus, we generated a stable, transplantable model of B cell leukemia for the investigation of 179 
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the therapeutic potential associated with TR-APC generation. Unlike previously reported 180 

systems of C/EBPα-induced B lymphoid-to-myeloid reprogramming, both the RAW-112 and 181 

2F3 models are derived from inbred BALB/c mice, and thus allow for investigation of syngeneic 182 

anti-tumor immune responses25,26,28,29. 183 

TR-APCs Stimulate T Cell Activation 184 

 Since the role of antigen presentation and co-stimulation machinery is well appreciated in 185 

the efficacy of DC vaccination30–33, we evaluated whether TR-APCs express elevated levels of 186 

MHC-I (H-2Dd), MHC-II (I-A/I-E), and co-stimulatory molecules (CD40, CD80, and CD86) 187 

using the inducible RAW-112 B cell leukemia cells. With the exception of MHC-I, RAW-112 188 

cells expressed low levels of all of these molecules prior to TR-APC induction (Figure 2A). 189 

However, RAW-112 TR-APCs up-regulated MHC-II in response to myeloid reprogramming. 190 

Expression of both MHC-I and MHC-II was further enhanced in response to activation with the 191 

inflammatory stimulus LPS, consistent with the known behavior of APCs34. The same trend was 192 

observed with the expression of the co-stimulatory molecules CD40, CD80, and CD86, each of 193 

which were poorly expressed on RAW-112 cells, more highly on TR-APCs, and highest on LPS-194 

activated TR-APCs (Figure 2A, Supplemental Figure S1D).  195 

 Given the importance of soluble APC-derived factors in the recruitment and instruction 196 

of tumor infiltrating leukocytes, we characterized the chemokines and cytokines that were 197 

secreted by RAW-112 tumor cells and RAW-112 TR-APCs. Luminex-based detection of the 198 

soluble factors in the supernatant of RAW-112 TR-APC cultures revealed significant production 199 

of inflammatory mediators, particularly following LPS stimulation (Figure 2B). Specifically, the 200 

pro-inflammatory and Th1-polarizing mediators IL-6, IL-1β, IL-12p70, IFNγ, and TNFα were 201 

detected at significantly higher levels in LPS-stimulated TR-APC cultures compared to all other 202 
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conditions (Figure 2C and Supplemental Figure S1E). Crucial mediators of lymphocyte 203 

recruitment, including CXCL10, were also found to be expressed at higher levels by TR-APCs, 204 

while pro-tumorigenic factors like VEGF were reduced in TR-APC cultures (Figure 2C and 205 

Supplemental Figure S1E). Thus, TR-APCs express both surface-bound and soluble 206 

immunostimulatory molecules crucial for the development of potent anti-tumor immunity.  207 

APCs routinely process and present TAAs through phagocytosis of tumor cell-derived 208 

debris within the tumor microenvironment. In order to understand if TR-APCs could similarly 209 

process extracellular antigens from the tumor milieu, we leveraged the DQ-OVA reagent, which 210 

represents a surrogate unprocessed tumor antigen35. Incubation of DQ-OVA with RAW-112 cells 211 

and RAW-112 TR-APCs revealed that TR-APCs exhibit an increased capacity for processing of 212 

exogenous antigens (Figure 2D).  To further examine if TR-APCs are capable of processing and 213 

presenting not only exogenous antigen, but also self-derived TAAs, we utilized the chicken 214 

ovalbumin (OVA) model antigen system. Reprogrammable RAW-112 cells were transduced 215 

with full length OVA (RAW-112-OVA) to serve as a model TAA, and transgenic CD4+ T cells 216 

capable of recognizing OVA in a MHC class II (I-Ad)-restricted manner were isolated from 217 

DO11.10 mice36. Co-culture of DO11.10 CD4+ T cells with RAW-112-OVA cells stimulated 218 

little T cell proliferation, but TR-APCs generated from RAW-112-OVA cells caused marked 219 

DO11.10 T cell proliferation, consistent with processing self-derived OVA protein into the 220 

OVA323-339 peptide, presentation of OVA323-339 in MHC-II (I-Ad), and activation of DO11.10 T 221 

cells (Figure 2E-F).  222 

We next evaluated the ability of TR-APCs to process and present endogenous TAAs by 223 

co-culturing RAW-112 cells and RAW-112 TR-APCs with syngeneic T cells from naïve 224 

BALB/c mice. Compared to co-culture with tumor cells alone, RAW-112 TR-APCs stimulated 225 
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significant activation of both CD4+ and CD8+ syngeneic T cells (Figure 2G-H). This T cell 226 

stimulation activity could be further enhanced through addition of LPS and R848. Thus, TR-227 

APCs are capable of processing and presenting both endogenous TAAs and exogenous antigens 228 

derived from the tumor microenvironment. Further, the presentation of TAAs by TR-APCs does 229 

not require prior knowledge of the tumor mutational burden or prediction of immunogenic 230 

epitopes, but instead is agnostic to the TAAs that are targeted. 231 

TR-APCs Stimulate Anti-Tumor Immunity 232 

 To understand the potential therapeutic benefit of generating TR-APCs in the context of 233 

tumor progression, we induced in vivo TR-APC formation in the RAW-112 transplantable model 234 

of B cell acute leukemia36. Intravenous engraftment of reprogrammable, but uninduced, RAW-235 

112 cells into immunodeficient NSG mice resulted in rapid disease progression and mortality 236 

(Figure 3A-B). Notably, induction of TR-APCs from RAW-112 cells during leukemic 237 

development significantly delayed median mortality in NSG mice, but only by three days, 238 

presumably by effectively reducing the leukemogenicity of the engrafted cells. However, since 239 

induction of TR-APCs is not complete (Figure 1C), all animals ultimately succumbed to 240 

progressive disease. This result demonstrates that forced myeloid reprogramming in the absence 241 

of an immune compartment does not result in meaningful disease control or eradication. 242 

However, when immunocompetent syngeneic BALB/c mice were engrafted with the 243 

same reprogrammable RAW-112 cells, induction of TR-APCs during disease progression drove 244 

eradication of leukemic cells and long-term overall survival (Figure 3A-B), with histological 245 

regression of disease (Figure 3C). In addition to no evidence of leukemia in the bone marrow, in 246 

vivo TR-APC induction largely eliminated leukemic infiltration of the central nervous system. 247 

Further, these mice were protected from subsequent re-challenge with the parental RAW-112 248 
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tumor cell line 100 days after the initial tumor inoculation, demonstrating robust TR-APC-249 

mediated generation of anti-leukemic immunity capable of persistent immunological memory 250 

(Figure 3D). Importantly, by re-challenging with the parental RAW-112 cell line, rather than the 251 

transgenic reprogrammable RAW-112 cells, we demonstrate that the anti-leukemic immunity 252 

was indeed targeted to bona fide TAAs. In vivo TR-APC induction exhibited no observable off-253 

target toxicity following histological analysis of numerous organs post treatment (Supplemental 254 

Figure S2A). Furthermore, TR-APC induction did not lead to permanent B cell aplasia or 255 

statistically significant alterations to complete blood counts throughout treatment (Supplemental 256 

Figure S2B-C), further supporting the conclusion that TR-APCs direct anti-leukemic immunity 257 

to TAAs. 258 

In order to gain insight into the efficiency of TR-APC induction required to elicit a 259 

therapeutic benefit, we titrated the proportion of reprogrammable RAW-112 cells injected 260 

intravenously into syngeneic animals. Thus, upon exposure to doxycycline containing chow, we 261 

effectively limited the overall efficiency of in vivo reprogramming to defined ratios. While 262 

increased duration of overall survival was strongly correlated with increasing reprogramming 263 

efficiency, it was notable that some animals completely eradicated the engrafted leukemia when 264 

as little as 25% of the leukemic cells underwent TR-APC induction (Figure 3E). 265 

We further probed the ability of local TR-APC induction to elicit a systemic anti-tumor 266 

response by employing a dual flank tumor strategy. Subcutaneous transplantation of inducible 267 

RAW-112 cells into the flank of syngeneic BALB/c mice was accompanied by transplantation of 268 

unmodified parental RAW-112 cells into the contralateral flank of the same animal (Figure 3F). 269 

The systemic effect of local TR-APC activity was assessed by monitoring the growth of the 270 

contralateral parental tumor. Strikingly, induction of TR-APCs in a single flank was sufficient to 271 
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drive regression of parental tumors in the contralateral flank of most animals (Figure 3G-H).  272 

These data demonstrate that local TR-APC-dependent immune priming elicits potent, systemic 273 

immunity capable of trafficking to and eradicating distant metastatic sites. 274 

TR-APCs Elicit Anti-Tumor T Cell Effects 275 

 Given the ability of TR-APCs to stimulate T cells in vitro and inability for TR-APCs to 276 

protect against leukemia in immunodeficient mice, we hypothesized that the in vivo 277 

immunologic activity of TR-APCs was dependent on T cell activation. Indeed, immunologic 278 

profiling revealed relative increases in activated and memory T cell populations and fewer 279 

immunosuppressive regulatory T cells (Tregs) during TR-APC generation and leukemia 280 

eradication (Supplemental Figure S3A-C). Further, in vitro co-culture of T cells purified from 281 

surviving leukemia-eradicated mice with a panel of tumor cell lines demonstrated enhanced 282 

activation and cytokine secretion against RAW-112 cells and only minimal reactivity to 283 

unrelated tumor cells, consistent with the establishment of tumor-specific memory T cells 284 

(Supplemental Figure S4A-B). Consistent with this finding, depletion of either CD4+ or CD8+ 285 

T cells completely abrogated the therapeutic benefit of TR-APC generation (Figure 4A-B), 286 

indicating that the establishment of a tumor-specific T cell response is necessary for TR-APC-287 

mediated eradication of leukemia. 288 

To further investigate how TR-APCs modulate T cells in vivo during leukemia 289 

progression, we profiled TCRVβ gene usage as a surrogate marker of clonal expansion37,38. TR-290 

APCs elicited consistent oligoclonal expansion of TCRVβ14+CD8+ T cells, with only minimal 291 

alteration to the frequency of this T cell population observed in mice where reprogramming was 292 

not initiated (Figure 4C, Supplemental Figure S5A-D). CD4+ TCRVβ gene usage was less 293 

consistent between animals, but still revealed a higher degree of clonal expansion among the 294 
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animals where TR-APCs were generated (Figure 4D, Supplemental Figure S5E-F). FACS 295 

purification of TCRVβ14+ T cells from mice that had successfully eradicated the leukemia 296 

revealed that this oligoclonally expanded T cell population was enriched for anti-leukemic 297 

activity (Figure 4E). These data highlight that the therapeutic efficacy of TR-APCs is derived 298 

from in vivo activation of both CD4+ and CD8+ T cells, which clonally expand and drive tumor 299 

regression. 300 

To comprehensively investigate how in vivo TR-APC induction modulates the 301 

immunologic status of a tumor, inducible RAW-112 cells were implanted subcutaneously into 302 

syngeneic BALB/c mice. Five and ten days post implantation, unmanipulated and TR-APC-303 

induced subcutaneous tumors were excised and subjected to single cell RNA sequencing 304 

(scRNA-seq) to examine infiltrating immune cell activity and in vivo TR-APC phenotype. 305 

Tumor-derived cells and endogenous immune cells were deconvoluted by scoring of genomic 306 

instability39, and cell identity was classified with SingleR40 (Supplemental Figure S6A-C, 307 

Figure 4F). Analysis of tumor infiltrating immune cells across all conditions revealed a stark 308 

increase in immune infiltrate following TR-APC induction, including an increase in the absolute 309 

number as well as relative frequency of T and NK cells (Figure 4G, Supplemental Figure 310 

S6C). To further analyze the activity of these tumor infiltrating lymphocytes, we used ProjecTIL 311 

to annotate T cell phenotypes by projecting individual T cell gene expression signatures onto 312 

published reference phenotypes (Supplemental Figure S6D)41. At day 5 post tumor 313 

implantation, we observed increased numbers of almost all T cell phenotypes within tumors 314 

undergoing reprogramming (Figure 4H). Importantly, naïve CD8 and Th1-polarized CD4 315 

phenotype T cells were among the most frequent T cell populations, indicative of the formation 316 

of a productive immune response (Figure 4H, Supplemental Figure S6E). At day 10 post 317 
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tumor implantation, the total number of infiltrating T cells was similarly increased in tumors 318 

undergoing reprogramming compared to those that remained unmodified. Naïve and effector 319 

memory CD8 T cells, as well as Th1 polarized CD4 T cells dominated the T cell infiltrate of TR-320 

APC-induced tumors, while unmanipulated tumors exhibited higher relative frequencies of 321 

exhausted CD8 T cells and immunosuppressive Treg populations.  322 

We further analyzed the phenotype of tumor-infiltrating myeloid lineage immune cells by 323 

scoring the expression of inflammatory gene signatures in these populations. Intriguingly, TR-324 

APC induction resulted in increased myeloid activation and inflammatory cytokine production at 325 

day five post implantation, consistent with a more rapid orchestration of productive anti-tumor 326 

immunity (Supplemental Figure S6F).  327 

We next interrogated the phenotype of RAW-112 tumor-derived cells within our dataset. 328 

While SingleR cell classification revealed somewhat modest frequencies of complete 329 

reprogramming at these early timepoints, tumor-derived cells were nonetheless enriched for gene 330 

signatures corresponding to antigen processing and presentation, myeloid activation, and 331 

cytokine production (Figure 4I, Supplemental Figure S6G). This effect was particularly 332 

pronounced among tumor-derived cells classified as monocytes, generating a shoulder of 333 

increased enrichment within the overall gene module scores. Importantly, tumor cells derived 334 

from TR-APC-induced samples did not show increased expression of co-inhibitory gene 335 

modules that would indicate TR-APC differentiation into immunosuppressive macrophages or 336 

myeloid-derived suppressor cells. We functionally confirmed our scRNA-seq observations 337 

through in vivo depletion of various immune populations (Supplemental Figure S6H). 338 

Intriguingly, while B cells and macrophages were largely dispensable for TR-APC efficacy, the 339 

absence of NK cells and granulocytes diminished the therapeutic efficacy of TR-APC induction. 340 
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Together, these data are consistent with TR-APC-dependent rewiring of the tumor 341 

microenvironment, promoting T cell infiltration and activation of inflammatory anti-tumor 342 

immunity. 343 

Next, we probed the underlying mechanism of in vivo leukemia eradication with a 344 

particular emphasis on understanding the collaboration of TR-APCs with endogenous APCs, and 345 

the relative contribution of each to activation of anti-leukemic T cell immunity through 346 

presentation of tumor associated antigens. To facilitate this investigation, we employed BALB/c-347 

Langerin-DTR+/+ mice bred to BALB/c-Ptprca animals yielding BALB/c-Langerin-DTR+/--348 

Ptprca/b progeny in which Langerin-expressing antigen presenting cells could be conditionally 349 

ablated by Diphtheria toxin (DT) administration42. Importantly, type 1 conventional DC (cDC1), 350 

the APCs most associated with cross-presentation of antigens to CD8+ T cells express 351 

sufficiently high levels of  Langerin to be susceptible to DT-mediated depletion in this model 352 

(Supplemental Figure S7A-B). After confirming depletion of endogenous cross-presenting 353 

cDC1s in the DT-treated Langerin-DTR mice, we engrafted inducible RAW-112 intravenously 354 

as before, and commenced TR-APC induction. Strikingly, endogenous cDC1s were not required 355 

for leukemia eradication, as TR-APC induction resulted in similar overall survival with and 356 

without DT treatment (Figure 4J). 357 

In order to characterize the necessity of direct antigen presentation by TR-APCs to T 358 

cells in vivo, we designed CRISPR guides targeting exon 2 of TAP1, to block presentation of 359 

TAAs, while maintaining some level of MHC-I on the cell surface so as to avoid NK cell-360 

mediated lysis. Cas9-mediated editing of the TAP1 locus resulted in downregulation of surface 361 

MHC-I on RAW-112 cells, enabling bulk purification of edited cells (Supplemental Figure 362 

S7C). In order to elucidate the distinct contribution of TR-APCs and endogenous cDC1s to 363 
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antigen presentation, we again employed the Langerin-DTR+/--Ptprca/b DT depletion model. 364 

While TAP-1 knockout resulted in slower kinetics of leukemia progression, ultimately all 365 

animals that did not undergo TR-APC induction succumbed to their disease irrespective of the 366 

presence or absence of endogenous cDC1s (Figure 4K). As previously observed, TR-APC 367 

induction resulted in leukemia eradication in cDC1-deficient animals at similar frequencies to 368 

cDC1-competent animals. Interestingly, when antigen presentation by TR-APC is inhibited by 369 

TAP-1 knockout in the presence of endogenous cDC1s, a proportion of the animals are 370 

nonetheless capable of eradicating the leukemia, indicating that TR-APCs likely cooperate with 371 

endogenous APCs to present tumor antigens, prime tumor reactive T cells, and ultimately cause 372 

disease regression. However, when both TR-APC-mediated antigen presentation as well as 373 

endogenous antigen presentation is inhibited by simultaneous use of TAP-1 knockout TR-APCs 374 

and DT depletion of cDC1s, much of the therapeutic benefit of TR-APC induction is lost and all 375 

animals ultimately succumb to disease progression. Together, these data demonstrate cooperation 376 

between TR-APCs and endogenous APCs, show that differentiation of leukemia cells alone is 377 

insufficient for protection from leukemic progression, and underscore the necessity of antigen 378 

presentation in this model to prime leukemia-specific T cell responses. 379 

Finally, we sought to benchmark our TR-APC induction strategy against alternative DC 380 

vaccination strategies. We generated DC fusion vaccines by fusing in vitro differentiated murine 381 

DCs to mitomycin C-treated RAW-112 cells using PEG as previously described (Figure S7D)43.  382 

DC: RAW-112 fusions were FACS isolated and co-cultured in vitro with syngeneic BALB/c T 383 

cells as a direct comparison to the stimulatory capacity of in vitro generated RAW-112 TR-APCs 384 

(Figure S7E). Interestingly, DC: RAW-112 fusion cells stimulated higher levels of both CD4+ 385 

and CD8+ T cell activation on a per cell basis in vitro, possibly due to the increased surface area 386 
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of these fusion cells (Figure S7E). We further compared the performance of these cells as 387 

prophylactic cancer vaccination strategies in vivo. Naïve BALB/c mice were injected 388 

intravenously with equal numbers of RAW-112 TR-APCs or DC: RAW-112 fusion cells as ex 389 

vivo vaccination strategies, or were engrafted with inducible RAW-112 cells and placed on 390 

doxycycline chow as an in situ vaccination strategy. All mice were subsequently challenged with 391 

the unmodified parental RAW-112 cells one week after vaccination. Despite the inferior in vitro 392 

T cell activation potential of RAW-112 TR-APCs, prophylactic vaccination with either cell 393 

product resulted in protection from subsequent challenge in a minority of mice (Figure S7F). 394 

Interestingly, the in situ reprogramming vaccination strategy was superior to both vaccination 395 

strategies using ex vivo generated cell products. Together, these data demonstrate that TR-APC 396 

induction is non-inferior to other conventional DC vaccination strategies, and that in situ 397 

reprogramming may drive more potent immune reactivity than vaccination with cells generated 398 

in vitro. 399 

Solid Tumor TR-APCs Prolong Survival 400 

Seeking to extend this therapeutic modality beyond hematologic malignancies, we 401 

screened a number of tumor cell lines for the capacity to reprogram into TR-APCs. Notably, we 402 

identified multiple solid tumor models that were amenable to myeloid reprogramming via 403 

ectopic expression of CEBP/α and PU.1, including murine models of fibrosarcoma (K-BALB), 404 

osteosarcoma (K7M2), and mammary carcinoma (4T1). Importantly, these models represent 405 

diverse modes of transformation, as well as growth characteristics and immunological features44–406 

46. Despite this inherent diversity, marked levels of myeloid reprogramming, and increased levels 407 

of MHC class II expression were observed on TR-APCs generated from each of these tumor 408 

models (Figure 5A-C).  409 
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We next evaluated the ability of these solid tumor-derived APCs to eradicate disease in 410 

vivo. In all three models, in vivo induction of TR-APC reprogramming led to significantly 411 

improved overall survival (Figure 5D-F, Supplemental Figure S8A-B). Strikingly, induction of 412 

TR-APCs in intrafemoral K7M2 tumors also resulted in durable tumor eradication in a 413 

significant proportion of the animals (Figure 5F). Additionally, TR-APC formation in 414 

subcutaneous K-BALB and 4T1 tumors led to significant necrosis of the tumors, forcing us to 415 

euthanize the animals for humane reasons. However, given the degree of necrosis observed in 416 

these tumors, TR-APCs seemingly can effectively induce targeting of solid tumor cells. As with 417 

our earlier studies of systemic leukemic disease, induction of TR-APCs from K-BALB tumors 418 

increased survival of mice not only with localized tumors, but also with a model of metastatic 419 

disease (Supplemental Figure S8C). Together, these data suggest diverse solid tumors respond 420 

to myeloid reprogramming into TR-APCs with the development of therapeutic anti-tumor T cell 421 

responses. 422 

Primary Patient TR-APCs Activate T Cells 423 

Finally, we explored the potential applicability of the generation of TR-APCs to human B 424 

cell acute lymphoblastic leukemia (B-ALL). We have previously shown that in vitro stimulation 425 

of purified CD34+CD19+ B-ALL blasts with exogenous myeloid cytokines drives myeloid 426 

reprogramming into non-leukemic macrophage-like cells24.  Briefly, CD34+CD19+ leukemic 427 

blasts were sorted and cultured in media supplemented with 20% human serum to avoid 428 

exposure to xenogeneic antigens. TR-APC reprogramming efficiencies from primary sorted B-429 

ALL blasts ranged from 10-80% depending on the patient specimen (Supplemental Figure S9A 430 

and Supplemental Table 1). In order to understand the role of TR-APC culture conditions on 431 

TR-APC cell state, we used SU453 to generate macrophage-like TR-APCs via stimulation with 432 
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GM-CSF, M-CSF, IL-3, IL-7, and FLT3L, DC-like TR-APCs with GM-CSF, IL-4, IL-7, and 433 

FLT3L, or maintained the leukemic blasts with IL-7 and FLT3L alone. We conducted single cell 434 

RNA sequencing (scRNA-seq) on sorted B-ALL blasts prior to in vitro reprogramming, as well 435 

as both bulk unsorted B-ALL-derived TR-APC cultures following seven days of cytokine-436 

induced reprogramming (Figure 6A). As expected, B-ALL TR-APCs increased their expression 437 

of key myeloid genes (SPI, ITGAX, CEBPA) and downregulated essential B-ALL genes (CD34) 438 

relative to the unmanipulated B-ALL blasts (Supplemental Figure S9B-C). Indeed, gene 439 

module score analysis demonstrated robust upregulation of gene modules associated with 440 

myeloid-mediated immune processes, consistent with successful commitment to the myeloid 441 

lineage and formation of APCs. Notably, we observed significant upregulation of gene sets 442 

specifically corresponding to programs necessary for antigen processing and presentation, as 443 

well as myeloid cell activation (Figure 6B). 444 

In order to further understand the phenotype of primary B-ALL-derived TR-APCs, we 445 

employed two independent cell annotation tools to classify the cells according to gene signatures 446 

identified from published RNA-seq of hematopoietic cells (Figure 6C-D and Supplemental 447 

Figure S9D-E). Using either reference, B-ALL blasts were predominantly classified as early B 448 

cell progenitors or other primitive hematopoietic cells, while B-ALL-derived TR-APCs were 449 

predominantly characterized as myeloid lineage cells. Furthermore, while GM-CSF and IL-4 450 

stimulation generated TR-APCs that largely resembled DCs, M-CSF, GM-CSF, and IL-3 451 

stimulation led to more heterogenous TR-APCs that were categorized as DCs, macrophages, and 452 

monocytes. Importantly, the vast majority of TR-APCs that were classified as macrophages 453 

exhibited hallmarks of inflammatory M1-polarized macrophages, and were classified as such 454 

(Figure 6D). Expression of co-inhibitory gene modules (CD274, PDCD1LG2, LGALS9, and 455 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-21-0502/3270358/cd-21-0502.pdf by Stanford U

niversity user on 03 M
arch 2023



 21

CD276) was heterogeneous, but overall slightly elevated upon TR-APC formation 456 

(Supplemental Figure S9F-G). 457 

We then assayed the ability of primary TR-APCs to stimulate allogeneic T cells obtained 458 

from healthy donors. Primary B-ALL-derived TR-APCs stimulated allogeneic T cell 459 

proliferation at levels comparable to monocyte-derived DCs, and significantly better than the B-460 

ALL blasts themselves (Supplemental Figure S10A). 461 

Next, we analyzed the ability of these primary TR-APCs to stimulate autologous, 462 

unmanipulated T cells, using previously described methods47. Co-culture M-CSF, GM-CSF, and 463 

IL-3-stimulated TR-APCs generated from primary B-ALL with bulk unmanipulated autologous 464 

T cells significantly increased T cell activation, as compared to T cells co-cultured with purified 465 

leukemic blasts (Figure 6E-G). Importantly, the T cell activation was inhibited in the presence 466 

of MHC-blocking antibodies, indicating that this T cell activation is MHC-restricted 467 

(Supplemental Figure S10B). As in our murine B-ALL models, activation of primary B-ALL-468 

derived TR-APCs augmented MHC and co-stimulatory molecule expression (Supplemental 469 

Figure S10C), and further enhanced autologous CD4+ and CD8+ T cell activation 470 

(Supplemental Figure S10D). Thus, these data indicate that primary patient-derived TR-APCs 471 

can stimulate autologous leukemia-specific T cell activation. 472 

 473 

Discussion 474 

We have developed a novel immunotherapeutic approach to cancer vaccination, 475 

leveraging direct myeloid reprogramming of cancer cells into APCs. We identified hematologic 476 

malignancies, as well as solid tumors, that are amenable to TR-APC reprogramming, and further 477 

demonstrated the immunologic activity of TR-APCs both in vitro and in vivo. TR-APCs potently 478 
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enhanced the activation of antigen- and tumor-specific CD4+ and CD8+ T cells, drove clonal 479 

expansion, and ultimately led to the generation of tumor-eradicating, systemic, and durable 480 

immunity. Finally, using primary patient specimens, we demonstrated the potential clinical 481 

utility of TR-APCs in the induction of autologous, tumor-specific T cell activation. These results 482 

represent a novel and significant advance to current immunotherapeutic cancer vaccine 483 

approaches. 484 

TR-APCs resemble inflammatory myeloid cells with enhanced expression of 485 

immunostimulatory genes, including cytokines, chemokines, and antigen presentation 486 

machinery. Notably, TR-APC induction showed significant clinical benefit in the absence of 487 

homogenous tumor reprogramming. Indeed, reprogramming only a small fraction of the tumor 488 

burden resulted in significant remodeling of the tumor immune microenvironment, eliciting 489 

enhanced recruitment and activation of tumor infiltrating T cells and NK cells, as well as 490 

endogenous myeloid populations. Importantly, the immunostimulatory activity of TR-APCs did 491 

not rely on the presence of endogenous cross-presenting cDC1s, indicating that TR-APCs are 492 

indeed sufficient to activate downstream effector populations including T cells, NK cells, and 493 

neutrophils, which are crucial to the success of the therapy. Conversely, disruption of direct 494 

antigen presentation by TR-APCs to tumor-specific T cells significantly impaired therapeutic 495 

efficacy in preclinical murine models, as well as with primary human specimens. Finally, we 496 

demonstrated that TR-APC therapy deployed as a vaccination strategy performs similarly to 497 

other DC vaccination modalities, while in situ TR-APC induction is more efficacious and 498 

stimulates superior immunologic activity. 499 

To date, most attempts to generate cancer vaccines have focused on the identification or 500 

prediction of immunogenic neoantigens, and the delivery of these neoantigens to the patient with 501 
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either chemical or cellular adjuvants. Despite numerous improvements in tumor antigen 502 

selection, adjuvant activity, and vaccine delivery, these efforts have not resulted in significant 503 

anti-tumor activity in patients.  However, the success of T cell based cancer immunotherapies 504 

suggests novel approaches to cancer vaccination could still provide significantly enhanced 505 

clinical benefit3,5. Our approach of leveraging lineage reprogramming as a modality to generate 506 

cancer vaccines offers numerous advantages over previously reported methodologies. Primarily, 507 

the TR-APC cancer vaccination approach requires no previous knowledge of the genetic makeup 508 

of the malignancy, and correspondingly does not require prediction of potentially immunogenic 509 

peptides. Similarly, TR-APCs are not limited to a defined selected subset of antigens, but have 510 

the potential to present a myriad of self-derived tumor antigens directly encoded in their genome, 511 

as well as exogenous antigens processed from the tumor microenvironment. As such, the risk of 512 

tumor immune escape is decreased relative to administration of a defined pool of antigenic 513 

peptides. Additionally, many tumor antigens are simply overexpressed, or aberrantly expressed 514 

self-antigens, which could also be presented by TR-APCs, but are commonly overlooked by 515 

neoantigen prediction methodologies48–52.  Finally, we have previously shown that lineage 516 

reprogramming of primary B-ALL cells is durable, with no observable reversion to a malignant 517 

state24. Clinical experience with various cancer vaccination strategies further indicates that this 518 

class of immunotherapeutics is well tolerated. Therefore, this modality allows for therapeutic 519 

vaccination against both neo- and tumor-associated-antigens, both of which appear to be 520 

important targets for cancer immunotherapy, while maintaining a robust safety profile. 521 

While the survival benefit observed in these studies is encouraging, these results also 522 

underscore the need for further investigation to advance this approach into the clinic. The role of 523 

myeloid pioneer transcription factors in regulating lineage reprogramming has been established, 524 
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but little is known about the breadth of cancers that may be amenable to this approach53–56. 525 

Further efforts will also need to be directed at elucidating the optimal mode of gene delivery for 526 

TR-APC induction in vivo. Recent reports of nanoparticle-mediated mRNA delivery have 527 

demonstrated safe and effective in vivo induction of gene expression, but optimization of 528 

delivery to different target cells is still needed57,58. Finally, while there is heterogeneity in 529 

reprogramming efficiency between different tumor models, our studies demonstrate that only a 530 

subset of cancer cells need to be reprogrammed into TR-APCs, as the therapeutic efficacy is 531 

derived from the T cells activated by the TR-APCs, not the TR-APCs themselves. 532 

The tumor eradicating efficacy observed in these preclinical models raises the prospect of 533 

generating TR-APCs in situ. However, the potential clinical utility of TR-APCs is not restricted 534 

to in vivo TR-APC induction. Rather, the potential clinical applications of TR-APCs also include 535 

ex vivo TR-APC induction and subsequent autologous vaccination, as well as adoptive transfer of 536 

TR-APC-activated and ex vivo expanded tumor-reactive T cells. Additionally, TR-APCs could 537 

be used as a platform for screening, activating, and expanding tumor-reactive autologous T cells, 538 

which could subsequently be used for adoptive T cell therapy. TCR-sequencing and peptide 539 

identification from TR-APCs could further augment immuno-oncology through identification of 540 

novel tumor-reactive TCRs and novel antigenic targets in a wide array of cancers. Thus, TR-541 

APCs represent a novel contribution to cancer vaccine immunotherapeutics, with broad reaching 542 

implications for both clinical oncology and basic immunology research.  543 
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Methods 544 

Viral vector construction, lentivirus production, and transduction 545 

Codon-optimized cDNA encoding murine Myc-tagged C/EBPα (Cebpa) and FLAG-546 

tagged PU.1 (Spi1), linked by a P2A cleavage sequence, was synthesized by IDT and cloned into 547 

an inducible-expression lentiviral response plasmid (pLVX-TRE3G) (Takara) to generate pLVX-548 

TRE3G-MCPPF (Myc-C/EBPα-P2A-PU.1-FLAG). The lentiviral inducible regulator vector 549 

(pLVX-EF1α-Tet3G) was also acquired from Takara. Full-length chicken ovalbumin (OVA) 550 

was cloned into the constitutive lentiviral vector pCDH-CMV-GFPz-P2A-OVA, and was a gift 551 

of G. Kaber (Stanford University). 552 

Lentivirus was produced in the 293T packaging cell line. Briefly, 5x106 293T cells were 553 

seeded in 10 mL of complete DMEM in a 10 cm dish. The following day, 293T cells were co-554 

transfected with 10ug lentivirus vector, 8ug psPAX2, and 5ug VSV-G envelope plasmid using 555 

293fectin (Invitrogen). Media was replaced 12 hours after transfection. Following media 556 

replacement, viral supernatant was collected every 12 hours and transferred to plated target cells 557 

for a total of 4 viral supernatant transfers. 12 hours following the final viral supernatant addition, 558 

target cell media was replaced completed and cultured an additional 24 hours to allow for 559 

transgene expression. Transduced cells were selected for lentiviral integration by exposure to 560 

puromycin (InvivoGen) (pLVX-TRE3G), Geneticin (ThermoFisher) (pLVX-EF1α-Tet3G), or 561 

Zeocin (ThermoFisher) (pCDH-CMV-GFPz). 562 

Cell lines and media conditions 563 

 RAW-112 B cell leukemia and 4T1 (RRID:CVCL_0125) mammary carcinoma cells were 564 

obtained from I. Weissman (Stanford University). 2F3 BCR-ABL+ B cell leukemia was 565 

originally generated by, and obtained from, R. Levy (Stanford University)29. K-BALB 566 
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fibrosarcoma (RRID:CVCL_4350) and K7M2 osteosarcoma (RRID:CVCL_V455) cells were 567 

obtained from ATCC. RAW-112, 2F3, and 4T1 cells were maintained in complete RPMI-based 568 

media (Gibco) supplemented with 10% Tetracycline-free FBS (Omega Scientific), 2 mM 569 

GlutaMAX (Gibco) and 100 U/mL penicillin, and 100 μg/ml streptomycin (Gibco). K-BALB 570 

and K7M2 cells were maintained in complete DMEM-based media (Gibco) supplemented with 571 

10% Tetracycline-free FBS (Omega Scientific), 2 mM GlutaMAX (Gibco), and 100 U/mL 572 

penicillin and 100 μg/mL streptomycin (Gibco). Cultures were incubated at 37°C in a 5% CO2 573 

humidified atmosphere with at least 3 culture splits per week. 574 

RAW-112-MCPPF, 2F3-MCPPF, K-BALB-MCPPF, 4T1-MCPPF, and K7M2-MCPPF 575 

cells were generated by dual transduction of each cell line with pLVX-TRE3G-MCPPF and 576 

pLVX-Tet3G followed by puromycin and Geneticin selection. RAW-112-MCPPF cells were 577 

further single cell sorted to achieve a clonal cell line that reprograms into TR-APCs with a high 578 

efficiency. OVA-expressing RAW-112 cells were generated by transduction of RAW-112 and 579 

RAW-112-MCPPF cells with pCDH-CMV-GFPz-P2A-OVA, followed by Zeocin 580 

selection.  TAP-1 knockout RAW-112 cells were generated by nucleofection of pre-complexed 581 

Cas9 and sgRNA (sequence: CATATGTTGCGGGTGAAGCT) into RAW-112-MCPPF cells. 582 

Five days post nucleofection, MHC-I low expressing cells were purified by FACS. Disruption of 583 

the TAP-1 locus was confirmed in the purified cell by PCR amplification of the region, followed 584 

by TIDE analysis. Before using for in vivo experiments, cell lines were tested with MycoAlert 585 

detection kit (Lonza). All cell lines tested negative. 586 

TR-APC Induction from Cell Lines 587 

 Unless otherwise noted, TR-APCs were generated from transduced cell lines by in vitro 588 

culture with 1 μg/mL doxycycline hyclate (Sigma) for 5 days. Complete cell culture media was 589 
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supplemented with 25 ng/mL rmM-CSF (Peprotech), 20 ng/mL rmGM-CSF (Peprotech), and 20 590 

ng/mL rmIL-3 (Peprotech) to support long term survival of TR-APCs. Complete media changes 591 

were completed 3 times per week, with addition of fresh doxycycline and cytokines. Where 592 

indicated, TR-APC cultures were stimulated with 1 μg/mL LPS (ThermoFisher) or 1 μg/mL 593 

R848 (Invivogen) for 24 hours prior to the indicated assay. 594 

Immunoblotting 595 

Whole-cell protein lysates were obtained from RAW-112-MCPPF cells 48 hours after 596 

vehicle or 1 μg/mL doxycycline (Sigma) treatment in RIPA buffer (150 mM NaCl, 0.1% Triton 597 

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl (pH 8.0)), 1X HALT Protease 598 

Inhibitor Cocktail (ThermoFisher). Lysates were extracted via sample agitation at 4°C for 30 599 

minutes, followed by 4°C centrifugation at 14,000 RPM for 10 minutes. Protein concentration 600 

was determined with Pierce BCA Protein Assay Kit (ThermoFisher). Lysates were denatured in 601 

NuPage LDS sample buffer (ThermoFisher) supplemented with 2.5% β-mercaptoethanol by 602 

incubation at 95°C for 3 minutes. Denatured samples were loaded onto a NuPAGE 4-12% Bis-603 

Tris polyacrylamide gel (ThermoFisher) with a Novex pre-stained protein ladder (ThermoFisher) 604 

and electrophoresed in MES running buffer (Invitrogen). Gels were transferred to PVDF 605 

membranes with the iBlot system (ThermoFisher), blocked with 2% w/v dry milk in TBST, and 606 

incubated with primary antibodies according to the manufacturers’ directions. Primary 607 

antibodies, TetR (9G9) (Clontech), C/EBPα (15C8, RRID:AB_2077903) (ThermoFisher), PU.1 608 

(9G7, RRID:AB_2186909) (Cell Signaling), and β-Actin (8H10D10, RRID:AB_11001306) 609 

(Cell Signaling) were detected with HRP-conjugated secondary antibodies purchased from Cell 610 

Signaling (Anti-mouse IgG HRP-linked Antibody (7076, RRID:AB_330924) and Anti-rabbit 611 
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IgG HRP-linked Antibody (7074, RRID:AB_2099233) and Clarity Western ECL substrate (Bio-612 

Rad). Membranes were imaged with the BioRad Gel Dox system. 613 

Flow Cytometry and FACS 614 

Mouse cell surface immunophenotypes were assessed using the following antibodies:  615 

From BioLegend: CD3-BV605 (clone 17A2, RRID:AB_2562039), CD8α-PE/Cy7 (clone 616 

53-6.7, RRID:AB_312760), CD14-APC/Cy7 (clone Sa14-2, RRID:AB_10900813), CD40-617 

PacBlue (clone 3/23, RRID:AB_2561475), CD44-APC/Cy7 (clone IM7, RRID:AB_830784), 618 

CD69-BV421 (clone H1.2F3, RRID:AB_10900250), CD69-A488 (clone H1.2F3, 619 

RRID:AB_492845), CD80-PE (clone 16-10A1, RRID:AB_313128), CD86-APC/Fire750 (clone 620 

GL-1, RRID:AB_2629769), CD115-BV605 (clone AFS98, RRID:AB_2562760), CD152-PE 621 

(clone UC10-4B9, RRID:AB_313254) CD279-PE/Cy7 (clone 29F.1A12, RRID:AB_10696422), 622 

F4/80-PE/Cy7 (clone BM8, RRID:AB_893490), FoxP3-A647 (clone MF-14, 623 

RRID:AB_1089116), H-2Dd-FITC (clone 34-2-12, RRID:AB_313487), I-A/I-E-A488 (clone 624 

M5/114.15.2, RRID:AB_493524), I-A/I-E-BV510 (clone M5/114.15.2, RRID:AB_2561397), 625 

IFN-γ-BV605 (clone XMG1.2, RRID:AB_2561438), Ly-6C-PerCP/Cy5.5 (clone HK1.4, 626 

RRID:AB_1659242), and SIRPα-PE (clone P84, RRID:AB_2563549). 627 

From ThermoFisher: CD4-APC (clone GK1.5, RRID:AB_469320), CD8α-FITC (clone 628 

53-6.7, RRID:AB_464915), CD11b-APC (clone M1/70, RRID:AB_469343), CD19-PE (clone 629 

1D3, RRID:AB_657659), CD25-PE (clone PC61.5, RRID:AB_465607), CD25-SB436 (clone 630 

PC61.5, RRID:AB_2734937), and CD223-PerCP/efluor710 (clone C9B7W, 631 

RRID:AB_11151334). 632 

From BD Biosciences: CD8α-V500 (clone 53-6.7, RRID:AB_1937329), TCRVβ14-633 

FITC (clone 14-2, RRID:AB_394738), and TCRVβ Screening Panel (RRID:AB_647180). 634 
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Human cell surface immunophenotypes were assessed using the following antibodies: 635 

From BioLegend: HLA-A,B,C-APC/Cy7 (clone W6/32, RRID:AB_10708421) and HLA-636 

DR-BV605 (clone L243, RRID:AB_11219187). 637 

From ThermoFisher: CD4-APC-efluor780 (clone RPA-T4, RRID:AB_1272044), CD8-638 

A700 (clone RPA-T8, RRID:AB_11218688), CD69-SB436 (clone FN-50, RRID:AB_2688204), 639 

and CD134-PE (clone OX-86, RRID:AB_465854). 640 

From BD Biosciences: CD11b-PE/Cy7 (clone ICRF44, RRID:AB_396849), CD14-641 

BV605 (clone M5E2, RRID:AB_2687593), CD19-BB700 (clone SJ25C1), CD34-PE/Cy7 (clone 642 

8G12, RRID:AB_400389), CD40-BB515 (clone 5C3, RRID:AB_2739137), CD45-V450 (clone 643 

HI30, RRID:AB_1645573), and CD86-APC (clone FUN-1, RRID:AB_398608). 644 

Dead cells were excluded by use of one of the following viability dyes: DAPI 645 

(ThermoFisher), PI (Life Technologies), Zombie Red (BioLegend), Live/Dead Fixable Violet 646 

(ThermoFisher), Ghost Dye Violet 510 (Tonbo), Ghost Dye Violet 540 (Tonbo), or Ghost Dye 647 

Red 780 (Tonbo). 648 

Wash steps were performed using FACS buffer (PBS with 2% FBS and 2 mM EDTA). 649 

Prior to analysis or sorting, cells were incubated with TruStain FcX anti-mouse CD16/32 650 

(BioLegend), or Human TruStain FcX Fc Receptor Blocking Solution (BioLegend) on ice for 15 651 

minutes, followed by the desired antibody combinations on ice for 30 minutes, followed by 652 

washing. Intracellular staining was performed using the Cytofix/Cytoperm Kit (BD Biosciences) 653 

or the FoxP3 Fix/Perm Buffer Set (BioLegend). Prior to intracellular cytokine staining, cells 654 

were cultured in the presence of monensin (GolgiStop, BD Biosciences) for 6 hours. Cell 655 

subpopulations were purified by FACS using a BD FACSAria II (BD Biosciences). Flow 656 
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cytometric analysis was completed using a BD FACSAria, BD Canto II, Beckman Coulter 657 

Cytoflex, BD A5 FACS Symphony, or a Cytek Aurora. 658 

Cytospin and May-Gruenwald-Giemsa Stain 659 

 CD11b+CD14+ TR-APCs were FACS purified from RAW-112 cells and washed with 660 

PBS and resuspended at 1x106 cells/mL. 100 μL of the cell suspension was placed in a cytospin 661 

device and spun at 500 RPM for 5 minutes in a Cytospin Cytocentrifuge (ThermoFisher). Slides 662 

were air dried, and subsequently fixed in absolute methanol for 5 minutes. Cells were stained for 663 

5 minutes in 1:1 May-Gruenwald solution (Sigma):phosphate buffer (Sigma). Slides were 664 

washed in tap water and subsequently stained with 1:10 Giemsa solution (Sigma): phosphate 665 

buffer for 20 minutes. Slides were washed again, dried, and mounted with cover glass. 666 

Phagocytosis Assay 667 

 Phagocytic capacity was measured using the pHrodo Red E. coli BioParticles 668 

(ThermoFisher) according to manufacturer instructions. Briefly, unmodified RAW-112 cells and 669 

RAW-112 TR-APCs were incubated at 37°C for 1 hour in 100 μL of complete media with 20 μL 670 

pHrodo Red E. coli BioParticles at a 20:1 particle: phagocyte ratio. For conditions containing the 671 

cytochalasin D phagocytosis inhibitor, 10 mM cytochalasin D was added for the entirety of the 1 672 

hour incubation. Following incubation, cells were washed twice with FACS buffer and analyzed 673 

by flow cytometry using a 685/42 nm bandpass filter. 674 

Animal Studies 675 

Immunocompromised NOD/SCID/IL2Rγnull (NSG) mice (RRID:IMSR_JAX:005557) 676 

were purchased from JAX and bred in-house. Immunocompetent BALB/c 677 

(RRID:IMSR_JAX:000651), congenic BALB/c-Ptprca (RRID:IMSR_JAX:006584) and 678 

DO11.10 (RRID:IMSR_JAX:003303) mice were purchased from JAX. BALB/c-Langerin-DTR-679 
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/- mice were a gift from Juliana Idoyaga (Stanford University) and bred to BALB/c-Ptprca 680 

animals yielding BALB/c-Langerin-DTR+/--Ptprca/b All mouse experiments were conducted in 681 

accordance with a protocol approved by the Institutional Animal Care and Use Committee 682 

(Stanford Administrative Panel on Laboratory Animal Care #33085) and in adherence with the 683 

U.S. National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.  684 

Six to eight week old male or female age and sex matched mice were inoculated with 685 

1x106 RAW-112 leukemia cells either subcutaneously or intravenously, 1x106 K-BALB 686 

fibrosarcoma cells subcutaneously or intravenously, 1x106 4T1 mammary carcinoma cells 687 

subcutaneously, or 1x106 K7M2 osteosarcoma cells intrafemorally through the femoral 688 

epiphysis. Subcutaneous tumor progression was followed via caliper measurements. Mice were 689 

humanely euthanized when an IACUC-approved end-point measurement was reached in the 690 

longest tumor dimension, or when mice exhibited signs of morbidity and/or hind limb paralysis. 691 

Models of in vivo TR-APC induction utilized intratumoral doxycycline injection, or 692 

doxycycline containing chow, as indicated. For intratumor injections, palpable tumors were 693 

allowed to develop and were subsequently injected with 100 μL of 1 mg/mL doxycycline hyclate 694 

solution every other day, for a total of three injections. For TR-APC induction with chow, mice 695 

were placed on 625 mg/kg doxycycline hyclate containing chow (Envigo) immediately following 696 

tumor cell inoculation.  697 

Immune cell depletions were achieved by intraperitoneal injections of 250ug of depleting 698 

antibody beginning on Day -3 prior to tumor inoculation, and continuing every third day onward 699 

until the conclusion of the study. CD4 T cell were depleted with anti-CD4 clone GK1.5 700 

(BioXCell, RRID:AB_1107636), CD8 T cells were depleted with anti-CD8 clone 53-6.7 701 

(BioXCell, RRID:AB_1107671), NK cells were depleted with anti-CD122 clone TM-Beta 1 702 
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(BioXCell), macrophages were depleted with anti-F4/80 clone Cl:A3-1 (BioXCell, 703 

RRID:AB_10949019), granulocytes were depleted with anti-Ly6G clone 1A8 (BioXCell, 704 

RRID:AB_1107721), and B cells were depleted with anti-CD20 clone SA271G2 (BioLegend, 705 

RRID:AB_2629619). 706 

Depletion of cDC1 from BALB/c-Langerin-DTR+/--Ptprca/b mice was achieved by DT 707 

administration intravenously at a dose of 50 ng/g on Day -2 prior to RAW-112 engraftment 708 

followed by maintenance doses of 500 ng intraperitoneally every other day throughout the 709 

experiment. 710 

Histology and Immunohistochemistry 711 

 The indicated organs were dissected from NSG or BALB/c mice at the points indicated in 712 

the figure legends, rinsed, and fixed in 4% PFA at 4°C for 24 hours. Fixed organs were 713 

subsequently transferred to 70% ethanol. Paraffin embedding, sectioning, and tissue staining was 714 

completed by HistoWiz or the Stanford Human Pathology/Histology Service Center. 715 

Complete Blood Counts 716 

 Blood was obtained by collection of 20 μL of blood from the tail vein using an EDTA-717 

coated capillary tube and analyzed by the HemaTrue Veterinary Hematology Analyzer (Heska). 718 

T Cell Activation and Proliferation Assays 719 

 Prior to syngeneic T cell assays, stimulator cells were washed out of complete media 720 

containing FBS, and cultured for one passage in complete media supplemented with 10% 721 

BALB/c serum (Innovative Research) to remove presence of xenogeneic antigens. As indicated, 722 

untouched CD4+ or CD8+ cells were isolated from the spleens of BALB/c or DO11.10 mice 723 

following tissue dissociation. Negative MACS selection via CD4+ T Cell Isolation Kit, CD8+ T 724 
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Cell Isolation Kit, or Pan T Cell Isolation Kit II, mouse, (all purchased from Miltenyi) was used 725 

to enrich for the desired cell population. 726 

 To examine DO11.10 T cell proliferation, CD4+ T cells were isolated from the spleens of 727 

DO11.10 mice as described above, and subsequently loaded with Cell Proliferation Dye 728 

eFluor450 (ThermoFisher) according to manufacturer directions. DO11.10 T cells were cultured 729 

with RAW-112-OVA, RAW-112-OVA TR-APCs, or BALB/c bone marrow derived dendritic 730 

cells (BMDCs) pulsed with OVA 323-329 peptide (InvivoGen). BMDCs were generated from 731 

BALB/c bone marrow cells as previously described59. Briefly, BALB/c mice were euthanized, 732 

and the femurs were dissected under sterile conditions. Bone marrow cells were retrieved by 733 

flushing of the femur cavity followed by ACK lysis of red blood cells. Bone marrow cells were 734 

cultured in complete RPMI-based media supplemented with 20 ng/mL rmGM-CSF for six days, 735 

with a media change on day 3. Non-adherent and loosely adherent immature BMDC were 736 

collected from the culture, while leaving behind strongly adherent macrophages. Immature 737 

BMDC were subsequently pulsed with OVA peptide and matured with 1 ug/mL LPS for 24 738 

hours prior to the T cell proliferation assay. Stimulator cells and DO11.10 T cells were co-739 

cultured at a ratio of 1x105 T cells: 2x103 stimulator cells for 72 hours prior to flow cytometric 740 

analysis. 741 

 To examine BALB/c T cell activation, CD4+ and CD8+ T cells were isolated from the 742 

spleens of naïve BALB/c mice as described above and co-cultured with RAW-112 cells or 743 

RAW-112 TR-APCs. Stimulator: T cell ratios from 1:2 to 1:100 were used to examine the 744 

potency of T cell stimulatory capacity. Co-cultures were maintained for 24 hours prior to flow 745 

cytometric analysis to preserve markers of early T cell activation. 746 
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 To generate RAW-112: DC fusions, DCs were generated as described above. RAW-112 747 

cells were treated with Mitomycin C to prevent continuous growth. On the day of fusion, treated 748 

RAW-112 cells and DCs were mixed in serum-free RPMI medium (Sigma, St. Louis, MO), 749 

centrifuged, and washed twice in serum-free media. After centrifugation and aspiration of media, 750 

mixed cells were slowly treated with 1 ml RT 35% PEG 6000 MW (Sigma, St. Louis, MO). 1 ml 751 

RT serum-free media was then added, followed by 3 ml of media, then 5ml of complete media in 752 

the same manner. After a 5-minute incubation at 37°C/5% CO2, PEG-fused cells were washed 753 

with RT complete media, centrifuged, and resuspended in complete media. Following a week 754 

incubation, cell fusion products were evaluated and sorted by FACS; a double-positive 755 

population containing both CD19 (RAW-112) and CD11c (DC) were sorted and used for 756 

subsequent co-culture experiments. 757 

Luminex 758 

 RAW-112 cells and RAW-112 TR-APCs were treated with either LPS or unstimulated 759 

control for 24 hours. Following stimulation, media was completely replaced and cultures 760 

continued for 24 more hours. Media supernatant was collected and submitted for Luminex 761 

multiplex cytokine array [H80-Panel 1]. Log2(fold change over media only) was visualized 762 

using pheatmap. 763 

DQ-Ovalbumin Assay 764 

 DQ-OVA (ThermoFisher) reagent was used to analyze the capacity for phagocytosis and 765 

processing of exogenous antigens by TR-APCs, as previously described35. Briefly, cells were 766 

pulsed with DQ-OVA for 15 minutes at 37°C, followed by extensive washing with PBS + 5% 767 

FBS at 4°C.  Cells were transferred back to complete growth medium and cultured for 4 hours, 768 
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with monitoring of DQ-OVA fluorescence over time by flow cytometric analysis using a 530/30 769 

nm bandpass filter. 770 

TCRVβ Usage Analysis 771 

 Mouse TCRVβ usage was calculated as a surrogate for clonal expansion, as previously 772 

described38,60. BALB/c mice (5 mice per group) were retro-orbitally bled at Day 0 prior to tumor 773 

inoculation. All mice were then inoculated intravenously with 1x106 RAW-112-MCPPF cells 774 

and one group was placed on doxycycline chow, as discussed above to induce TR-APC 775 

formation in vivo. 14 days after tumor inoculation, all mice were again bled retro-orbitally. 776 

Peripheral blood samples were ACK lysed to remove red blood cells, and divided evenly into 15 777 

staining cocktails, containing antibodies to detect the surface markers, CD3, CD4, CD8, and a 778 

single TCRVβ gene. Flow cytometric analysis was completed, and the frequency of TCRVβ+ 779 

cells was calculated as a frequency of live CD4+ and CD8+ T cells for each individual mouse, at 780 

each timepoint. The change in TCRVβ frequency was calculated for each gene family by 781 

subtracting the initial frequency from the frequency on day 14 post tumor inoculation. 782 

Primary Human Specimens 783 

 Primary leukemia specimens were obtained according to the Administrative Panel on 784 

Human Subjects Research Institution Review Board (IRB)-approved protocols (Stanford IRB 785 

#6453 and #36560) with written informed consent, and studies conducted were done in 786 

accordance with the ethical guidelines set forth in the Belmont Report. Healthy donor PBMCs 787 

were commercially purchased from Stanford Blood Center (Mountain View, CA). 788 

 Primary B-ALL blasts were isolated from bone marrow aspirates using FACS based on 789 

the expression CD19 and CD34, and the absence of CD11b and CD14. After sorting, B-ALL 790 

blasts were cultured in suspension at 5x105 cells/mL in Iscove’s modified Dulbecco’s medium 791 
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(IMDM) (Gibco) supplemented with 20% human A/B serum (Gemini Bio), 2 mM GlutaMAX, 792 

25 mM HEPES (Gibco), 1 mM sodium pyruvate (Gibco), 55 μM β-mercaptoethanol, and 100 793 

U/mL penicillin, and 100 μg/ml streptomycin. B-ALL blasts were maintained in blast 794 

maintenance media containing 100 ng/mL hrFLT3L (Peprotech) and 10 ng/mL rhIL-7 795 

(Peprotech), or TR-APC induction media containing either 20 ng/mL hrIL-3 (Peprotech), 20 796 

ng/mL rhGM-CSF (Peprotech), and 25 ng/mL rhM-CSF(Peprotech)  or 50 ng/mL rhGM-CSF 797 

and 50 ng/mL rhIL-4 (Peprotech) in addition to 100 ng/mL hrFLT3L and 10 ng/mL rhIL-7, as 798 

indicated. Notably, after thawing, primary human specimens were never exposed to xenogeneic 799 

antigens. Primary TR-APCs were used for immunologic analysis following 14 days of culture in 800 

TR-APC induction media. As indicated, primary TR-APCs were activated with the following 801 

inflammatory stimuli for 24 hours prior to analysis: LPS (1 μg/mL), R848 (1 μg/mL), poly(I:C) 802 

HMW (10 μg/mL, InvivoGen), rhIFNγ (100 U/mL, Peprotech), or rhTNFα (50 ng/mL, 803 

Peprotech). 804 

Autologous T cell stimulation assay 805 

 Autologous T cell stimulation assays were performed as previously described47. Briefly, 806 

autologous patient PBMCs were thawed and cultured in 1:1 AIM-V (Gibco): RPMI-1640 media 807 

supplemented with 10% human A/B serum + 55 μM β-mercaptoethanol at 37°C overnight. T 808 

cells were subsequently purified from the PBMC culture via MACS isolation using the negative 809 

selection Pan T Cell Isolation kit, human (Miltenyi). Purified T cells were subsequently co-810 

cultured with autologous B-ALL blasts or bulk unsorted TR-APCs generated with GM-CSF, M-811 

CSF, and IL-3 at a 1:1 T cell: stimulator cell ratio for 24 hours. CD3/CD28 Dynabeads 812 

(ThermoFisher) were used as a positive control for T cell activation at a 1:1 T cell:bead ratio. 813 

Analysis of T cell activation was accomplished by flow cytometric analysis of early T cell 814 
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activation markers, including CD69, CD134, and CD137. Crucially, antibody staining of the 815 

TCR complex was omitted to prevent T cell stimulation during staining. T cells were identified 816 

by the presence of CD4 and CD8 staining, and the lack of myeloid and B-lymphoid antigens. 817 

Single cell RNA sequencing sample preparation and library construction 818 

 Murine tumors dissociated and sorted by FACS to separate CD45.1+ RAW-112-derived 819 

cells and CD45.2+ endogenous immune cells. Tumor and immune cells were pooled at a 1:1 ratio 820 

following sorting to artificially increase the frequency of immune cells for subsequent analysis. 821 

Live samples were submitted to MedGenome (Foster City, CA) for library construction with the 822 

5’ gene expression 10x Genomics platform, targeting a capture of 10,000 cells/sample and 823 

50,000 reads/cell. The library was subsequently sequenced on a NovaSeq with 500 million 824 

paired reads. 825 

 Human B-ALL TR-APCs were generated as described with cytokine stimulation for 14 826 

days in vitro. 24 hours prior to sample harvesting, a fresh sample tube was sorted and rested 827 

overnight in blast retention media for the B-ALL blast condition. Bulk cultures of TR-APCs and 828 

B-ALL blasts were submitted as live samples to MedGenome (Foster City, CA) for library 829 

construction with the 3’ gene expression 10x Genomics platform, targeting a capture of 10,000 830 

cells/sample and 50,000 reads/cell. The library was subsequently sequenced on a NovaSeq with 831 

500 million paired reads. 832 

Murine scRNA-seq processing and analysis 833 

Raw sequencing data fastq files were aligned to the transcriptome assembly mm10-2020-834 

A and counts were obtained using the cellranger count function and then analyzed using the 835 

Seurat R package. These included datasets for Day 5 No Dox, Day 5 Dox, Day 10 No Dox, and 836 

Day 10 Dox. Cells were filtered to have at least 200 unique genes. Data was normalized using 837 
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the NormalizeData function using default parameters, and the top variable genes were identified 838 

using the FindVariableFeatures function with parameters of selection.method = “vst” and 839 

features = 2500. This resulted in a total of 27168 cells. The most variable genes were used for 840 

PCA dimensionality reduction, and the resulting clusters were visualized in a two-dimensional 841 

UMAP. 842 

Genome Instability Score. To separate neoplastic from normal cells in our single-cell RNA-Seq 843 

dataset, we performed genomic instability analysis as implemented in the GenomicInstability 844 

package (Alvarez and Laise 2021). Briefly, a normalized feature count matrix was exported from 845 

Seurat and the inferCNV() function was run using a loci-block size of 100 genes and a 846 

displacement between loci-blocks of 25 genes on all 19 autosomes and the X chromosome. Then, 847 

the Genomic Instability Score (GIS) was calculated using default parameters. The distribution of 848 

GIS for all cells was inspected and a cutoff of the lowest 40% was picked and assigned as “likely 849 

normal”. 850 

Cell annotation. Automated cell type annotation was performed using SingleR and the celldex 851 

reference cell types40. Specifically, SingleR was run using the mouse RNA-Seq cell types 852 

derived from bulk RNA-Seq61, with minor modifications: Due to aberrant expression of 853 

erythrocyte genes in the neoplastic tumor cells, the “Erythrocyte” cell type was removed from 854 

the reference set. Other parameters were run with default settings. 855 

Version software: 856 

R version 4.0.2 (2020-06-22) 857 

ggplot2_3.3.6 858 

celldex_1.4.0               859 

SingleR_1.8.1 860 
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SummarizedExperiment_1.24.0 861 

Biobase_2.54.0 862 

S4Vectors_0.32.4 863 

BiocGenerics_0.40.0         864 

MatrixGenerics_1.6.0   865 

patchwork_1.1.1 866 

SeuratObject_4.1.0          867 

Seurat_4.1.1     868 

genomicInstability 1.2.0 869 

Primary human B-ALL scRNA-seq processing and analysis 870 

Raw sequencing data were converted to fastq files using 10X Cellranger Single Cell 871 

Software Suite version 6.1.2 (https://support.10xgenomics.com/single-cell-gene-872 

expression/software/overview/welcome) and aligned to transcriptome assembly hg38. scRNA-873 

seq reads were obtained using the cellranger software count function. Cells were filtered 874 

according to the following parameters: those expressing fewer than 200 unique genes, according 875 

to features found in fewer than 3 single cells, and those expressing greater than 5% 876 

mitochondrial genes. The top 2000 variable genes for each dataset were found using the 877 

FindVariableFeatures function with method = “vst” and nfeatures=2000, and the three datasets 878 

were integrated using anchors selected from these variable features. This resulted in a total of 879 

17,987 cells. The 2000 most variable genes were used for PCA dimensionality reduction, and the 880 

resulting clusters were visualized in two-dimensional Uniform Manifold Approximation and 881 

Projection. 882 
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Cell annotation. Cells were annotated according to gene signatures identified from published 883 

RNA-seq of hematopoietic cells using SingleR. Briefly, the integrated Seurat Object was 884 

converted into a SingleCellExperiment. Then, Blueprint/ENCODE and Human Primary Cell 885 

Atlas (HPCA) immune cell expression data were retrieved using celldex. Cells were classified 886 

with SingleR using “label.fine” for Blueprint/ENCODE-derived annotations and “label.main” for 887 

HPCA-derived annotations. 888 

Module scores. Gene module scores were calculated using the AddModuleScore function. 889 

Features in each module were derived from gene ontology gene lists “Antigen Processing and 890 

Presentation,” “Myeloid Leukocyte Mediated Immunity”, and “Myeloid Leukocyte Activation” 891 

or curated co-inhibitory molecule gene list comprised of CD274, PDCD1LG2, LGALS9, 892 

CD276, and VTCN1. 893 

Data Accessibility 894 

The datasets generated during this study are available at GEO accession number 895 

GSE216559. 896 

Quantification and Statistical Analysis 897 

 Unless otherwise noted, statistical analyses for significant differences between groups 898 

were conducted using unpaired two-tailed t-tests without correction for multiple comparisons, 899 

and without assuming consistent S.D. using the statistical analysis features of GraphPad Prism 8. 900 

Survival curves were compared using the log-rank Mantel-Cox test. Details regarding each 901 

individual statistical analysis are reported in the relevant figure legends. Significance measures 902 

are reported in each individual figure legend.  903 
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Figure Legends 1098 

 1099 

Figure 1: Ectopic C/EBPα and PU.1 expression reprogram B cell leukemia into TR-APCs. 1100 

A, Diagram of dual lentiviral system for inducible C/EBPα and PU.1 expression. B, Inducible 1101 

C/EBPα and PU.1 expression in RAW-112 cells following 2 days of 1 μg/mL doxycycline 1102 

exposure. C, Surface expression of CD11b and CD14 on RAW-112 and 2F3 cells following 1103 

vehicle or doxycycline treatment for 5 days. CD11b+CD14+ TR-APC gate shown as a percentage 1104 

of single, live cells. D, Time course of myeloid and B cell marker expression during doxycycline 1105 

exposure of inducible RAW-112 cells. Data are ± s.d. from n=3 independent experiments. E, 1106 

FACS purification, cytospin, and May-Gruenwald-Giemsa stain of vehicle-treated CD11b-CD14- 1107 

RAW-112 cells and doxycycline-treated CD11b+CD14+ cells following 5 days of treatment. F, 1108 

Phagocytosis of pHrodo Red E. coli particles by vehicle or doxycycline-treated inducible RAW-1109 

112 cells, or control RAW264.7 macrophages. Phagocytosis inhibitor cytochalasin D (10 mM) 1110 

was added for the entirety of the assay where indicated. G, Histological and 1111 

immunohistochemical analysis of RAW-112 tumors, 14 days post tumor inoculation, and 5 days 1112 

post final doxycycline injection. Left images show 10X magnification, and right images display 1113 

40X magnification of indicated region.  1114 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-21-0502/3270358/cd-21-0502.pdf by Stanford U

niversity user on 03 M
arch 2023



 51

Figure 2: TR-APCs present antigen and stimulate antigen-specific T cell activation. A, 1115 

Surface expression of antigen presentation and co-stimulatory machinery on RAW-112, RAW-1116 

112 TR-APC, and LPS stimulated RAW-112 TR-APC cells. Data are ± s.d. from n=3 1117 

independent experiments. B, Heatmap of soluble molecules detected by Luminex array. Data 1118 

presented as average of technical triplicates and log2(fold change over media alone) normalized 1119 

per column. C, Expression of inflammatory and Th1-skewing cytokines detected by Luminex 1120 

assay as shown in Figure 2B. Data are displayed as fold change in MFI over media alone and are 1121 ± s.d. from n=3 technical replicates. D, Flow cytometric analysis of DQ-OVA fluorescence 1122 

following incubation with RAW-112 cells or RAW-112 TR-APCs. Representative flow plots 1123 

from n=3 independent experiments. E-F, T cell proliferation of DO11.10 T cells co-cultured with 1124 

OVA-expressing RAW-112 cells, RAW-112-OVA TR-APCs, and OVA-pulsed BMDCs. Data 1125 

are ± s.d. from n=3 independent experiments. G-H, T cell activation of BALB/c CD4+ and CD8+ 1126 

T cells co-cultured with RAW-112, RAW-112 TR-APCs, and RAW-112 TR-APCs stimulated 1127 

with LPS or R848 2:1 T Cell:APC ratio (G) or at defined ratios (H). Data are ± s.d. from n=3 1128 

independent experiments. A, C, F, 𝑃 values were calculated using one-way ANOVA with 1129 

Tukey’s multiple comparison test. H, 𝑃 values were calculated using two-way ANOVA with 1130 

Dunnett’s multiple comparison test. ****𝑃 ≤ 0.0001, **𝑃 ≤ 0.01, *𝑃 ≤ 0.05.1131 
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Figure 3: TR-APCs stimulate systemic tumor-eradicating immunity in vivo. A-B, 1132 

Experimental schematic (A) Kaplan-Meier curves (B) showing overall survival of 1133 

immunodeficient NSG and syngeneic BALB/c mice engrafted with RAW-112 cells. In vivo TR-1134 

APC induction was elicited by doxycycline-containing chow immediately following injection. 1135 

n=10 mice/group. **𝑃 ≤ 0.01 C, Histological analysis of leukemic infiltrate of bone marrow 1136 

and spinal vertebrae from RAW-112 engrafted BALB/c mice with and without in vivo TR-APC 1137 

induction, 14 days following tumor inoculation. Bone marrow imaged at 20X, spinal nerve 1138 

imaged at 4X, spinal cord imaged at 4X (left) with 10X magnification of indicated region (right). 1139 

D, Kaplan-Meier curve showing survival of RAW-112 tumor challenge in naïve or surviving 1140 

BALB/c mice from B. n=5 mice/group. ***𝑃 ≤ 0.001. E, Kaplan-Meier curve showing survival 1141 

of RAW-112 engrafted mice with TR-APC induction at the indicated proportion of total tumor 1142 

burden. In vivo TR-APC induction was elicited by doxycycline-containing chow immediately 1143 

following injection. In order to restrict TR-APC induction to particular proportions, mice were 1144 

intravenously injected with mixtures of inducible RAW-112 cells and unmodified parental 1145 

RAW-112 to yield the percentage of reprogrammable cells indicated. n=15mice/group. F, 1146 

Schematic of dual flank RAW-112 tumor challenge. Subcutaneous injection of unmodified 1147 

parental RAW-112 and reprogrammable RAW-112 cells in contralateral flanks allows for 1148 

assessment of systemic immunity via monitoring of tumor growth in both flanks. G-H, Growth 1149 

curves of tumors arising from unmodified RAW-112 cells and reprogrammable RAW-112 cells 1150 

in animals placed on normal and doxycycline chow, as detailed in F n=5 mice/group with colors 1151 

indicating tumor growth in contralateral flank of matched animals. B, D, E, 𝑃 values were 1152 

calculated using the log-rank Mantel-Cox test and corrected for multiple comparisons. 1153 
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Figure 4: TR-APCs elicit T cell-dependent anti-tumor immunity. A, Schematic of T cell 1154 

depletion and in vivo TR-APC induction strategy. Naïve BALB/c were mice were depleted of 1155 

CD4+ or CD8+ T cells via I.P. antibody injection. Subsequently, RAW-112 cells were engrafted 1156 

I.V. and TR-APCs were induced in vivo by exposure to doxycycline chow. B, Kaplan-Meier 1157 

survival curve of mice in A. n=5 mice/group. C-D, Change in TCRVβ gene family frequency 1158 

(Day 0 frequency – Day 14 frequency) of CD8+ (C) and CD4+ (D) T cells during leukemic 1159 

progression and TR-APC induction. TCRVβ frequency was determined by flow cytometric 1160 

analysis of peripheral blood T cells at Day 0 and Day 14 post RAW-112 engraftment. E, T cell 1161 

activation of indicated T cell population FACS sorted from pooled peripheral blood of n=5 1162 

surviving mice from C-D 21 days following RAW-112 engraftment. F, UMAP projection of 1163 

aggregated scRNA-seq from dissociated tumors 5 and 10 days post injection and left untreated or 1164 

TR-APC induced. Clusters colored by SingleR cell classification annotations. G, Absolute 1165 

numbers and relative frequencies of indicated SingleR-annotated cell populations within the 1166 

normal immune infiltrate of the indicated treatment conditions. H, Absolute numbers of 1167 

indicated ProjecTIL-annotated T cell phenotypes within the T cell infiltrate of the indicated 1168 

treatment conditions. I, Gene module scores of myeloid activity gene sets among RAW-112 1169 

tumor-derived cells in the indicated treatment conditions. J, Kaplan-Meier curve showing 1170 

survival of RAW-112 engrafted BALB/c-Langerin-DTR+/--Ptprca/b mice with and without TR-1171 

APC induction following cDC1 depletion or vehicle treatment. K, Kaplan-Meier curve showing 1172 

survival of RAW-112 or RAW-112 TAP knockout-engrafted BALB/c-Langerin-DTR+/--Ptprca/b 1173 

mice with and without TR-APC induction following cDC1 depletion or vehicle treatment. 1174 

*𝑃 ≤ 0.05, **𝑃 ≤ 0.01, ****𝑃 ≤ 0.0001. 𝑃 values were calculated with the log-rank Mantel-1175 

Cox test. 1176 
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Figure 5: Generation of TR-APCs from solid tumors increases antigen presentation and 1177 

prolongs survival. A, Surface expression of CD11b and CD14 on K-BALB, 4T1, and K7M2 1178 

cells following in vitro vehicle or doxycycline treatment for 5 days. CD14+ and CD11b+CD14+ 1179 

TR-APC gates shown as a percentage of single, live cells. B-C, Surface expression of MHC-II 1180 

on indicated vehicle treated tumor cells and doxycycline treated CD11b+CD14+ TR-APCs 1181 

generated from those tumors. Data are ± s.d. from n=3 independent experiments. 𝑃 values were 1182 

calculated with two-tailed t-tests. D-F, Kaplan-Meier survival curves of syngeneic mice with 1183 

subcutaneous (K-BALB and 4T1) or intrafemoral (K7M2) tumor growth following in vivo TR-1184 

APC induction. 𝑃 values were calculated with the log-rank Mantel-Cox test. D, n=15 1185 

mice/group. E, n=10 mice/group. F, n=5 mice/group. C-F, ****𝑃 ≤ 0.0001, ***𝑃 ≤ 0.001, 1186 

**𝑃 ≤ 0.01, *𝑃 ≤ 0.05.  1187 
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Figure 6: TR-APCs from primary B-ALL patient specimens stimulate autologous T cell 1188 

activation. A, UMAP projection of primary B-ALL TR-APC and unmanipulated B-ALL blast 1189 

scRNA-seq colored according to sample identity. B, Gene module scores of canonical myeloid 1190 

gene sets among B-ALL blasts and TR-APCs. C, UMAP projections of primary B-ALL TR-1191 

APCs and unmanipulated blasts classified according to Blueprint/ENCODE annotation. D, 1192 

Summary of cell classification frequency in each sample according to Blueprint/ENCODE 1193 

annotation. E, Schematic detailing B-ALL blast and T cell isolation from primary patient 1194 

specimens, TR-APC generation, and in vitro T cell stimulation assay. F-G, Surface expression of 1195 

activation markers on T cells from 3 independent primary patient specimens co-cultured with 1196 

autologous TR-APCs generated from B-ALL blasts, as in E. Activated T cell gate shown as a 1197 

percentage of live T cells. Data are from n=3 primary patient specimens and n=3 or 4 1198 

independent replicates. 𝑃 value was calculated with two-tailed paired t-test.  1199 
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