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Abstract

Immunotherapy can lead to long-term survival for some cancer patients, yet generalized success 

has been hampered by insufficient antigen presentation and exclusion of immunogenic cells from 

the tumor microenvironment. Here, we developed an approach to reprogram tumor cells in vivo 

by adenoviral delivery of the transcription factors PU.1, IRF8, and BATF3, which enabled them 

to present antigens as type 1 conventional dendritic cells. Reprogrammed tumor cells remodeled 

their tumor microenvironment, recruited, and expanded polyclonal cytotoxic T cells, induced 

tumor regressions, and established long-term systemic immunity in multiple mouse melanoma 

models. In human tumor spheroids and xenografts, reprogramming to immunogenic dendritic-like 

cells progressed independently of immunosuppression, which usually limits immunotherapy. Our 

study paves the way for human clinical trials of in vivo immune cell reprogramming for cancer 

immunotherapy.

Cancer immunotherapies depend on the establishment of immune responses driven by 

tumor antigen-specific T lymphocytes (1). T cells recognize the antigens presented on 

major histocompatibility complexes (MHC) of tumor cells and execute their effector 

function by production of inflammatory cytokines and tumor cell killing (2, 3). However, 

tumor cells often do not activate T cells due to down-regulation of antigen presentation 

pathways, mounting an immunosuppressive tumor microenvironment (TME) and lack or 

dysfunction of professional antigen presenting cells (1). These include dendritic cells (DCs) 

that capture and present tumor antigens to T cells. Therefore, it has been challenging to 

achieve generalized success with current cancer immunotherapy modalities. For instance, 

immune checkpoint blockade (ICB), which has revolutionized the treatment of solid 

tumors, currently results in a 60% response rate in those melanoma patients treated with 

anti-programmed cell death protein 1 (PD-1) and anti-cytotoxic T lymphocyte-associated 

protein 4 (CTLA-4) (4). Other low immunogenic cancer types are more refractory to 

immunotherapy including breast, microsatellite-stable colorectal cancer and glioblastoma 

where long-term immunity is only induced in <5% of patients (5–7). A growing body of 

evidence indicates that type 1 conventional dendritic cells (cDC1s) are required for T cell-

mediated tumor regression and response to ICB across many cancer types (8–11). cDC1s are 

a rare subset of DCs that after maturation express high levels of MHC class I and II, the 

co-stimulatory molecule CD40, and the subset restricted markers XCR1 and CLEC9A (12). 

Within tumors, cDC1s have vital functions on the recruitment and activation of T cells by 

chemokine secretion and antigen cross-presentation (13), which mediate effective immunity 

against cancer (14). These unique functional properties of cDC1s are not yet deployed for 

immunotherapy.

Cellular reprogramming provides a strategy for generating individual cell types in vivo 

through enforced expression of transcription factor combinations (15). In vivo cell fate 

reprogramming enables the conversion of endogenous somatic cells into another cell identity 

within the organism for therapeutic benefit directly at the disease location. This strategy 

has the potential to overcome the substantial challenge of ex vivo cell manufacturing for 

personalized cell therapies. For instance, mouse pancreatic exocrine cells were shown to 

be converted in situ to insulin-secreting β-cells by delivering three transcription factors 

to the pancreas using adenoviral vectors (16). In mouse models of myocardial infarction, 
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scar-forming cardiac fibroblasts were converted into cardiomyocytes leading to improved 

heart function (17). Glial cells were converted to functional neurons after brain injury 

or in models of neurodegenerative diseases (18), and rod photoreceptors were generated 

within the retina resulting in improved vision (19). In vivo reprogramming may however 

differ from the conversion process in vitro. Insulin-producing β-cells and cardiomyocytes 

were shown to acquire improved functional properties when generated in vivo due to the 

availability of biochemical and mechanical signals (16,17). In addition, the transcription 

factors Ngn2, Dlx2 or NeuroD1 were differentially employed to induce astrocyte-to-neuron 

conversion in vitro and in vivo (20). Differences in the transcription factor combination 

requirement and the maturity of the cells reported in these studies demonstrated that the in 

vivo environment has a significant impact on the reprogramming process, highlighting the 

need to characterize in vivo reprogramming mechanisms and induced phenotypes.

We previously identified the combination of transcription factors composed by PU.1, 

IRF8, and BATF3 (PIB) as sufficient to reprogram fibroblasts or tumor cells into cDC1-

like cells in vitro endowed with the three signals required to activate T cells, including 

antigen presentation on MHC class I and II, co-stimulatory molecule expression and 

chemokine/cytokine secretion (21–23). In this study, we hypothesized that PIB mediate the 

reprogramming of tumor cells into immunogenic cDC1-like cells entirely in vivo within the 

TME. Our findings show that cDC1 reprogramming progresses in situ and leads to robust, 

long-lasting, and systemic antitumor immunity independently of exogenous stimulation, 

providing a tractable strategy to induce antigen presentation and cDC1 functions in vivo and 

set in motion tumor antigen-specific immune responses.

Results

Systemic antitumor immunity induced by cDC1 reprogramming in vivo

To evaluate the feasibility of cDC1 reprogramming in situ as a cancer immunotherapeutic 

modality, we first assessed whether the PIB transcription factors were sufficient to drive 

in vivo reprogramming of tumor cells to immunogenic cDC1-like cells within the TME 

without relying on artificial antigens or exogenous stimulation and characterized induced 

immune mechanisms. We then evaluated the reprogramming of human cancer cells in 

spheroids and in xenografts and identified a viral vector to deliver the transcription factors to 

tumors as a gene therapy approach based on in situ cDC1 reprogramming (Fig. 1A).

First, we aimed at verifying reprogrammed cells’ capacity to drive systemic immunity in 

the absence of toll-like receptor (TLR) 3 stimulation in vitro (23), which would be critical 

for the success of a local immunotherapy approach mediated solely by the expression 

of PIB reprogramming factors. We employed a low immunogenic murine melanoma 

cell line B16-F10 (B16), characterized by low MHC expression and resistance to ICB 

treatment and the immunogenic line B2905, which models highly mutated melanoma tumors 

(23, 24). First, to evaluate systemic immunity we established subcutaneous B16 tumors 

expressing the model antigen ovalbumin (OVA) bilaterally and a heterologous Lewis lung 

adenocarcinoma (LLC) tumor in the same wild-type (WT) C57BL/6J animals. Then, we 

injected in vitro reprogrammed B16-derived cells pulsed with OVA and the TLR3-agonist 

polyinosinic-polycytidylic acid (P(I:C)) into the right flank tumors in combination with 
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systemic anti-PD-1 and anti-CTLA-4 administration. Reprogramming into cDC1-like cells 

was induced using a lentiviral polycistronic vector encoding for PIB followed by an 

internal ribosomal entry site (IRES) and enhanced green fluorescent protein (eGFP) to 

track transduced cells (Fig. 1A) (23). eGFP-transduced cells were used as controls for 

lentiviral-mediated immunogenicity. Interestingly, both B16-OVA tumors showed a clear 

reduction in tumor growth (fig. S1A), but not LLC tumors, demonstrating systemic and 

antigen-specific antitumor immunity (fig. S1, B and C). Next, we asked whether induced 

immunity is dependent on P(I:C) stimulation and the artificial OVA antigen. Therefore, 

we established B2905 tumors and administered P(I:C)-stimulated or unstimulated B2905-

derived reprogrammed cells. Both resulted in delayed tumor growth and similar median 

survival (MS) (fig. S1D). These data illustrate the capacity of cDC1 reprogramming to 

induce antitumor immunity independently of exogenous stimulation and the presence of 

highly immunogenic model antigens.

To test the anti-tumor efficacy of in vivo cDC1 reprogramming we subcutaneously 

implanted a mixture of 88% PIB-eGFP-transduced B16 cells and 12% untransduced 

parental cells, or mixtures of eGFP-transduced and parental cells as a control, 16 hours 

after transduction (fig. S2, A and B). This strategy allowed to separate the delivery of 

transcription factors from the in vivo reprogramming process. We observed complete 

responses (CR) in 30% of animals and delayed tumor growth in the other animals, 

thereby extending MS (43 vs. 19 days, p<0.0001). Interestingly, we detected vitiligo at 

the tumor regression site (fig. S2C), demonstrating the induction of a cytotoxic response 

against melanoma antigens (23). When combined with anti-PD-1 and anti-CTLA-4, we 

observed tumor regression in all animals (fig. S2B). We confirmed efficient delivery of the 

transcription factors to tumor cells and the absence of phenotypic reprogramming before 

implantation in vivo (fig. S2, D to F). To dissect whether cDC1s’ functional properties are 

critical for the observed potent antitumor immunity we compared cDC1 reprogramming 

with myeloid reprogramming mediated by PU.1 and C/EBPα to induce macrophage-like 

cells (25) (fig. S2, A to F). In vivo, cDC1 reprogramming extended MS when compared 

to macrophage reprogramming (43 vs. 29.5 days, p<0.0001), especially when combined 

with ICB (p=0.0003), which resulted in 100% CR (fig. S2B). This effect is consistent 

with the selective induction of high levels of MHC-I and MHC-II (fig. S2, G and H) 

and cross-presentation capacity by PIB (fig. S21). We next confirmed that in vivo cDC1 

reprogramming combined with ICB induced systemic immunity by performing bilateral 

tumor challenges (fig. S3, A and B). This resulted in tumor reduction of both treated 

and non-treated tumors and systemic expansion of cytotoxic T cells in peripheral blood 

recognizing the melanoma tumor antigens PMEL, TRP-2, and p15E (fig. S3, A to C).

Next, we investigated in vivo cDC1 reprogramming as monotherapy or in combination 

with either anti-PD-1 or anti-CTLA-4 using B16, B2905 and the additional melanoma 

model YUMM1.7, which is resistant to ICB and also depends on cDC1 availability (11, 

24, 26). We implanted a 1:1 mixture of transduced and parental melanoma cells (fig. 

S3, D and E) and observed that monotherapy induced tumor regressions in YUMM1.7 

(100% CR), B2905 (80% CR), and extended MS in B16 challenged animals from 17 to 31 

days (Fig. 1B). cDC1 reprogramming synergized with anti-PD-1 or anti-CTLA-4 treatment 

leading to increased CR in B16 and B2905, which also resulted in expansion of tumor 
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antigen-specific IFNγ+CD8+ and IFNγ+CD4+ T cells in peripheral blood (Fig. 1C). To 

assess whether antitumor immunity requires endogenous cDC1s, we used the immunogenic 

BRAFV600ECOX1/2KO melanoma model which grows in BATF3KO mice due to the lack 

of endogenous cDC1s (13). We observed increased MS (96.5 vs. 19.5 days, p<0.001) (Fig. 

1D), synergy with anti-PD-1 treatment (50% vs. 100% CR), and concomitant expansion of 

tumor antigen-specific T cells (Fig. 1E).

To address whether immune memory was induced, we rechallenged survivor WT or 

BATF3KO animals that showed tumor regressions. While naive mice developed tumors, 

survivor animals remained tumor-free (100% YUMM1.7; 66% BRAFV600ECOX1/2KO) 

(Fig. 1F and fig. S3F). We then asked whether combination with ICB is required for 

systemic anti-tumor immunity and observed tumor-specific abscopal effects with the 

monotherapy or when combined with anti-PD-1 or anti-CTLA-4 (Fig. 1, G to I). Taken 

together, these findings highlight that in vivo cDC1 reprogramming mediated by PU.1, IRF8 

and BATF3 is (i) sufficient to elicit antitumor immunity, (ii) protects from distal tumor 

growth and (iii) tumor growth after re-challenge, and (iv) the effects are independent of 

endogenous cDC1s. Interestingly, both cDC1 and myeloid in vivo reprogramming systems 

elicited antitumor immunity, illustrating the potential of cellular reprogramming in vivo as a 

new modality for cancer immunotherapy

Remodeling of the tumor microenvironment

Given the ability of cDC1s to shape the TME (9, 27), we addressed the impact of in vivo 

reprogramming on tumor morphology and immune composition by immunofluorescence 

and flow cytometry. At day 9 after initiation of in vivo reprogramming, we observed a global 

increase of immune cell (CD45+) infiltration and a reduction of transduced tumor cells (fig. 

S4A). Strikingly, we observed that in vivo reprogramming led to the formation of dense 

lymphocyte clusters with defined borders resembling tertiary lymphoid structures (TLS) in 

the parenchyma of tumors (Fig. 2A), which contained a B cell and CD4+ T cell zone and a 

spatially segregated CD8+ T cell zone that were juxtaposed with TLS-specific podoplanin+ 

stromal cells (Fig. 2B). At day 21, reprogrammed tumors were smaller and showed a 

2.7- and 1.5-fold increase in CD45+ cell infiltration as monotherapy or when combined 

with anti-PD-1, respectively (Fig. 2, C and D). Within the lymphoid compartment, B cell 

percentages increased by 24.4-fold, NK cells by 2.2-fold, and CD4+ T cells by 2.4-fold (Fig. 

2E). Although the percentages of CD8+ T cells were similar between treated and untreated 

tumors, we found a substantial decrease of exhausted PD-1+CD8+ and PD-1+CD4+ T 

cells, (4- and 8-fold, respectively) (Fig. 2F). Conversely, we observed a 4.3-fold increase 

of central memory CD62L+CD44+CD8+ T cells, that are critical for long-term memory 

(28), and a 2.2-fold increase in effector CD44+CD4+ T cells (Fig. 2G). Interestingly, we 

observed a 2.3-fold increase in the percentages of proliferative Ki-67+CD8+ T cells, as 

well as a 1.7-fold increase in TCF-1+CD8+ and 2.5-fold increase in TCF-1+CD4+ T cells 

(Fig. 2, H and I), which have been attributed a function in the persistent control of tumor 

growth (13). We observed a 10.5- and 1.5-fold decrease in regulatory CD8+ and CD4+ T 

cells (Tregs), indicating that in vivo cDC1 reprogramming within tumors induces a shift 

toward pro-inflammatory T cell populations (Fig. 2, J and K). In the myeloid compartment, 

reprogramming increased XCR1+ cDC1s by 6.9-fold, SIRPα+ cDC2s by 2.1-fold, Siglec-H+ 
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pDCs by 3.5-fold, Ly6C+ monocytes by 2-fold and decreased F4/80+ macrophages by 

1.4-fold (fig. S4B). Interestingly, we observed higher expression of PD-L1 in myeloid cells, 

including dendritic cells, macrophages, and neutrophils, reflecting inflammation (29) (fig. 

S4C). Next, we profiled lymphoid populations in tumor-draining lymph nodes (tdLN) and 

observed expansion of CD4+ T cells (eGFP 23.6 ± 2.3% vs. PIB-eGFP 29.0 ± 4.9%), 

while no major changes in CD8+ T, B and NK cells were observed (Fig. 2L and fig. S4D). 

Regarding the functional state of induced cDC1-like cells, we could not detect their presence 

in lymph nodes (fig. S4E), expression of CCR7 (fig. S4F) or activation of migratory state-

associated gene expression (fig. S4G). Instead, we detected activation of a resident cDC1 

program (14) further evidenced by their persistence in the tumor for at least 9 days (fig. S4, 

E and G).

Global changes in immune composition prompted us to functionally investigate the 

contribution of individual effector cell populations for tumor control. We first confirmed that 

lymphocytes are essential for reprogramming-mediated tumor control by eliciting in vivo 

reprogramming in immunodeficient NOD.Cg-PrkdcSCID Il2rgtm1Wjl/SzJ (NSG) animals (fig. 

S4H). Mice did not survive beyond day 30 post implantation despite showing extended MS 

when compared to the eGFP controls (day 18, p=0.01). This can be attributed to the reduced 

proliferation capacity of reprogrammed cells (fig. S4I) (23). Next, we depleted CD8+ T 

cells, CD4+ T cells and NK cells with antibodies in WT mice (fig. S4J) and observed that 

depletion of CD4+ T cells abolished tumor immune control, highlighting the critical role 

of CD4+ T cells in PIB-mediated antitumor immunity (Fig. 2M). While NK cell depletion 

did not show an impact in tumor growth, CD8+ T cell depletion reduced tumor control at 

later time points in 40% of animals (Fig. 2M). In summary, our data show that in vivo 

cDC1 reprogramming remodels the TME, induces TLS-like structures, reduces exhausted 

and regulatory populations, and increases the infiltration of memory and stem-like T cells.

Induction of polyclonal cytotoxic and memory T cell responses

To further characterize T cell responses elicited by in vivo cDC1 reprogramming, we 

profiled T cells from tumors, tdLN and peripheral blood using single cell RNA-sequencing 

(scRNA-seq) with T cell receptor (TCR) enrichment (Fig. 3, A and B, and fig. S5A). We 

segregated single cells expressing either CD8a or CD4 (fig. S5B) and performed cluster 

annotation (fig. S5C). We identified 9 CD8+ T cell clusters (Fig. 3C; fig S5, C and D; and 

data S1) and observed increased frequencies of intratumoral effector and effector memory 

cells in PIB-treated tumors, accompanied by a reduction in exhausted and terminally 

exhausted subsets (Fig. 3C). Reduced CD8+ T cell exhaustion was confirmed by decreased 

PD-1 expression (Pdcd1; fig. S5D), TIM-3 (Havcr2) and Cd101 in the monotherapy setting 

as well as an additional decrease in Lag3 expression when combined with anti-PD-1 (fig. 

S5E) (30). Indeed, the frequencies of effector and stem-like CD8+ T cells were amplified 

when in vivo reprogramming was combined with anti-PD-1 treatment. These differences 

led us to ask whether CD8+ T cells follow different differentiation paths when exposed 

to reprogrammed cells. In control eGFP tumors, trajectory analysis showed that early 

activated and proliferating CD8+ T cells mainly differentiated toward effector, exhausted 

and terminally exhausted cells (Fig. 3D). Anti-PD-1 treatment also enhanced differentiation 

toward exhausted and terminally exhausted populations as previously reported (31), but in 
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vivo reprogramming favored effector and memory fates resulting in fewer exhausted and 

terminally exhausted T cells (Fig. 3D). We also identified 11 CD4+ T cell clusters (Fig. 3E 

and fig S5, F and G). In tumors treated with in vivo reprogramming, we observed a large 

cluster of cytotoxic CD4+ T cells that has been described to harbor the capacity to directly 

eradicate melanoma cells (3) (Fig. 3E). Interestingly, when combined with anti-PD-1, CD4+ 

T cells shifted toward T helper (Th) precursors, type 1 T helper (Th1), and stem-like fates 

indicating either kinetics or differential priming of these populations. We also observed 

decreased frequencies of exhausted and regulatory CD4+ T cells. Trajectory analysis showed 

that CD4+ T cells exposed to reprogrammed cells progressed mainly through a Th precursor 

to effector cytotoxic and Th1 fates (Fig. 3F).

To address if polyclonal expansion was induced, we analyzed full-length αβ TCR sequences 

obtained from single T cells with more than 1 cell per clonotype. First, we observed similar 

polyclonal expansion of CD8+ T cells in tumors treated with in vivo reprogramming and 

control tumors (118 and 112 unique clones, respectively) (Fig. 3, G and H). Expanded 

clones in PIB-treated tumors when compared to eGFP tumors were primarily within the 

effector (44.4% vs. 30.1%) and effector memory CD8+ T cell subsets (4.8% vs. 0.1%) (fig. 

S6, A and B). Interestingly, we observed the expansion of 160 unique CD4+ T cell clones 

while only 57 and 92 were found in control tumors and tumors treated with anti-PD-1 (Fig. 

3, I and J). In PIB-treated tumors, 59.6% of expanded clones were cytotoxic and 32.9% were 

Th1 CD4+ T cells (fig. S6, C and D). In contrast, the combination with anti-PD-1 treatment 

reduced CD4+ T cell clonal expansion (53 unique clones). To validate the cytotoxic potential 

of CD4+ T cells from tumors undergoing in vivo reprogramming, we performed killing 

assays in vitro and observed efficient and specific killing of melanoma cells (fig. S6, E to 

I). In the blood, we observed expansion of 29 CD4+ T cell clones when compared to 14 and 

19 in control and anti-PD-1-treated mice (Fig. 3, I and J). Interestingly, the majority of these 

systemically circulating clones were identified as T follicular helper (Tfh) cells, a subset of 

CD4+ T cells supporting B cell responses, germinal center and TLS formation (fig. S6C) 

(27). Together, these results further underscore the importance of polyclonal CD4+ T cells 

for tumor control corroborating with immune depletion experiments (Fig. 2M).

Induction of a cDC1 phenotype in human tumors

The signals from the environment can impact the reprogramming process (16,17), and 

thus, we assessed whether human cancer cells acquire an immunogenic cDC1 phenotype in 

vivo. We established human melanoma (A375 and A2058) and glioblastoma (T98G) tumors 

in NSG mice and performed phenotypic characterization of the in vivo reprogramming 

process by flow cytometry (Fig. 4A and fig. S7A). At day 9, we detected reprogrammed 

CD45+HLA-DR+ T98G (75.36 ± 11.84%), A375 (69.93 ± 11.45%) and A2058 (76.97 ± 

7.24%) cells, as well as partially reprogrammed cells expressing either CD45 or HLA-DR 

(Fig. 4, B and C, and fig. S7B). We observed a gradual increase in the percentage of 

reprogrammed cells from days 3 to 9, showing not only the initiation but also progression 

of the reprogramming process in vivo as observed in vitro (23). As a measure of 

reprogramming fidelity, we assessed the expression of the cDC1-specific surface markers 

XCR1, CLEC9A, and CD226 (Fig. 4D and fig. S7C) that were previously identified as late 

markers of successful cDC1 reprogramming (22, 23). Interestingly, already at day 5 we 
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observed enhanced expression of XCR1 in vivo when compared to in vitro in T98G (8.0 

± 2.5% vs. 1.2 ± 1.1%), A375 (12.1 ± 6.6% vs. 0.4 ± 0.2%) and A2058-derived cells (9.5 

± 6.5% vs. 4.8 ± 3.2%) (Fig. 4D and fig. S7C). Regarding the immunogenicity of induced 

cells in vivo at day 9, we detected a 4-, 2-, and 3-fold higher expression of HLA class I 

molecules in reprogrammed T98G, A375 and A2058 cells, respectively (Fig. 4E). Moreover, 

we confirmed the acquisition of the co-stimulatory molecule CD40 reflecting a mature 

antigen-presenting phenotype (Fig. 4F). Overall, we demonstrated that PIB overexpression 

in human xenograft models induces a cDC1 phenotype in vivo with enhanced fidelity and 

immunogenicity.

Reprogramming of human immunosuppressive tumor spheroids

To further support the feasibility of cDC1 reprogramming in tissues that include the 

presence of human immunosuppressive cells and soluble mediators of the TME, we 

first generated spheroids from human cancer cell lines and confirmed morphology and 

growth (Fig. 5A and fig. S8, A to C). Using high-content fluorescence imaging and 

transduction of tumor cells with increasing multiplicities of infection (MOI) we detected 

increased transduction (mCherry+) and reprogramming in spheroids (CD45+ and HLA-

DR+), and an overall decrease in the size of spheroids (Fig. 5B). This corresponds to the 

previously described loss of proliferation and tumorigenic potential accompanying cDC1 

reprogramming (fig. S4, H and I) (23). While reprogramming efficiency varied among 

human cancer types, these were similar or higher for each individual cell line reprogrammed 

in 3D when compared with natural 2D (Fig. 5, C and D). T98G, IGR39, and A2058 cell 

lines reprogrammed more efficiently in spheroids (Fig. 5, C and D), indicating that the 

3D environment does not compromise but rather can favor reprogramming. To verify the 

establishment of a transcriptional cDC1 program and uncover potential differences between 

2D and 3D, we performed scRNA-seq of reprogrammed cells at days 3, 7, and 9 (fig. S8D 

and data S2). Transcriptomic analysis revealed faster up-regulation of endogenous SPI1, 
IRF8, and BATF3, reprogramming markers (PTPRC, HLA-DR) and cDC1 genes (C1orf54, 
CLEC9A, ZNF366) in spheroid-derived cells (Fig. 5E). When compared with natural 2D 

cultures, reprogrammed cells in spheroids showed higher levels of transcriptional affiliation 

to cDC1s and rapid activation of the tumor-APC gene signature by day 3, which was 

previously established using commonly up-regulated cDC1 genes during reprogramming 

of 18 human cancer cell lines (23) (Fig. 5, F and G). In agreement, Reactome and Gene 

Ontology (GO) biological processes analysis of differentially expressed genes revealed 

the biggest differences at day 3, where terms associated with the immune system, 

GTPase signaling, and cell adhesion were enriched (fig. S8E). Interestingly, we detected 

increased expression of lymphotoxin beta (LTB) in spheroids at day 9 supporting TLS 

formation (32) (fig. S8F). Gene set enrichment analysis for immunogenic (TLR-induced 

maturation) or tolerogenic (homeostatic maturation) signatures (33) demonstrated that 

during reprogramming in 3D, PIB induced an immunogenic program despite the transient 

expression of homeostatic maturation genes at day 3 (fig. S8G). Indeed, reprogramming in 

3D was accompanied by the activation of IFN, STING and NF-κB pathways (fig. S8H) 

reflecting a mature cDC1 program (23).
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To evaluate the impact of immunosuppressive human TME components in cDC1 

reprogramming, we initiated reprogramming on spheroids containing increasing proportions 

of cancer-associated fibroblasts (CAFs), myeloid-derived suppressor cells (MDSC), or 

pericytes (Fig. 5H and fig. S9A). Surprisingly, the presence of CAFs, MDSCs, or pericytes 

did not impair cDC1 reprogramming efficiency (Fig. 5I and fig. S9, B and C), while 

the addition of anti-inflammatory cytokines IL-6, TGF-β, VEGF and immuno-regulatory 

GM-CSF only marginally reduced reprogramming (fig. S9D). Finally, we addressed the 

antigen presentation function of reprogrammed cancer cells in spheroids containing CAFs 

by co-culture with HLA-A2-matched or unmatched PBMCs quantifying spheroid size (as a 

measure of cytotoxicity) and T cell reactivity markers (as a measure of T cell activation). 

While control spheroids were not targeted by non-activated PBMCs, spheroids containing 

reprogrammed cells showed a reduction in size (Fig. 5J and fig. S9E) and elicited secretion 

of the PBMC-derived cytotoxic cytokines IFNγ, TNF-α and Granzyme B (Fig. 5K and fig. 

S9F). Together, these results demonstrate that cDC1 reprogramming in spheroids accelerates 

the kinetics of reprogramming eliciting an immunogenic cDC1 cell state, which goes in 

line with the findings of in vivo reprogramming in mice (Fig. 4, B and C). Moreover, our 

findings indicate that the progression of cDC1 reprogramming and function lead to efficient 

immune cell activation and cytotoxicity within the human TME and is not affected by 

immunosuppression.

Delivery of cDC1 reprogramming factors to tumors with adenoviral vectors

We next aimed to identify a platform to deliver PIB factors to tumors and elicit in situ cDC1 

reprogramming. We compared the lentiviral vector (LV-PIB-eGFP) with non-integrative and 

replication-deficient adenoviral (Ad-PIB-eGFP) and adeno-associated viral vectors (AAV-

PIB-eGFP) in monolayers, spheroids, and tumors in situ (Fig. 6A). First, we observed that 

the three viral vectors transduce mouse and human cancer cell lines (fig. S10, A and B) 

while reprogramming efficiency and MHC-I expression was higher with Ad and LV when 

compared to AAV vectors (fig. S10, C to E). We then profiled reprogramming kinetics and 

detected rapid phenotypic changes at day 3 with LV and Ad vectors (fig. S10F). In contrast, 

AAV showed low reprogramming efficiency at early time points, which did not reach the 

efficiencies of LV or Ad vectors (fig. S10F). Ad-mediated reprogramming also induced the 

expression of CD40 and CD226, confirming the acquisition of an immunogenic cDC1-like 

phenotype (fig. S10, G and H).

Next, we compared the capacity of the viral vectors to penetrate and transduce tissues 

(Fig. 6B). Ads and AAVs showed higher spheroid penetrance capacity (212.0 ± 41.83μm 

and 212.6 ± 18.54μm from spheroid center, respectively), in comparison to LVs (273.7 ± 

26.02μm). Ads and LVs showed the highest reprogramming efficiencies in 3D (fig. S10I). 

Importantly, in patient-derived cancer cells Ads were comparable to LVs in inducing cDC1 

reprogramming and expression of HLA-ABC and CD40 in 2D and 3D (Fig. 6, C and D, and 

fig. S10J). To evaluate tumor transduction capacity in situ, we performed two consecutive 

intratumoral injections of LV-eGFP, Ad-eGFP, and AAV-eGFP vectors into B16 tumors 

and quantified the percentages of eGFP+ tumor cells (Fig. 6E). We observed high in situ 

transduction capacity with Ad-eGFP and AAV-eGFP when 109 (2.94 ± 2.9%) and 1010 

(2.44 ± 5.8%) viral particles (VP) or 8×1010 genomic copies (GC) were administered, 
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respectively (Fig. 6, F and G). In contrast, the transduction capacity of LV-eGFP was low 

even at the highest dose (0.3 ± 0.2%) (Fig. 6G). We then injected intratumorally Ad-PIB-

eGFP or a control Ad vector (Ad-Stuffer-eGFP) into two human xenograft models (A2058 

melanoma and SKLMS1 sarcoma) and detected transduction (eGFP+ 5.0 ± 2.7% SKLMS1; 

0.3 ± 0.2% A2058), in situ reprogramming (CD45+HLA-DR+ 3.9 ± 0.7% SKLMS1; 

16.6 ± 2.5% A2058) and increased HLA-ABC expression (Fig. 6H and fig. S10K). In 

agreement with the required persistence in vivo, reprogrammed cells with adenoviral vectors 

could be maintained in vitro until day 20 independently of FLT3L signaling (fig. S10L). 

Next, we assessed the dose required to elicit antitumor immunity. An estimated 0.06% of 

reprogrammed cells corresponding to 0.3% eGFP+ cells were sufficient to reduce tumor 

growth and increase MS from 25 to 30 days (Fig. 6I and fig. S10M). Reassuringly, we 

observed 10% and 100% CR with 0.15% and 2.2% of reprogrammed cells, respectively, 

which indicate that low cDC1 doses are sufficient for anti-tumor immunity.

To complement the validation of Ad-mediated PIB delivery we evaluated antigen 

presentation function in patient-derived cancer spheroids and profiled antitumor efficacy 

in vivo. Reprogrammed patient-derived melanoma cells induced activation and expansion 

of HLA-matched CD8+ T cells, giving rise to effector CCR7-CD45RA- and cytotoxic 

CD95+CD8+ T cells (Fig. 6J), which also resulted in higher T cell infiltration into spheroids 

(Fig. 6, J and K). In vivo, a ratio of 1:1 Ad-PIB transduced and parental B16 cells reduced 

tumor growth and extended MS (43 vs. 19 days, p< 0.001) (fig. S11A), increased p15E-

specific CD8+ T cells in peripheral blood (fig. S11B) and induced control of contralateral 

tumor growth (fig. S11C). Overall, these data demonstrate that Ad vectors combine fast 

and efficient reprogramming with tumor transduction capacity in situ, providing a delivery 

platform for a cancer gene therapy approach based on cDC1 reprogramming.

Systemic and durable antitumor immunity driven by gene therapy approach

To evaluate efficacy of a gene therapy approach based on in situ cDC1 reprogramming, 

we established B16 tumors and administered 4 intratumoral injections of either Ad-PIB, 

Ad-Stuffer or PBS at days 7, 9,11 and 13 combined with anti-PD-1 and anti-CTLA-4 

(Fig. 7A). Strikingly, we observed 50% CR in mice treated with Ad-PIB, which remained 

tumor-free for 100 days (Fig. 7B). Two of these mice also developed vitiligo (fig. S11D). 

Within tumors, we detected an enrichment of CD45+ cells, primarily CD8+ T cells (Fig. 7C), 

which negatively correlated with the tumor volume (Fig. 7D and fig. S11E). Ad-PIB-treated 

tumors were enriched for effector T-bet+PD-1− CD8+ T cells and showed reduction in 

terminally exhausted T-bet-PD-l+CD8+ T cells (Fig. 7E). The ratio of pro-inflammatory 

CD4+ T helper cells to Tregs was also elevated in Ad-PIB-treated mice, confirming the shift 

toward a pro-inflammatory response in the gene therapy setting (Fig. 7F). The intratumoral 

frequencies of myeloid cells remained unaltered (fig. S11F), but we again detected increased 

PD-L1 expression (Fig. 7G). Moreover, in both tdLN and non-draining lymph nodes 

(ndLN), we detected higher frequencies of p15E-specific CD8+ T cells and effector memory 

CD44+CD62L-CD8+ T cells (Fig. 7, H and I, and fig. S11G).

To test whether treatment with the Ad-PIB gene therapy induces immunological memory, 

we re-challenged survivor mice subcutaneously with parental B16 cells (Fig. 7A). While 
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naïve mice developed tumors within 20 days, survivors remained tumor-free for another 

60 days (Fig. 7J). In the peripheral blood of survivors, we also detected central memory 

CD62L+CD44+CD8+ T cells specific for the melanoma antigens PMEL and p15E (fig. 

S11H) and cytotoxic effector memory IFN-γ+CD62L-CD44+CD8+ T cells specific for 

TRP-2, PMEL, and p15E (Fig. 7K). Finally, we tested whether the gene therapy-induced 

systemic immune memory confers protection against metastatic tumor growth. Thus, 

we took advantage of the metastatic properties of B16 cells to colonize the lung and 

injected them intravenously at day 160 (Fig. 7A). Remarkably, survivor mice previously 

re-challenged subcutaneously also did not develop metastatic foci in the lungs (Fig. 7L and 

fig. S11I). Reassuringly, in mice that showed long-term tumor-free survival (>200 days) 

when compared to naïve mice, we could not detect differences in autoantibody levels in the 

plasma or off-target toxicity in internal organs (fig. S12). Ultimately, these results support 

a cDC1 reprogramming gene therapy modality for cancer immunotherapy which triggers 

systemic tumor-antigen specific T cell responses that lead to long-term and safe antitumor 

immunity.

Discussion

In this study, we demonstrate that PU.1, IRF8 and BATF3-mediated cell fate 

reprogramming of tumor cells into immunogenic cDC1-like cells in situ represents a 

new immunotherapeutic modality for the treatment of solid tumors. Our results show that 

delivery of PIB factors to tumors in situ and tumor spheroids drives a cDC1 cell fate 

at phenotypic, transcriptomic, and functional levels, which results in TME re-modeling, 

induction of tumor-specific T cell responses and leads to systemic and long-lasting 

antitumor immunity.

In vivo reprogramming results in cells with more mature phenotypes, improved function 

and increased fidelity measured by molecular affiliation to their natural counterparts (17), 

even when induced at anatomical locations that do not constitute their natural niche. 

For instance, β-cells reprogrammed in the liver and intestine also showed improved 

reprogramming fidelity and insulin secretion (34, 35). In this study, we show that eliciting 

cDC1 reprogramming in spheroids and in vivo accelerated reprogramming and improved 

fidelity. This may be due to the availability of general tissue factors that are not supplied 

in vitro or specific cues available in the TME. Tissue-related cues such as hypoxia 

or mechanotransduction were shown to improve the efficiency of iPSC reprogramming 

(36,37). Hypoxia and mechanotransduction, through integrin and GTPase signaling, induce 

increased chromatin accessibility and transcription factor binding (36, 37). Cell-to-cell 

contact and GTPase activity were enriched terms in cells reprogrammed in spheroids, 

which may explain enhanced reprogramming. Within the TME of solid tumors, hypoxia 

and immunosuppression are drivers of resistance to ICB, CAR-T cell therapy or dendritic 

cell vaccination (38). In contrast, TME-derived signals may be beneficial for cDC1 

reprogramming. Tumors can also interrupt the maturation of cDC1s systemically by down-

regulation of IRF8 expression (39). The lack of sensitivity to immunosuppression may 

come from the enforced IRF8 expression during reprogramming compensating for extrinsic 

immunosuppressive signaling.
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Previous studies have emphasized the role of cDC1s in antitumor immunity by activating 

CD8+ T cells and licensing NK cells (9). Although CD4+ T cell priming has been mainly 

attributed to cDC2s, recent studies suggest that cDC1s bear greater capacity to process 

cell-associated antigens for MHC class II presentation and prime CD4+ T cells (40–42). 

By replenishing cDC1s within tumors we identified CD4+ T cells as critical effector 

cells driving tumor regression by polyclonal expansion. CD8+ T cell polyclonality was 

described as a requirement for positive treatment outcome in patients receiving anti-PD-1 

blockade therapy (2). Given the recently described cross-talk between cDC1s, CD8+ and 

CD4+ T cells, which were associated with positive outcome (42), it is likely that these 

triad interactions may also occur between reprogrammed cancer cells and T cells locally 

in the TME eliciting a response without the requirement for migration to lymph nodes. 

While the importance of CD4+ T cells in YUMM1.7 tumors was clear, the magnitude 

may depend on the tumor model, as regressing B16 tumors showed higher CD8+ T cell 

infiltration. Nonetheless, in both melanoma models the ratio of pro-inflammatory CD4+ 

T helper cells to Tregs was increased, implying that in vivo cDC1 reprogramming drives 

a potent CD4+ T cell response. In addition to cell-mediated immunity, cDC1s can also 

orchestrate B cell responses and humoral immunity (43). Intratumoral B cells are also a 

reflection of TLS formation, which contain TCF-1+ stem-like, memory T cells and Tfh cells 

that support B cell maturation (44). TLS formation in melanoma tumors can be used as 

a predictive biomarker for survival and response to immunotherapy (44). We observed the 

induction of TLS-like structures by in vivo reprogramming of melanoma cells, leading to 

an increase of intratumoral TCF-1+ T cells, B cells, and circulating Tfh cells. In vivo cDC1 

reprogramming, thus, provides a strategy to induce the formation of TLS de novo in tumors, 

which in addition to the therapeutic potential offers a system to dissect the mechanisms 

underlying TLS neogenesis (32).

To enable clinical translation, we tested a gene therapy concept by employing non-

integrative viral vectors to deliver PIB to tumors and induce cDC1 reprogramming in situ. 

Currently, only adenoviral vectors are approved for non-lytic intratumoral gene therapies, 

due to their high in situ transduction efficiency, safety profile, large cargo space, and 

fast transgene expression onset (45,46). Indeed, transduction and reprogramming data in 

spheroids, syngeneic and xenograft models support the superiority of adenoviral vectors 

to deliver the reprogramming factors to tumor cells. Interestingly, it was sufficient to 

generate 2% of transduced cells (that correspond to 0.15% of CD45+ and MHC-II+ 

cells) to induce tumor growth delay and regression, providing a major advantage over 

other intratumoral immunotherapies such as oncolytic viruses, suicide gene approaches, 

and expression of co-stimulatory molecules or cytokines, which require high tumor cell 

transduction. Nonetheless, increased numbers of reprogrammed tumor cells correlated with 

tumor growth delay and survival rates, suggesting that the transduction rate in situ is a 

critical parameter for efficacy. A limitation of our study is that we have not discerned if 

efficacy is determined only by the numbers of partially or completely reprogrammed cells or 

by their reprogramming fidelity. In the future, we envision testing transduction enhancers in 

the adenoviral capsid (47) and in the formulation such as syn-3 to maximize delivery (46), as 

well as epigenetic adjuvants to increase reprogramming efficiency (48). These experiments 

will help clarifying the relative contribution of reprogrammed cell number versus cell quality 

Ascic et al. Page 12

Science. Author manuscript; available in PMC 2024 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



in vivo. To further develop an even more scalable immunotherapy it will also be interesting 

to test non-viral delivery methods such as RNA moieties, which are currently employed for 

the delivery of cancer vaccines (49), or a specific cocktail of small molecules, shown to be 

sufficient for human iPSC reprogramming (50).

In this study, we showed that in vivo cDC1 reprogramming induced long-term and 

durable tumor control in models with varied profiles of immunogenicity, T cell 

infiltration, mutational burden, and responsiveness to ICB. Notwithstanding the efficacy as 

monotherapy, it is important to note the synergy with ICB for treatment of immune-deserted 

and low immunogenic tumors (e.g., B16). One of the reasons for this can be associated 

with the increased PD-L1 expression observed on myeloid cells in the tumor. Importantly, 

the combination with ICB did not reveal obvious autoimmune reactions in survivor mice, 

however, this may require further future exploration in aged mice or in models prone to 

develop autoimmunity in response to ICB (51). In addition to combination with ICB, cDC1 

reprogramming in situ could potentially synergize with other modalities, e.g., adoptive T 

cells, by enhancing target antigen presentation and supporting infiltration of engineered T 

cells into solid tumors, or agonistic CD40 antibodies given the critical role of CD4+ T cells 

that might depend on CD40-CD40L interaction and the previously reported role in TLS-like 

structure induction in glioma (52). As the sequence of immunotherapy treatments has been 

shown to impact treatment efficacy (53), it will be interesting to evaluate this approach in the 

clinical setting as a neoadjuvant therapy. This could establish immunological competence 

before tumor resection and support the elimination of residual tumor cells and metastatic 

lesions.

Overall, we provide proof-of-principle that cDC1 reprogramming in situ represents a 

tumor origin-agnostic, off-the-shelf yet personalized immunotherapy modality able to 

orchestrate systemic and durable antitumor immunity. cDC1 reprogramming in situ offers 

the advantages of a precision cell therapy while overcoming the challenges of ex vivo cell 

manipulation. This study paves the way for first-in-human trials and lays the foundation 

for a new class of immunotherapies based on the unique function of immune cell subsets 

generated in vivo through cellular reprogramming.

Materials and methods

Study design

Here, we aimed to investigate whether in situ direct cell fate reprogramming of tumor 

cells into immunogenic cDC1-like cells within the TME elicits antitumor immunity 

to provide proof-of-principle for a new cancer immunotherapy modality. To this end, 

we divided this study into three parts: First, we evaluated the immunogenicity of 

reprogrammed cells generated in vivo using syngeneic mouse models of melanoma. 

To evaluate the efficiency of in vivo reprogramming independently of the delivery 

system, we transplanted mixtures of PIB-transduced cells with parental tumor cells. We 

characterized systemic antitumor immune responses as monotherapy or in combination 

with ICB by monitoring tumor growth and survival, inducing contralateral tumors and 

re-challenging survivors with tumor cells. We characterized changes in tumor-infiltrating 

and peripheral immune cells by flow cytometry and scRNA-seq with TCR enrichment. 
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Secondly, we characterized reprogramming in human cancer spheroids and xenograft 

models. We evaluated reprogramming efficiencies in the presence of immunosuppressive 

TME components by flow cytometry and scRNA-seq. Thirdly, we compared lentiviral, 

adenoviral, and adeno-associated viral platforms to deliver PIB to tumors and evaluate 

antitumor efficacy using an adenoviral-based gene therapy approach.

Mice

Animal care and experimental procedures were performed in accordance with the 

Swedish federal regulations after approval from the Swedish Board of Agriculture. 

B6.129S(C)-Batf3tm1Kmm/J (BATF3KO, The Jackson Laboratory) and C57BL/6-

Tg(TcraTcrb)1100Mjb/J (OT-I, The Jackson Laboratory) mice were bred in-house. 

C57BL/6J, NOD.Cg-PrkdcSCIDIL2rgtm1Wjl/SzJ (NSG, The Jackson Laboratory), NOD-

PrkdcSCITIL2rgtm1/Rj (NXG, Janvier Labs) and B6.SJL-PtprcaPepcb/BoyCrl females aged 

6-8 weeks were purchased from Charles River or Janvier-Labs. Animals were housed in 

a controlled temperature environment (23 ± 2°C) and a fixed 12-hour light/dark cycle, 

having free access to food and water. Mice were age-matched, gender-matched and within 

the same gender randomly assigned to treatment or control groups in all experiments. 

Numbers of mice for in vivo experiments were determined based on previous expertise, 

and power analysis was not performed. Mice were sacrificed by cervical dislocation when 

endpoints were reached. Investigators were not blinded during experimental procedures or 

the assessment of outcomes.

Cell culture

Mouse B16-F10, LLC, MC38 and human A375, A2058, HO1u1, IGR39, MCF7, PK59, 

SKLMS1, SKMel5, Ca922, 88MEL, T98G cancer cell lines, cancer-associated fibroblasts 

(CAF) and human embryonic kidney (HEK) 293T were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM 

GlutaMAX, ImM sodium pyruvate and 100 U/ml penicillin and 100 mg/ml streptomycin 

(DMEM complete). B16-F10 expressing Ovalbumin (B16-OVA) were maintained in DMEM 

complete supplemented with 0.4 mg/ml geneticin (Gibco). Mouse Panc02, B2905, MB49, 

BRAFV600ECOX1/2KO cancer cell lines, mouse CD103+ bone marrow-derived dendritic 

cells (BM-DC), primary mouse and human T cells were cultured in RPMI 1640 medium 

supplemented with 10% (v/v) FBS, 2 mM GlutaMAX, 1 mM sodium pyruvate, 50 mM 

2-mercaptoethanol and 100 U/ml penicillin and 100 mg/ml streptomycin (RPMI complete). 

YUMM1.7 melanoma cells were cultured in DMEM/F-12 with 10% (v/v) FBS, 2 mM 

GlutaMAX, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 100 U/ml 

penicillin and 100 mg/ml streptomycin (DMEM/F-12 complete). MDSCs were differentiated 

from monocytes obtained from PBMCs of healthy donors and cultured in RPMI complete. 

Human pericytes were cultured in Pericyte medium (ScienCell). Fibroblasts were expanded 

on tissue-culture plates coated with 0.1% gelatin. All cells were dissociated from tissue-

culture plates using TrypLE Express for 5-10 min at 37°C, split at 80% confluency and 

maintained in a humid environment at 37°C and 5% CO2. Reagents used for cell culture 

were purchased from Thermo Fisher Scientific, STEMCELL Technologies, and Nordic 

Biolabs. Detailed information on cells used in the study and culture conditions are provided 

in data S3.
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Primary patient samples

Human tumor specimens were obtained according to the Helsinki Declaration and the 

European Network of Research Ethics Committees. Primary cancer cells derived from 

melanoma, lung cancer, breast cancer, head and neck cancer (tonsil and tongue), and 

CAF cultures were either purchased from Amsbio, BioIVT, VitroBiopharma or provided 

by the National Center of Cancer Immune Therapy CCIT-DK or the Skåne University 

Hospital. Human brain vascular pericytes were purchased from ScienCell. Primary tumor 

tissue was processed according to a standardized digestion protocol as previously described 

(23). In brief, after receiving tumor tissue in cold PBS, samples were cut into pieces, 

fat and muscle tissue were removed and tumor fragments were further mechanically and 

enzymatically digested following the gentleMACS Octo Dissociator protocol (Miltenyi) 

using the 37°C_h_TDK_3 program. For tonsil and tongue cancer samples, tumor tissue 

was cut into pieces and enzymatically digested with 80 µg/ml of collagenase D (Sigma-

Aldrich) and 25 µg/ml of DNAse I (Sigma-Aldrich) for 20 min at 37°C. During incubation, 

the mixture was inverted every 5 min. Single cell suspensions were obtained by passing 

digestion mixtures through a 70 µm strainer and then seeded on 0.1% gelatin-coated tissue 

culture plates. Culture conditions for primary cancer cells are detailed in data S3.

Molecular cloning

Polycistronic lentiviral vector expressing the mouse or human transcription factors PU.1, 

IRF8 and BATF3 separated by 2A self-cleaving peptide sequences under the control of a 

constitutive SFFV promoter, followed by IRES2-eGFP was cloned previously (22, 23). To 

generate mCherry expressing vectors, we used the empty backbone pRRL.PPT-SFFV-MCS-

IRES2 (SFFV-MCS) (22,23) and inserted the coding sequence for mCherry by infusion 

cloning downstream the IRES sequence to generate pRRL.PPT-SFFV-MCS-IRES2-mCherry 

(SFFV-mCherry). Thereafter, we cloned the polycistronic cassette for human PIB into the 

multiple cloning site (MCS) and generated pRRL.PPT-SFFV-PU.l-P2A-IRF8-T2A-BATF3-

IRES2-mCherry (PIB-mCherry). To generate a lentiviral polycistronic construct for myeloid 

reprogramming, the coding sequences of mouse PU.1 and C/EBPα (PC) separated by 

a T2A sequence were cloned first into the MCS of the pFUW-tetO-MCS vector (22) 

followed by subcloning of the polycistronic cassette into the MCS of the pRRL.PPT-

SFFV-MCS-IRES2-eGFP vector (PC-eGFP). Adenoviral vectors (Ad) and adeno-associated 

viral (AAV) vectors were cloned and produced at VectorBuilder. Replication-deficient 

adenoviral vectors pAd5-SFFV-PU.1-P2A-IRF8-T2A-BATF3 (Ad-PIB) and pAd5-SFFV-

PU.l-P2A-IRF8-T2A-BATF3-CMV-eGFP (Ad-PIB-eGFP) with an eGFP sequence under 

the control of constitutive cytomegalovirus (CMV) promoter were generated. pAd5-CMV-

eGFP (Ad-eGFP), pAd5-SFFV-Stuffer (Ad-Stuffer) and pAd5-SFFV-Stuffer-CMV-eGFP 

(Ad-Stuffer-eGFP) were cloned and used as controls. The stuffer sequence was derived 

from the genome of E. Coli as a non-coding sequence and designed to have the same base 

pair length as polycistronic PIB. For replication-deficient AAV vectors, pAAV6-SFFV-PU.1-

P2A-IRF8-T2A-BATF3 (AAV-PIB) was cloned. To generate eGFP expressing AAV vectors, 

the stop codon from BATF3 was removed and the eGFP sequence cloned downstream, 

separated by a F2A sequence (AAV-PIB-eGFP). pAAV6-CMV-eGFP (AAV-eGFP) was used 

as control. Sequences were verified by Sanger sequencing. Plasmids and primers used for 

cloning and sequencing are listed in data S3.

Ascic et al. Page 15

Science. Author manuscript; available in PMC 2024 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Tumor establishment

To establish tumors, cancer cells were harvested with TrypLE Express, live cells counted 

by Trypan blue staining using an automated hemocytometer and injected subcutaneously 

into the right flanks of recipient mice in 100 µl of ice-cold PBS. Before injection, mice 

were anesthetized by an intraperitoneal injection of ketamine (135 mg/kg) and xylazine (3 

mg/kg). For tumor growth and survival experiments, 1x105 B16-F10, YUMM1.7 or 1x106 

B2905 in C57BL/6J mice, 1x105 YUMM1.7 in NSG mice, or 1x105 BRAFV600ECOX1/2KO 

cells in BATF3KO mice were used. In bilateral tumor settings, 2x105 B16-OVA, B16-F10 

or YUMM1.7 were injected subcutaneously into the right flank and 1x105 B16-OVA, 

B16-F10 or YUMM1.7 into the left flank. LLC tumors were formed by subcutaneous 

injection of 1x106 cells into the upper right neck area. For immunophenotyping and 

immunofluorescence analysis of tumors established with mixtures of in vitro transduced 

and parental cells, a total of 1x106 B16-F10 or YUMM1.7 cells were injected in C57BL/6J 

mice. For establishing xenograft models, we injected 5x106 of human A375, A2058, T98G 

in NSG or A2058 and SKLMS1 cell lines into NXG mice. C57BL/6J, NSG and NXG mice 

were 6-12-week-old age-matched females and BATF3KO mice were males and females 6-12 

weeks old. Tumor volumes were monitored with a digital caliper and calculated using the 

formula V = L*W*H/2. Survival was determined by predefined endpoints such as tumor 

size reaching 1500 mm3, tumor ulceration, or signs of animal suffering. Animals were 

randomized for tumor establishment and again before treatment.

Immune checkpoint blockade treatment

For single or combinatorial treatment with ICB, mice received 200 μg of anti-PD-1 (clone 

RMP1-14, BioXCell) and/or 200 μg of anti-CTLA-4 (clone 9H10, BioXCell) or rat 200 μg 

IgG2a (clone 2A3, BioXCell) and IgG2b (clone LTF-2, BioXCell) isotype control antibodies 

diluted in 100 μl PBS intraperitoneally at days 7,10, and 13 after tumor establishment.

In vivo reprogramming of tumor cells

To evaluate the immunogenicity of in vivo reprogrammed cells in syngeneic mouse 

melanoma models, we transduced cancer cells in vitro with lentiviral (PIB, PC) or 

adenoviral particles (Ad-PIB), and 16 hours post-transduction mixed with untransduced 

parental cancer cells in defined ratios and injected subcutaneously into the right flank 

of mice. Unless stated otherwise, cells were mixed at a 1:1 ratio of transduced and 

untransduced parental cancer cells. As controls, we used empty viral vectors (lentivirus 

control: eGFP, adenovirus control: Ad-Stuffer). Transduction with lentiviral vectors was 

performed in the presence of polybrene (8 μg/ml, Sigma-Aldrich). The MOI used for 

transduction and induction of reprogramming by lentivirus ranged between 5.5x107 and 

5.0x108 GC per cell. Cell mixtures were also kept in vitro to estimate the percentages of 

transduced cells by eGFP expression at day 3 and reprogramming efficiency by CD45 and 

MHC-II expression at day 9 by flow cytometry. To establish a dose-response between the 

amount of reprogrammed cells with induced antitumor immunity, transduced cells were 

serially diluted parental cancer cells (1:1,1:2,1:4,1:10 and 1:100 ratio) before subcutaneous 

injection into mice. For adenoviral-mediated reprogramming in vivo, cells were transduced 

with non-eGFP encoding vectors (Ad-PIB, control: Ad-Stuffer) at an MOI of 2,500 infective 
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units (IFU) per cell. To characterize the in vivo reprogramming efficiency of human cancer 

cells, we used the human cancer cell lines T98G, A375, A2058 in NSG mice. Cells were 

transduced with lentiviral vectors (PIB-eGFP, control: eGFP) mixed with untransduced cells 

and injected subcutaneously 16 hours post transduction and kept in vitro for phenotypic 

profiling by flow cytometry. At days 3, 5 and 9 post tumor establishment, tumors were 

isolated and dissociated into single cell suspensions for flow cytometry analysis for tumor 

or melanoma markers (CD44, MCSP), reprogramming markers (CD45, HLA-DR), antigen 

presentation (HLA-ABC), co-stimulatory molecule (CD40) and cDCl markers (XCR1, 

CLEC9A, CD226).

Delivery of viral vectors in situ

To deliver viral vectors to tumors in situ, LV, Ad, AAV vectors were diluted in ice-cold 

PBS to reach a final volume of 30 μl and intratumorally injected when the size of tumors 

reached 30-90 mm3. Tumors that did not reach the required sizes were excluded from 

the experiment. To quantify in vivo transduction efficiency in B16 tumors, eGFP-encoding 

vectors were administered at day 7 and 9 post tumor establishment. 4x105, 4x106 and 4x107 

GCs of LV-eGFP, 108, 109 and 1010 viral particles (VPs) of Ad-eGFP and 8x108, 8x109 

and 8x1010 GCs of AAV-eGFP were administered per injection. At day 12, tumor tissue 

was isolated and dissociated into single cell suspensions for flow cytometry analysis of 

transduction efficiency through quantification of eGFP+ cells within live CD44+CD45- cells. 

To assess in situ reprogramming efficiency in human xenograft models or efficacy in the 

B16 model combined with ICB treatment, 1010 VPs of Ad-PIB-eGFP or Ad-Stuffer-eGFP 

were injected intratumorally at day 7, 9,11 and 13 post tumor establishment. In human 

xenograft models vectors encoded also eGFP (Ad-PIB-eGFP, Ad-Stuffer-eGFP). At day 16 

after human xenograft establishment in NXG mice, tumors were isolated, dissociated, and 

reprogramming efficiency quantified by flow cytometry.

Single cell RNA sequencing with TCR enrichment of T cells

5’ scRNA-seq with TCR enrichment was performed on FACS-sorted CD45+CD3+ T 

cells isolated from tumors, tdLN and peripheral blood of animals 21 days after tumor 

establishment with subcutaneous injection of PIB-eGFP or eGFP-trans-duced YUMM1.7 

cells mixed at a 1:1 ratio with untransduced parental cells. Tumors were processed into 

single cell suspensions and tdLN were mechanically dissociated with a plunger against a 50 

μm cell strainer and collected in FACS buffer for staining. Blood samples were collected into 

K2-EDTA coated microvette tubes (Sarstedt) and further processed to remove erythrocytes 

through red blood cell lysis using BD Pharm Lyse lysing buffer (BD Bioscience). Single cell 

suspensions were pooled from 5 animals per treatment group and stained with anti-CD45 

and anti-CD3 antibodies. 3,000-10,000 T cells were FACS-sorted, resuspended in PBS 

containing 0.04% bovine serum albumin (BSA, STEMCELL Technologies) and loaded on a 

10x Chromium (10x Genomics) without multiplexing.

Spheroid reprogramming

To test reprogramming of human cancer cell line-derived spheroids, cells were transduced 

with lentiviral vectors encoding for PIB-eGFP or PIB-mCherry 4 hours before spheroid 

formation using the forced-floating method. To assess reprogramming efficiency, spheroids 

Ascic et al. Page 17

Science. Author manuscript; available in PMC 2024 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



were dissociated by incubation with TrypLE for 20 min followed by vigorous pipetting and 

analyzed for CD45 and HLA-DR expression by flow cytometry. As controls, cells were 

transduced with lentiviral vectors encoding eGFP or mCherry. Alternatively, reprogrammed 

cells were detected in non-dissociated spheroids using fluorescent microscopy. To analyze 

cDC1 reprogramming in spheroids at the transcriptional level, eGFP+ cells expressing CD45 

and/or HLA-DR were FACS-purified at day 3, 7 and 9 of reprogramming and loaded on a 

10x Chromium (10x Genomics) for scRNA-seq. Reprogramming under immunosuppressive 

cytokine conditions was performed using DMEM complete medium supplemented with 

human IL-6 (10-40 ng/ml; Peprotech), TGF-β (50-200 ng/ml; Miltenyi), VEGF (25-100 

ng/ml; Miltenyi), or GM-CSF (50-200 ng/ml; Miltenyi) during the 9 days of reprogramming. 

Medium with cytokines was replaced every two days. For reprogramming in heterotypic 

spheroids, T98G-eGFP+ cells were transduced with PIB-mCherry and mixed with CAFs, 

MDSCs or pericytes at decreasing percentages of cancer cells (100%, 75%, 50% and 

25%). For immunohistochemistry, confocal imaging, ATP release assay, and co-cultures 

with PBMCs, spheroids were aggregated by centrifugation of 300 transduced cancer cells 

and 1,000 CAFs and maintained over 3 days without the addition of Matrigel (Corning). 

For transduction and reprogramming of primary cancer cell-derived spheroids with LV, Ad, 

AAV vectors, spheroids were generated with 2.5% Matrigel and after 3 days incubated 

with LV (65,000 GC/ml), Ad (5,000 IFU/ml) or AAV (250,000 GC/ml) vectors encoding 

for PIB-eGFP or eGFP. For transduction with lentiviral vectors, complete medium was 

supplemented with 8 μg/ml of polybrene. Spheroids were dissociated at day 9 for flow 

cytometry profiling.

Statistical analysis

All statistical analyses were performed using GraphPad Prism or R software. Data was 

subjected to a normality test before using ANOVA, two-way ANOVA, Kruskal-Wallis or 

Mann-Whitney test and t test. Statistical significance of two groups was determined using an 

unpaired two-tailed Mann-Whitney test or t test. Group comparisons were performed using 

ANOVA or Kruskal-Wallis test and corrected by Dunn’s or Tukey’s multiple comparison 

test. To estimate statistically significant differences in the survival in multiple groups we 

used the log-rank Mantel-Cox test. Unless stated otherwise in the figure legends, data 

are shown as mean ± SD and n represents the total number of animals or biological 

replicates. Randomization was performed using the Microsoft Office Excel function 

(=RANDBETWEEN). Sample sizes were based on previous experience. Significance was 

considered with *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Statistical tests and 

parameters for each experiment are reported in the respective figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In vivo cDC1 reprogramming elicits systemic and durable antitumor immunity.
(A) Experimental strategy to induce cDC1 reprogramming in vivo employing a polycistronic 

lentiviral vector encoding the transcription factors PU.1, IRF8, and BATF3 (PIB) followed 

by IRES-eGFP. First, in vivo cDC1 reprogramming was tested by implantation of a mixture 

of transduced cancer cells and untransduced parental cells to assess antitumor immunity. 

Secondly, human cancer cells were reprogrammed in spheroids with immunosuppressive 

cells and in xenografts. Third, lentiviral (LV), adenoviral (Ad), and adeno-associated viral 

(AAV) vectors were tested to deliver PIB to tumors in situ as a cancer gene therapy. 
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(B) C57BL/6J mice were injected subcutaneously with melanoma cells (B16, YUMM1.7, 

B2905) after transduction with PIB-eGFP or control eGFP and mixing 1:1 with parental 

cells (measured percentages by flow cytometry at day 3 are indicated) to induce tumor 

cell reprogramming in vivo along with tumor establishment. Anti-PD-1, anti-CTLA-4 or 

isotype control antibodies were administered by intraperitoneal injection at days 7, 10 and 

13. Tumor growth and survival are shown (n=5). (C) Flow cytometry quantification of 

tumor antigen-specific IFNγ+CD8+ or IFNγ+CD4+ T cells from peripheral blood at day 

14. T cells were isolated and re-stimulated in vitro using an antigen-agnostic approach 

with IFNγ-stimulated melanoma cell lines. Data indicate mean ± SD of 4-5 biological 

replicate experiments. (D) Tumor growth and survival of BATF3KO mice after injection 

with PIB-eGFP- or eGFP-transduced BRAFV600ECOX1/2KO melanoma cells (n=5-6). (E) 

Quantification of tumor-antigen specific IFNγ+CD8+ or IFNγ+CD4+ T cells from peripheral 

blood with the antigen-agnostic approach applied in (C). Data indicate mean ± SD of 4-6 

biological replicate experiments. (F) Survivor C57BL/6J mice that remained tumor-free 

for 100 days were re-challenged with YUMM1.7 cells. Age-matched naïve mice were 

used as controls and tumor growth and survival are shown (n=5). (G) Bilateral YUMM1.7 

tumor growth after injection of 1:1 mixtures into the treated flank (right) and untransduced 

cells into the non-treated flank (left), as monotherapy (PIB-eGFP) or in combination with 

anti-PD-1 or anti-CTLA-4 (n=10). (H) Control Lewis lung adenocarcinoma (LLC) tumor 

growth within the same animals. Data in panel G and H indicate mean ± SD of 10 biological 

replicate experiments. (I) Representative pictures of animals with bilateral YUMM1.7 

(treated and non-treated) and LLC tumors. Arrows indicate tumor locations and dashed lines 

tumor sizes. Survival analyses in panel B, D and F were performed by log-rank Mantel-Cox 

test. Comparisons in panels C, E, G and H were analyzed using the Mann-Whitney test. ns - 

non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 2. cDC1 reprogramming remodels the tumor microenvironment.
(A) Hematoxylin and eosin (H&E) staining (top) and immunofluorescence (bottom) analysis 

of paraffin-embedded YUMM1.7 tumors 9 days after subcutaneous implantation of PIB-

eGFP- or control eGFP-transduced cells (1:2 ratio of transduced to parental cells). Tumor 

sections were stained for eGFP (green, transduced cells), CD45 (purple, immune cells) and 

nuclei (blue, Syto 13) (n=3). Arrows indicate TLS-like structures. Scale bars are 500μm. 

(B) H&E (left) and immunofluorescence (right) of a TLS in PIB-eGFP tumors stained 

for CD19 (B cells), CD4 (CD4+T cells), CD8 (CD8+T cells) and PDPN (podoplanin+ 
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stromal cells). Dashed lines indicate TLS border. Scale bars are 100μm. (C) Volumes of 

YUMM1.7 tumors 21 days after establishment and treatment with anti-PD-1 (grey and 

blue) or isotype control (black and red) antibodies at days 7, 10, and 13 (n=8-10). (D) 

Flow cytometry quantification of the percentages of tumor-infiltrating CD45+ cells and (E) 

CD19+ B cells, CD49b+CD3- NK cells and CD8+ and CD4+ T cells. (F) Quantification of 

PD-1+CD8+ and PD-1+CD4+ T cells. (G) Percentages of CD44+CD62L- effector memory 

and CD44+CD62L+ central memory CD8+ and CD4+ T cells. (H) Quantification of Ki-67+ 

proliferative, (I) TCF-1+CD8+and TCF-1+CD4+ T cells, (J) PD-1+CD25+ regulatory CD8+ 

T cells, and (K) CD25+CD4+ Tregs. (L) Percentages of CD8+ and CD4+ T cells in the 

tumor-draining lymph nodes. Data in panel C-L indicate mean ± SD of 8-10 biological 

replicate experiments. (M) Mice were subjected to antibody-mediated depletion of CD8+ T 

cells (αCD8), CD4+ T cells (αCD4), NK cells (αNK1.1) or isotype controls and tumors 

established with a mixture of transduced and untransduced YUMM1.7 cells. Tumor growth 

(left) and survival (right) are shown (n=10). Comparisons in panel C-L were analyzed using 

the Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 3. In vivo reprogrammed melanoma cells expand polyclonal CD4+ T cells.
(A) Experimental design for 5’ single cell RNA-seq with TCR enrichment. YUMM1.7 

tumors were established with a 1:1 mixture of PIB-eGFP or control eGFP-transduced and 

untransduced cells. Peripheral blood, tumor-draining lymph nodes (tdLN) and tumors were 

isolated 21 days after tumor establishment and CD45+CD3+ T cells were FACS-purified 

before loading on a 10x Chromium. Additional groups received intraperitoneally anti-PD-1 

at days 7, 10 and 13 (n=5). (B) Principal component analysis of CD8+ and CD4+ T cells 

visualized by Uniform manifold approximation and projection (UMAP) plots from tumors, 

Ascic et al. Page 28

Science. Author manuscript; available in PMC 2024 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



tdLN and blood (left) across treatment conditions (right). (C) UMAP plot showing color-

coded CD8+ T cell subsets (left). Bar plots show the percentages of each CD8+ T cell subset 

in blood, tdLN and tumors (right). CD8+ T cell subsets are numbered from 0 to 8. (D) 
Trajectory analysis (black line) of CD8+ T cells across treatment conditions. (E) UMAP plot 

showing color-coded CD4+ T cell subsets (left). Bar plots (right) show the percentages of 

each CD4+ T cell subset in blood, tdLN and tumors. CD4+ T cell subsets are numbered from 

0 to 11. (F) Trajectory analysis (black line) of CD4+ T cells across treatment conditions. 

(G) CD8+ T cells isolated from tumors, tdLN and blood were color-coded by clonotype size 

into small (between 1 and 5 cells), medium (between 5 and 20 cells), and large (>20 cells) 

clones and projected onto UMAP plots across treatment conditions. TCR sequences detected 

in only one single cell were excluded from this analysis. (H) Bar plots showing percentages 

of CD8+ T cells in blood, tdLN and tumors and their clonotype distribution. The numbers of 

unique clones are indicated within the bars. (I) Tumor, tdLN and blood-derived CD4+ T cell 

clonotype sizes projected onto UMAP plots and (J) bar plots showing percentages of CD4+ 

T cells and their clonotype distribution. Comparisons in C and E were performed using the 

exact Binomial test. Relevant statistical comparisons between intratumoral T cells for the 

conditions eGFP vs. PIB-eGFP and eGFP+anti-PD-1 vs. PIB-eGFP+anti-PD-1 are shown. 

All statistical comparisons can be found in data S1. **p<0.01, ****p<0.0001.
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Fig. 4. Induction of a cDC1 phenotype in human cancer cells.
(A) Experimental design to assess phenotypic cDC1 reprogramming in vivo. Human cancer 

cell lines were transduced with PIB-eGFP, implanted in NSG mice and isolated at days 

3, 5, and 9 for phenotypic profiling by flow cytometry. eGFP-transduced cells were used 

as controls and in vitro reprogrammed cells for comparison. Reprogramming efficiency 

was evaluated by flow cytometry as the percentage of CD45+HLA-DR+ cells (completely 

reprogrammed) and CD45+HLA-DR- or CD45-HLA-DR+ cells (partially reprogrammed) 

gated in eGFP+ transduced cancer cells. (B) Representative flow cytometry plots and (C) 
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quantification of reprogramming kinetics in vitro and in vivo of the glioblastoma cell 

line T98G (gated in CD44+eGFP+ cells), and melanoma lines A375 and A2058 cells 

(gated in CD44+MCSP+eGFP+ cells) (n=3). (D) Percentages of XCR1+ (left), CLEC9A+ 

(middle) and CD226+ (right) cells after 5 days of in vitro or in vivo reprogramming in 

CD44+eGFP+ cells for T98G and CD44+MCSP+eGFP+ for melanoma A375 and A2058. (E) 
Histograms (left) and quantification (right) of surface HLA-ABC molecules per cell gated 

in CD44+eGFP+ cells for T98G and CD44+MCSP+eGFP+ for melanoma A375 and A2058 

(n=3). (F) Histograms (left) and quantification (right) of the percentages of cells expressing 

CD40 (n=3). Data in panels C-F indicate mean ± SD of 3 biological replicate experiments.

Ascic et al. Page 31

Science. Author manuscript; available in PMC 2024 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 5. Reprogramming progresses on spheroids and in immunosuppressive tumor environments.
(A) Experimental design to evaluate cDC1 reprogramming in human cancer spheroids. 

Cancer cells were transduced with PIB-eGFP or PIB-mCherry and used to form spheroids 

(3D) or cultured in monolayer (2D). (B) Confocal microscopy images and quantification 

of microtissue area and percentages of CD45+ and HLA-DR+ cells in T98G-derived 

spheroids after 9 days of reprogramming with PIB-mCherry at increasing multiplicities 

of infection (MOI). Data indicate mean ± SD of 2-10 biological replicate experiments. 

(C) Flow cytometry quantification of cDC1 reprogramming efficiency in 12 human 
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cancer cell lines in 2D and 3D at day 9 of reprogramming gated in transduced eGFP+ 

cells. Reprogramming efficiency was evaluated by flow cytometry as the percentage 

of CD45+HLA-DR+ cells (completely reprogrammed) and CD45+HLA-DR- or CD45- 

HLA-DR+ cells (partially reprogrammed). Data indicate mean ± SD of 4-12 biological 

replicate experiments. (D) Representative flow cytometry plots showing phenotype of 

reprogrammed T98G and A375 cells in 2D and 3D compared to eGFP-transduced cells. 

(E) Reprogrammed and partially reprogrammed T98G cells were purified at reprogramming 

days 3, 7, and 9 and profiled by scRNA-seq. Violin plots show mRNA expression of 

endogenous transcription factors and cDC1 genes along the reprogramming time course 

in 2D and 3D. eGFP-transduced cells were used as day 0; donor peripheral blood cDC1s 

served as reference. (F) Integration of scRNA-seq data with data from published DC subsets 

(GSE94820) (54). Heatmap shows the percentage of cells transcriptionally affiliated with 

individual DC subsets. (G) Heatmap showing percentage of tumor-APC gene signature 

activation (23). (H) Experimental design to evaluate the effect of immunosuppression in 

cDC1 reprogramming using spheroids containing T98G-eGFP+ cells combined with cancer-

associated fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs) or pericytes at 

indicated ratios. (I) Reprogramming efficiency gated in T98G-eGFP+ mCherry+ cells in 

spheroids with increasing proportions of CAFs (n=3-9, left), MDSC (n=3, middle), and 

pericytes (n=6-7, right). CAF07 and MDSC1 refer to cells from one individual donor. 

Data indicate mean ± SD of 3-9 biological replicate experiments. (J) Spheroid sizes as 

a measure of T cell cytoxicity against T98G-eGFP+ containing CAFs after 7 days of 

co-culture with non-activated HLA-A2-matched PBMCs, pre-activated with anti-CD3 and 

anti-CD28 antibodies, or stimulated with IL-2 and IL-7. Relative fluorescence units (RFU) 

were quantified by the eGFP+ fluorescence area by imaging. Data indicate mean ± SD 

of 14-18 biological replicate experiments. (K) Quantification of cytokine release 24 hours 

after co-culture of non-activated HLA-A2-matched PBMCs from three donors with T98G-

eGFP+ spheroids containing CAFs. Data indicate mean ± SD of 9-12 biological replicate 

experiments. Comparisons in panels C and I were analyzed using two-way ANOVA and in 

panels J and K using one-way ANOVA followed by Tukey’s multiple comparison test, ns - 

non-significant; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 6. Efficient delivery of cDC1 reprogramming factors with adenoviral vectors.
(A) Experimental design to prioritize a viral vector for delivery of PIB factors to tumors. 

Lentiviral (LV), adenoviral (Ad), and adeno-associated viral (AAV) transduction and 

reprogramming efficiencies were quantified using mouse and human cancer cell lines and 

patient-derived cancer cells in monolayer (2D), spheroids (3D), and tumors in vivo. (B) 

Light sheet microscopy pictures (left) and quantification (right) of T98G tumor spheroid 

transduction and penetration with eGFP-encoding LV, Ad and AAV vectors. Fixed tumor 

spheroids were stained against eGFP (red) and nuclei with DAPI (blue). The illustration 
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(upper) visualizes the 3D image construction of the spheroid below. 3D image construction 

was performed by imaging and stacking of planes. Illustrated axes indicate the direction of 

the imaged planes. Viral surface coverage and penetrance were quantified by Zeiss Arivis 

image analysis software. Scale bar is 200 μm. Data indicate mean ± SD of 2-3 biological 

replicate experiments. (C) Representative flow cytometry plots and (D) quantification of 

reprogramming efficiency in patient-derived cancer cells 9 days post transduction in 2D 

or 3D with PIB-encoding LV, Ad and AAV vectors (LV-PIB-eGFP, Ad-PIB-eGFP, AAV-

PIB-eGFP). H&N, head and neck cancer. Data indicate mean ± SD of 2-3 biological 

replicate experiments. (E) Experimental design to evaluate transduction efficiency in situ 

using subcutaneous B16 tumors in C57BL/6J mice. Tumors were injected with 3 doses of 

LV-eGFP, Ad-eGFP, AAV-eGFP vectors or PBS at day 7 and 9 and isolated at day 12 for 

analysis. (F) Representative flow cytometry plots with transduction efficiency of Ad-eGFP 

when compared to PBS gated in CD45-CD44+ cells and (G) quantification of eGFP+ cells of 

tumors transduced with the 3 viral vectors or PBS. Quantification of viral particles is shown. 

Data indicate mean ± SD of 9-25 biological replicate experiments. (H) Human SKLMS1 

and A2058 tumors were established in NXG mice and injected 4 times intratumorally 

with Ad-PIB-eGFP or Ad-Stuffer-eGFP at day 7, 9,11 and 13 and analyzed at day 16 

by flow cytometry. Representative flow cytometry plots (left) and quantification (right) 

of reprogramming efficiency gated in eGFP+ cells. Comparisons between CD45+HLA-

DR+ populations (red) were used for statistical analysis. Data indicate mean ± SD 

of 8-10 biological replicate experiments. (I) YUMM1.7 tumors were established with 

decreasing doses of PIB-eGFP-transduced cells mixed with parental cell line. Percentages 

of reprogrammed cells (CD45+ and MHC-II+) in cell mixtures were quantified by flow 

cytometry at day 9 post transduction from parallel in vitro cultures. Tumor growth (left) and 

survival (right) are shown (n=10). The number of complete responses (CR) over the total 

number of mice per group is indicated. (J) Quantification of CD8+ T cell numbers (left), and 

percentages of effector CCR7-CD45RA-CD8+ (middle) and cytotoxic CD95+CD8+ T cells 

(right) after 8 days of co-culture with Ad-eGFP or Ad-PIB-eGFP transduced M2778 cells 

with (50%) or without (100%) CAFs in 2D. (K) Quantification of CD8+ T cell numbers 

within spheroids (left), and percentages of effector CCR7-CD45RA- CD8+ (middle) and 

cytotoxic CD95+CD8+ T cells (right). Data in panel J and K indicate mean ± SD of 3-4 

biological replicate experiments. Comparisons in panels B were analyzed using One-Way 

ANOVA followed by Dunn’s multiple comparison test. Comparisons in panels H, J and K 

were analyzed using Mann Whitney test. Survival analysis in panel I was performed by 

log-rank Mantel-Cox test, ns - non-significant; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 7. cDC1 reprogramming gene therapy elicits systemic and long-term antitumor immunity.
(A) Experimental design to assess antitumor efficacy of Ad-PIB gene therapy in C57BL/6J 

mice with subcutaneous B16 melanoma tumors. Tumors were injected 4 times with Ad-PIB 

(red), non-coding Ad vector control (Ad-Stuffer, gray), or PBS (black) at day 7, 9, 11, 

and 13 after tumor establishment. Anti-PD-1 and anti-CTLA-4 (ICB) were administered 

intraperitoneally at day 7,10, and 13. Survivor mice were further subcutaneously re-

challenged with B16 cells at day 100 and intravenously at day 160. Gray box indicates 

the time of treatment. (B) Tumor growth (left) and survival (right) (n=8-10). The number 

of complete responses (CR) over the total number of mice per group is indicated. 
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(C) Flow cytometry quantification of tumor-infiltrating lymphoid cells at day 16. Data 

indicate mean ± SD of 7-10 biological replicate experiments. (D) Correlation of CD8+ 

T cell infiltration and tumor size. (E) Percentages of intratumoral T-bet+PD-1- effector, 

T-bet+PD-1+ exhausted, and T-bet- PD-1+ terminally exhausted CD8+ T cells. Comparisons 

between the indicated color-coded populations were used for statistical analysis. (F) Ratio of 

intratumoral T-bet+CD44+CD4+ T helper (Th) cells and CD44+CD25+ T regulatory (Treg) 

cells. (G) PD-L1 expression in myeloid cells measured by mean fluorescence intensity 

(MFI). (H) Flow cytometry quantification of tumor antigen p15E-specific CD8+ T cells 

in tumor-draining lymph nodes (tdLN) and non-draining lymph nodes. (I) Percentages of 

CD44+CD62L- effector memory and CD44+CD62L+ central memory CD8+ T cells in tdLN. 

Data in panel E-l indicate mean ± SD of 6-10 biological replicate experiments. (J) Survivor 

mice and naïve control mice were re-challenged subcutaneously with B16 cells. Tumor 

growth (left) and survival (right) are shown (n=4-5). (K) Flow cytometry quantification of 

tumor antigen-specific T cells from peripheral blood at day 14 after in vitro re-stimulation 

with peptides TRP-2-, PMEL- and p15E. Percentages of TRP-2-, PMEL- and p15E-specific 

IFNγ+CD44+CD62L- effector memory CD8+ T cells. Data indicate mean ± SD of 4-5 

biological replicate experiments. (L) Survivor mice were further re-challenged intravenously 

with B16 cells. Images of lungs from survivor and naïve mice 14 days after rechallenge 

(n=4). Comparisons in panel C, E, G, and I were analyzed using One-Way ANOVA followed 

by Dunn’s multiple comparison test. Comparisons in panels H and K were analyzed using 

the Mann Whitney test. Survival analyses in panel B and J was performed by log-rank 

Mantel-Cox test. *p<0.05, **p<0.01; ***p<0.001.
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