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Abstract
Classical type 1 dendritic cells (cDC1) play a pivotal role in anti-tumor immunity by 
regulating CD8+ T-cell activation in both tumor-draining lymph nodes and the tumor 
microenvironment. Efficacy of cancer therapy with adoptively transferred T-cells can be 
optimized by engaging cDC1. In vivo, the cDC1 activates tumor-specific CD8+ T-cells 
de novo and induces adequate effector differentiation of tumor-specific CD8+ T-cells. 
Presently, scarcity of primary cDC1 hinders their application in in vitro strategies. We 
present here a method to generate cDC1-like cells resembling ex vivo cDC1 in high 
yield from CD34+c-Kit+ hematopoietic progenitor cells, as isolated from non-mobilized 
adult blood. We demonstrate that the in vitro generated cDC1-like cells resemble ex vivo 
cDC1 in their response to CD4+ T-cell help signals, which optimize their antigen cross-
presentation and cytotoxic T lymphocyte (CTL) priming capacity. We show that in vitro 
generated and helped cDC1-like cells can be used for two therapeutically relevant goals: 
1) to enhance the cytotoxic potency of tumor-specific CTL and 2) to enable the detection 
of scarce tumor antigen-specific CD8+ T-cells in human blood. For these reasons, our 
in vitro cDC1 culture platform that incorporates CD4+ T-cell help presents a strategy to 
optimize adoptive T-cell therapies of cancer.

Key words:
progenitor, in vitro cDC1-like cell generation, tumor antigen-specific CD8+ T-cells, 
immunotherapy
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Introduction
Classical dendritic cells (DC) are antigen presenting cells that function as sentinels of the 
immune system1. They patrol peripheral tissues, where they phagocytose cell debris and 
sense signals of infection or danger through pattern recognition receptors (PRR)2. They 
travel to lymph nodes, where they can induce T-cell tolerance or immunity, depending on 
their activation state. The DC lineage encompasses plasmacytoid (p)DC and classical (c)
DC3,4 subsets, of which the latter is subdivided into cDC1 and cDC25. DC develop under 
homeostatic conditions in the bone marrow (BM) from hematopoietic progenitor cells 
(HPC), wherein fms-related receptor tyrosine kinase 3 (FLT3) is a key driver cytokine6. 
These DC lineages are distinct from monocyte-derived DC (moDC), which are generated 
under inflammatory conditions3,7,8. The development of DC subsets is linked to distinct 
transcription factor (TF) networks, such as ZEB2 for pDC, IRF8 and BATF3 for cDC1, 
and IRF4 for cDC2 and moDC4,9,10. Additionally, these DC lineages can be distinguished 
by their key surface markers, including CD123 and CD303 for pDC, CD141, XCR1 and 
CLEC9A for cDC1, CD1c and SIRPRα for cDC2, and CD14 and CD1a for moDC4,11. 

Among the DC lineages, cDC have the unique ability to transport antigens from 
peripheral tissues to draining lymph nodes (dLN) to initiate T-cell activation12,13. 
Specifically, cDC1 excel in cross-presentation of phagocytosed cell-associated antigens 
in MHC class I to activate CD8+ T-cells14. Recent data indicate that in tumor settings, 
cDC1 can also maintain a reservoir of primed, stem-like CD8+ T-cells in the tumor (t)
dLN15 and shape T-cell states in the tumor microenvironment (TME)16–19. The cDC1 
subset is also unique in its ability to respond to antigen-specific CD4+ T-cell help, a 
process known as DC licensing, that augments survival, maturation, migration and 
antigen presentation abilities of the cDC119,20. In mouse and human tumor settings, it 
has been shown that helped/licensed cDC1 in turn promote clonal expansion, effector- 
and memory differentiation of CD8+ T-cells both in tdLN21–24 and the TME19. By these 
mechanisms, cDC1 play a pivotal role in cytotoxic T-lymphocyte (CTL) mediated anti-
tumor immunity22,25–27 and are highly attractive targets or tools in cancer immunotherapy. 

Immune checkpoint blockade (ICB), primarily PD-(L)1 blockade, has shown 
clinical benefit, but only in cancer types that spontaneously become infiltrated with 
tumor-specific CTL28–31. Particularly for cancer types that are immunosuppressive or 
not immunogenic, adoptive T-cell transfer therapy (ACT) is a promising avenue, for 
which tumor-infiltrating lymphocytes (TIL)32 can be used, or T cells genetically endowed 
with tumor-specific antigen receptors33. Identification of tumor-reactive T-cells, their 
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antigenic specificities and cognate T cell antigen receptor (TCR) have led to next-
generation therapeutic T-cell engineering. Fluorescent34 or metal-labeled35 multimers 
of Major Histocompatibility Complex (MHC) class I molecules, loaded with tumor 
antigen-derived peptides are used to identify tumor-specific CD8+ T-cells among TIL. 
Additionally, tumor-specific CTL are identified based on phenotypic markers, such as 
PD-136 or CD3935, or production of effector cytokines such as IFNγ37. TILs represent 
an enriched source of tumor-reactive T-cells, but this material is not readily available 
for all patients. Alternatively, circulating T-cells represent another source for tumor-
reactive T-cell identification, but their low frequency is an obstacle38–40. Therefore, there 
is a need for more sensitive methods to identify tumor-specific T-cells in peripheral 
blood. Moreover, patients may develop resistance to ACT, due to limitations in antigen 
recognition or functional activity41–43. Therefore, it is important to develop strategies to 
enhance the anti-tumor effector function of engineered T-cells. In both identification of 
tumor-specific CD8+ T cells and the optimization of their function, cDC1 can play an 
important role.

The frequency of cDC1 in human blood is only 0.02%19, with significant 
interindividual variations, which makes it difficult to harvest them for clinical use. This 
problem can potentially be solved by generating cDC1-like cells from HPC in vitro, 
provided that the key drivers of their differentiation trajectory are known. Apart from 
Flt3 signaling, delta-like ligand 1 (DLL1)-mediated Notch signaling was recently 
discovered as driver of murine44 and human45 cDC1 development from progenitor cells. 
This finding has created a new opportunity to make cDC1-like cells in vitro, but the cell 
yields were still suboptimal. Although in vitro-generated cDC1-like cells do express key 
cell surface markers of ex vivo cDC1, such as XCR1 and CLEC9A, they are also reported 
to express other markers, such as CD1c, which contrasts with their blood counterparts45. 
In these novel protocols44,45, the hematopoietic progenitors were isolated from either BM, 
cord blood or mobilized adult blood, which are challenging sources in case of cancer 
patients. We here report a modified method to generate cDC1-like cells in high-yield 
from CD34+c-Kit+ HPC derived from non-mobilized adult blood. These cells share 
key phenotypic and functional traits with primary, ex vivo cDC1. Most importantly, we 
demonstrate their ability to relay help that optimizes tumor-specific CTL priming and 
enables the sensitive detection of very low frequency tumor antigen-specific CD8+ T 
cells in healthy human blood. 
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Results
In vitro generation of human cDC1-like cells from adult blood-derived 
progenitors
The currently most effective protocol to generate human cDC1-like cells uses as cell of 
origin HPC from BM or cord blood45. We explored the use of HPC from non-mobilized 
adult blood, as this would be applicable to cancer patients. To establish the protocol, 
CD34+c-Kit+ progenitor cells were isolated from peripheral blood mononuclear cells 
(PBMC) of healthy donors (Fig. S1A, Fig. 1A). From 100 million PBMC, on average 
about 15000 progenitors could be isolated (Fig. 1B). The sorted progenitors were cultured 
on mesenchymal stem cells (MSC)46,47 in the presence of FLT3L, stem cell factor (SCF), 
thrombopoietin (TPO), macrophage colony-stimulating factor (M-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF) and interleukin-7 (IL-7). The cytokine 
cocktail for DC expansion and differentiation was based on published work46 and our 
own previous work48. We cultured the progenitor cells on a layer of OP9 cells expressing 
human (h)DLL1 to engage Notch signaling as described45,46. In our modified protocol, 
we also used MSC in the feeder layer in a 1:1 ratio (Fig. S1B, Fig. 1C). MSC are stromal 
cells that are a key part of the BM microenvironment46. They provide growth factors 
that support HPC expansion and differentiation, including SCF, Flt3L and GM-CSF47 
and we found earlier a beneficial role of MSC in generating DC from HPC48. At the 
end of the 14-day culture, cDC1 were phenotypically identified by flow cytometry (Fig. 
S1C). Cells expanded about 100-fold during the culture process (Fig. 1D and E). About 
60% of the live cell yield consisted of CD3-CD19-HLA-DR+CD88- DC (Fig. S1C and 
D). CD88 was used for gating out moDC. CLEC9A, IRF8, XCR1, CD141, and CD226 
were used to identify cDC1-like cells, while CD14 and SIRPa were used for cDC2-
like cell identification. Within the DC progeny, we defined cDC1-like cells as a HLA-
DR+ CD11c+CLEC9A+IRF8+ population with variable expression of XCR1, CD141 and 
CD226 and low or no expression of surface markers defining cDC2, pDC and moDC, 
including CD14 and SIRPa (Fig. 1F and G; Fig. S1E). Overall, DC progeny comprised 
approximately 60~70% cDC1-like cells, and one progenitor could generate ~45 cDC1-
like cells (Fig. 1H). This was ~5 to 7 times higher than previously published protocols45,49. 
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Fig. 1 Generating human cDC1-like cells from non-mobilized blood-derived progenitors in 
vitro. CD34+c-Kit+ progenitor cells were isolated from PBMC by flow cytometric sorting, then 
cultured with a cytokine cocktail for 14-21 days. Mesenchymal stromal cells (MSC) and OP9 
expressing human delta-like ligand 1 (hDLL1) were used as feeder cells. (A) Gating strategy for 
progenitor cell isolation from PBMC. (B) Frequencies (%) of progenitor cells in live cells and 
absolute numbers (#) of progenitor cells isolated per 100x106 PBMC. (C) Schematic illustration of 
in vitro progenitor-derived DC differentiation. (D) Microscopic pictures depicting the growth of 
progenitor-derived DC. (E) # of progenitor cells on day 1 and progeny cells on day 14, and the fold 
change of progeny versus progenitor cells. (F) Op-tSNE plot of 10 clusters identified within HLA-
DR+CD88- population. Red line indicates clusters (C1, 3, 6, 9) of cDC1-like cells. (G) Heatmap 
of median expression values of key phenotypic markers identifying cDC1. (H) % of cDC1-like 
cells in HLA-DR+CD88- DC progeny and # of cDC1-like cells derived from a single progenitor 
cell. Data are pooled from eight (n=8) independent donors in B and E; data are pooled from three 
independent donors (n=3) in H. Data are shown as means ± standard error of mean (SEM).
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Progenitor-derived DC respond to activated CD4+ T-cells
We have previously demonstrated that ex vivo human cDC1 exhibit a unique response 
to activated CD4+ T-cells, upregulating multiple pathways that are important for antigen 
cross-presentation and T-cell priming19. This setting mimics CD4+ T-cell help as it occurs 
in vivo, where the CD4+ T-cell recognizes antigen on the cDC1. In our system, we mimic 
this event by activating the CD4+ T-cell with agonistic monoclonal antibody to CD3. To 
test whether our progenitor-derived DC resembled ex vivo cDC1 in this aspect, we assessed 
the response of progenitor-derived DC to activated versus naïve CD4+ T-cells (Fig. 2A). 
Upon stimulation with activated CD4+ T-cells, progenitor-derived DC, identified as a 
CD3-HLA-DR+ population, significantly increased the expression of costimulatory/
coinhibitory molecules CD40, CD70, CD80, CD83, CD86 and PD-L1 (Fig. 2C and D), 
chemokine receptor CCR7 and chemokines CXCL9/10, antigen presentation pathway 
components including the transporter associated with antigen presentation (TAP1/2), β2-
microglobulin(M), HLA-A/B/C and MHC class II molecules HLA-DR (Fig. 2E and 
F). These are the molecules that we previously found to be upregulated on primary ex 
vivo cDC1 from human blood after co-culture with activated CD4+ T cells19 and that 
are part of the in vivo cDC1 licensing program in human and mouse19,50. Additionally, 
progenitor-derived DC also responded to pattern recognition receptor (PRR) stimuli. 
Activated CD4+ T-cells and PRR stimuli partially induced similar changes in expression 
of abovementioned molecules in progenitor-derived DC (Fig. S2). However, “helped” 
DC had higher expression of chemokines CXCL9/10 and components of the MHC 
class I antigen presentation pathway (Fig. S2). Hence, progenitor-derived DC similarly 
responded to activated CD4+ T-cells and PRR stimuli as their ex vivo cDC1 counterpart19.
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Fig. 2. Response of in vitro progenitor-derived DC to activated CD4+ T-cells. Total progenitor-
derived DC were co-cultured with activated (a)- or naïve (n)CD4+ T-cells overnight. Next, key 
molecules of the cDC1 “help” signature were analyzed by flow cytometry19. (A) Illustration of 
the experimental design. (B) Gating strategy for flow cytometric analysis of progenitor-derived 
DC after co-culture. (C-F) Histograms (C and E) and geometric mean fluorescence index (gMFI) 
quantifications (D and F) for indicated markers expressed by progenitor-derived DC under 
indicated conditions. Data are pooled from three (n=3) independent donors in D and F, and are 
shown as means ± SEM. p<0.05*, p<0.01**, p<0.001*** (two-sided unpaired Student’s t-test).

Progenitor-derived DC can relay CD4+ T-cell help for priming of 
tumor-specific CTL
CD4+ T-cell help endows the cDC1 with the optimal abilities to prime tumor-specific 
CTLs19,22. Therefore, we investigated the capability of progenitor-derived DC to relay 
CD4+ T-cell help for CD8+ T-cell (cross)priming in our in vitro CTL priming platform19. For 
this purpose, CD8+ T-cells from peripheral blood are transduced to express a T-cell receptor 
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(TCR) specific for MART-126-35 peptide in the context of HLA-A2. This allows them to act 
as responder cells in the assay. HPC are isolated from HLA-A2+ donors and progenitor-
derived DC are generated from them. These DC are first cultured with either naïve or 
activated CD4+ T-cells before antigen loading. Next, the DC are loaded with either MART-
126-35 short peptide (SP), or MART-115-40 long peptide (LP), or MART-1 expressing dead 
melanoma 52619 (Mel526) cell debris were used as antigen source. These antigen sources 
require no processing and direct presentation in the case of short peptide and limited or 
extensive processing and cross-presentation in the other two cases. During antigen loading, 
DC are additionally activated with a mixture of PRR stimuli (poly I:C, LPS and R848). 
Cell Trace Violet (CTV) labeled CD8+ T-cells are added into the co-culture 12 h after 
antigen loading (Fig. 3A). This platform can reliably report the ability of DC to prime 
T-cells, based on CTV dilution and Granzyme B production in TCR-transduced CD8+ 
T-cells (Fig. S3A). In the SP setting, progenitor-derived DC induced robust MART-126-35 

-specific CD8+ T-cell responses both in terms of proliferation (Fig. 3B) and Granzyme 
B induction (Fig. 3C), irrespective of the presence of CD4+ T-cell help. Nonetheless, a 
slight but significant enhancement in CTL priming was observed when activated CD4+ 
T-cells were present (Fig. 3B and C). In the cross-presentation setting with MART-115-

40 long peptide, CTL responses were much more significantly increased when DC were 
“helped” by activated CD4+ T-cells (Fig. 3D and E). In the cross-presentation setting with 
Mel526 cell debris, progenitor-derived DC were able to phagocytose GFP+ melanoma 
cell debris, as indicated by co-expression of GFP, CD45 and CD11c assessed by imaging 
flow cytometry (Fig. S3B-D). Only DC co-cultured with activated CD4+ T-cells (“helped” 
DC) induced MART-126-35 -specific CD8+ T-cell proliferation (Fig. 3F) and Granzyme B 
production (Fig. 3G), whereas DC co-cultured with naïve CD4+ T-cells (“non-helped” DC) 
failed to do so (Fig. 3F and G). Interestingly, proliferation was also observed in HLA-A2/
MART-126-35 tetramer-negative CD8+ T-cells, indicating progenitor-derived DC are capable 
to prime CD8+ T-cells specific for tumor antigens, other than MART-126-35 antigen (Fig. 3F). 
In addition, phagocytosis of GFP+ melanoma cell debris was observed by co-expression of 
GFP, CD45 and CD11c using imaging flow cytometry (Fig. S3B-D). Hence, similar to ex 
vivo cDC119, progenitor-derived DC responded to CD4+ T-cell help by optimizing their 
CTL (cross)priming ability.
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Fig. 3 Progenitor-derived DC has the ability to relay CD4+ T-cell help for CTL responses. 
(A) Scheme of the tumor antigen-specific CTL priming system. On day 1, ~5,000 total progenitor-
derived DC from HLA-A2+ healthy donors were incubated with equal numbers of activated (a)- or 
naïve (n)CD4+ T-cells, loaded with MART-1 peptide antigens or dead MART-1+ melanoma cell 
debris and a mixture of PRR stimuli. On day 2, ~50,000 CD8+ T-cells that had been transduced 
to express the MART-126-35/HLA-A2-specific TCR with TSCM phenotype19 were added. The T-cell 
response was read out at day 6 or 7 after co-culture. (B, D, F) CD8+ T-cell proliferation to (B) 
MART-126-35 short peptide (SP), (D) MART-115-40 long peptide (LP) or (F) dead Mel526 cell debris 
based on CTV dilution. Upper panel, primary flow cytometric data. Lower panel, frequency 
(%) of MART-126-35/HLA-A2-specific (tet+) cells within CTV(-) CD8+ T-cells, and their absolute, 
live cell number (#). (C, E, G) CTL response to (C) MART-126-35 SP, (E) MART-115-40 LP or (G) 
dead Mel526 cell debris based on intracellular Granzyme B staining. Upper panel, primary flow 
cytometric data. Lower panel, frequency of Granzyme B+ cells among CD8+ T-cells, and their 
absolute, live cell number. Data are pooled from four (n=4) independent experiments, are shown 
as means ± SEM. p<0.05*, p<0.01**, p<0.001*** (two-sided unpaired Student’s t-test).
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Improved detection of tumor antigen-specific CD8+ T-cells in healthy 
donor blood with “helped” progenitor-derived DC
We next investigated whether we could use the CTL priming platform with progenitor-
derived DC to detect CD8+ T-cells specific for tumor antigens in peripheral blood of 
healthy donors. We explored T-cell specificity for four HLA-A2-restricted melanoma-
derived antigens, including tumor-associated antigens (TAA) and mutation-derived 
neoantigens (Fig. 4SA), as proof of principle. DC and T-cells from the same HLA-A2+ 
healthy donors were used in the CTL priming platform, debris of dead Mel526 cells 
expressing both MART-126-35 and CDK423-32 was used as antigen source (Fig. 4A). After 
6 days of co-culture, CD8+ T-cells against specific epitopes were detected using peptide/
MHC-I tetramers in combination with T-cell activation markers (Fig. S4A and B). 
HLA-A2/MART-126-35 and HLA-A2/CDK423-32 tetramers conjugated with two different 
fluorochromes were used to increase the specificity. In the “no help” setting with naïve 
CD4+ T-cells, we detected CD8+ T-cells specific for HLA-A2/MART-126-35 in our assay 
with progenitor-derived DC, in a frequency of 0.14%±0.03% (Fig. 4B and C). In the “help” 
setting with activated CD4+ T-cells, significantly more HLA-A2/MART-126-35 tet+CD8+ 
T-cells were detected, in a frequency of 0.42%±0.04% (Fig. 4B and C). Similar results 
were obtained for CD8+ T-cells specific for HLA-A2/CDK423-32. Detection of HLA-A2/
CDK423-32 tet+CD8+ T-cells had a five-fold increase in the “help” setting (0.25%±0.03%) 
compared to the “no help” setting (0.05%±0.01%) (Fig. 4H and I). Correspondingly, the 
absolute cell numbers of HLA-A2/MART-126-35- or HLA-A2/CDK423-32 tet+CD8+ T-cells 
was significantly higher in the “help” setting (Fig. 4C and I). Importantly, CTL effector 
differentiation of tumor antigen-specific CD8+ T-cells was increased in the “help” setting, 
according to increased CD45RO and Granzyme B expression (Fig. 4D, E, J and K). 
These results were further validated by the quantifications of both frequencies and cell 
numbers of CD45RO+CTV(-)tet+ T-cells (Fig. 4F, G, L and M). We also detected more 
total and proliferative CD8+ T-cells specific for HLA-A2/gp100280-288 and HLA-A2/
MAGE3271-279 in the “help” setting (Fig. S4C-F). Overall, these results indicate that the 
in vitro platform using CD4+ T-cell “help” relayed via progenitor-derived DC can be used 
to increase detection of primary tumor-specific CD8+ T-cells in peripheral blood. This 
platform can be created using autologous HPC, CD4+ T-cell and CD8+ T-cells from blood 
of adult healthy donors or cancer patients.



214

Chapter 5



215

Progenitor-derived “helped” cDC1 can optimize adoptive T-cell cancer therapies

5

Fig. 4 Detection of tumor antigen-specific CD8+ T-cells in healthy donor blood with “helped” 
progenitor-derived DC. Per assay, ~50,000 CD8+ T-cells sorted from PBMC were co-cultured 
with ~5,000 progenitor-derived DC loaded with dead Mel526 cell debris in presence of ~5,000 
activated (a)- or naïve (n)CD4+ T-cells. Tumor antigen-reactive CD8+ T-cells were detected 
using peptide/MHC-I tetramers and T-cell activation markers. (A) Experimental design. (B) 
Flow cytometric plots depict CD8+ T-cells specific for HLA-A2/MART-126-35. (C) Frequency 
(%) of MART-126-35-specific cells within total CD8+ T-cells, and total number (#) of MART-126-35-
specific CD8+ T-cells. (D and E) Histogram (D) and gMFI quantifications (E) for CD45RO and 
Granzyme B expressed by MART-126-35-specific CD8+ T-cells under indicated conditions. (F) Flow 
cytometric plots depict the MART-126-35-specific CD45RO+CTV(-)CD8+ T-cells. (G) Frequency of 
CD45RO+CTV(-) cells within MART-126-35-specific CD8+ T-cells and their absolute number (#). 
(H) Flow cytometric plots depict CD8+ T-cells specific for HLA-A2/CDK423-32. (I) Frequency of 
CDK423-32-specific cells within CD8+ T-cells, and their absolute number (#). (J and K) Histogram 
(J) and gMFI quantifications (K) for CD45RO and Granzyme B expressed by CDK423-32-specific 
CD8+ T-cells under indicated conditions. (L) Flow cytometric plots depict the CDK423-32-specific 
CD45RO+CTV(-)CD8+ T-cells. (M) Frequency of CD45RO+CTV(-) cells within CDK423-32-specific 
CD8+ T-cells, and their absolute, live cell number (#) per 100,000 total CD8+ T-cells. Data are 
pooled from six (n=6 in C, I), and three (n=3 in E, G, K, M) independent donors, and are shown 
as means ± SEM. P<0.05*, p<0.01**, p<0.001*** (two-sided paired student t test). 

Improved generation of tumor-specific CTL from blood-derived CD8+ 
T-cells with “helped” progenitor-derived DC
We next tested whether the CD4+ T-cell help platform with progenitor-derived DC could 
be used to expand and differentiate autologous tumor-reactive CTL from CD8+ T-cells 
in peripheral blood, without knowing their antigen-specificity. We used, as before, dead 
Mel562 cell debris as tumor antigen source and total polyclonal CD8+ T-cells from healthy 
adult donor blood as responder cells (Fig. 5A). Similar to what we observed using MART-1-
specific CD8+ T-cells, DC that had been co-cultured with activated CD4+ T-cells (“helped”) 
were more effective than DC co-cultured with naïve CD4+ T-cells (“non-helped”) in 
inducing CD8+ T-cell priming, both in terms of proliferation (Fig. 5B and C, Fig. S5A and 
B) and CTL effector differentiation, as indicated by Granzyme B and IFNγ production (Fig. 
5D-G, Figure S5B). We tested the killing capacity of the CD8+ T-cells that had been primed 
by DC for 6 days with the IncuCyte platform, which monitors in real-time live/dead cells 
in captured images and measures target cell killing based on Caspase-3/7 activity. After 
24 h of imaging, cells in suspension were analyzed by flow cytometry and Mel526 cells 
adhering to the culture dish were fixed and stained (Fig. 5H, Fig. S5C). Proliferating CTV(-)

CD8+ T-cells were considered as tumor-reactive in comparison to CTV+CD8+ T-cells. Total 
CD8+ T-cells from the no antigen control condition were used as a reference for responders 
(Fig. 5I). Granzyme B production and cell surface expression of granule exocytosis marker 
CD107α were increased in CTV(-)CD8+ T-cells that had been primed by “helped” DC as 
compared to “non-helped” DC (Fig. 5J). Correspondingly, CTV(-)CD8+ T-cells derived from 
the “helped” condition were more capable of killing Mel526 cells, indicated by numbers of 
total and dead Mel526 cells in the cell suspension (Fig. 5K and I), quantification of Caspase 
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3/7 activity (Fig. 5M), and confluence of the remaining Mel526 cells (Fig. 5N). In contrast, 
there was limited killing capacity in non-proliferative CTV+CD8+ T-cells irrespective of 
the presence or absence of “help” (Fig. S6). Overall, these results indicate that “helped” 
progenitor-derived DC can efficiently cross-prime tumor-specific and active CTL from a 
polyclonal repertoire of CD8+ T-cells in adult human blood.
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Fig. 5 Improved generation of tumor-specific CTL from blood-derived CD8+ T-cells with 
“helped” progenitor-derived DC. (A-G) ~50,000 CD8+ T-cells were sorted from PBMC and 
co-cultured with ~5,000 progenitor-derived DC loaded with dead Mel526 cell debris in presence 
of ~5,000 activated (a)- or naïve (n)CD4+ T-cells for 6 days, after which the CD8+ T-cell response 
was measured by flow cytometry. (A) Experimental design. (B) Flow cytometric plots depicting 
CD8+ T-cell proliferation based on CTV dilution. (C) Frequency of CTV(-) cells within total CD8+ 

T-cells, and absolute number (#) of live CTV(-)CD8+ T-cells. (D and F) Flow cytometric plots 
depicting the CTL response based on intracellular Granzyme B (D) and IFNγ (F) staining. (E) 
Frequency of Granzyme B+ cells within total CD8+ T-cells and their absolute, live cell numbers (#). 
(G) Frequency of IFNγ+ cells within total CD8+ T-cells and their absolute, live cell numbers (#). 
(H-N) Killing assay was performed using live proliferative (CTV negative) CD8+ T-cells purified 
from the CTL priming system and Mel526 tumor cells at effector/target (E/T) ratio of 4/1, and 
analyzed by IncuCyte during 24h. At the end of the assay, the cell suspension was pooled and 
analyzed by flow cytometry. Remaining Mel526 cells in each well were fixed and stained with 
crystal violet. (H) Experimental design. (I) Gating strategy for isolating CTV(-)CD8+ T-cells from 
the CTL priming system. Total live CD8+ T-cells from no antigen setting were used as reference. 
(J) Histograms and gMFI quantifications for Granzyme B and cell surface CD107α expressed by 
CD8+ T-cells after the killing assay. (K) Flow cytometric plots depicting total and dead Mel526 
cells in the cell suspension after the killing assay, as indicated by CD45(-)CD8(-) and IRdye+CD45(-)

CD8(-) populations under indicated conditions. (L) Total number (#) of tumor cells, frequency 
and number (#) of dead tumor cells in the cell suspension. (M) Caspase 3/7 activity in tumor 
cells during the killing assay under the indicated conditions. (N) Representative CCD microscopic 
images depicting remaining Mel526 cells in the plate at 24h post co-culture under indicated 
conditions. Data are pooled from eight (n=10 in C) and three (n=6 in E and G) independent donors, 
and are shown as means ± SEM. P<0.05*, p<0.01**, p<0.001*** (two-sided paired Student’s t test 
in C, E, G). Data are pooled from two (n=2 in J, L and N) independent donors, and are shown as 
means ± standard deviation (SD).

Discussion
We have established an in vitro culture protocol for the efficient generation of cDC1-like 
cells from HPC derived from adult, non-mobilized blood. The cDC1-like cells produced 
in vitro closely mimic their ex vivo cDC1 counterpart in terms of functionality. They 
exhibit the capacity to relay CD4+ T-cell “help”, leading to the effective induction of 
antigen-specific CTL responses from a polyclonal CD8+ T cell repertoire in peripheral 
blood of healthy donors. This protocol provides a robust tool for detecting antigen-specific 
CD8+ T-cells and qualitative improvement of CD8+ T-cell products for immunotherapy.

The key function of DC is to regulate antigen-specific T-cell responses, holding 
great promise as cellular vaccines for eliciting antigen-specific anti-tumor immune 
responses. Previous clinical trials have primarily using human moDC for this purpose 
and had unsatisfactory outcomes, which are attributed to poor homing capacity to LN51,52 
and limited ability to (cross)prime CD8+ T-cells19. In contrast, cDC1 migrate effectively 
from tissues to LN by upregulating chemokine receptor CCR7 upon antigen capture, 
and are specialized in (cross)presenting cell-associated antigens to CD8+ T-cells12,13. 
Therefore, cDC1 vaccination is highly attractive for immunotherapies. Our robust in 
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vitro DC culture protocol facilitates efficient generation of cDC1-like cells from blood-
derived non-mobilized CD34+c-Kit+ HPC. Blood is a more accessible source of HPC 
compared to BM or G-CSF-moblied blood, rendering our protocol more clinically 
available, particularly for cancer treatments. 

Our culture method to make cDC1-like cells from HPC differs from the method of 
Balan et al.45 primarily by presence of MSC in the feeder layer48, which provide growth 
factors for HPC expansion and differentiation47. The yield of cDC-like cells per HPC is 
5 times higher in our culture system. Since cDC1 frequency in blood is about 0.02%19, 
maximally 20,000 primary cDC1 can be isolated from 100x106 PBMC. This underscores 
the advantage of in vitro generation of cDC1-like cells from progenitors over using ex 
vivo cDC1. Further optimization of the culture method can likely be done by using MSC 
transduced with DLL1 and elimination of OP9 cells. For complete elimination of the 
feeder cells, we need to know the critical factors provided by MSC.

cDC1 play a critical role in priming anti-tumor CTL responses, but mouse tumor 
models have indicated an additional role for cDC2, likely for initial activation of CD4+ 

T helper cells21. Recent literature on viral infection suggests that crosstalk between DC 
subsets can significantly alter biological outcomes53. 21Thus, combined administration of 
cDC1 and cDC2 as cancer immunotherapy may be appealing. Notably, our culture system 
also generated cDC2-like cells, based on the expression of CD1c and SIRPα. As our 
current study exclusively focused on characterizing the functionality of bulk progenitor-
derived DC, it would be valuable to assess the individual potency of progenitor-derived 
cDC1- and cDC2-like cells, as well as their combination to orchestrate anti-tumor CTL 
responses. To achieve that, additional studies using mRNA sequencing may be needed 
to identify key cell surface markers to separate cDC1-like and cDC2-like cells generated 
in vitro. This is because the key markers used for identifying ex vivo DC subsets are less 
reliable for in vitro cultured cells45.

The recent breakthroughs in the understanding of anti-tumor immune responses 
have opened a new era in cancer treatment. In addition to immune checkpoint blockade, 
T cell-based cancer immunotherapy has reached the clinic, using T cells endowed with 
chimeric antigen receptors (CAR) directed at cell surface antigens. In addition, use of 
T cells endowed with tumor antigen-specific TCRs is a heavily explored approach. For 
this form of adoptive cell therapy (ACT), the identification of tumor antigen-specific T 
cells is essential. These T cells can be used as such, or their TCRs can be isolated and 
transferred to recipient T cells that are sued for therapy. Tumor infiltrating lymphocytes 
(TIL) are a source of tumor-but peripheral blood is explored as alternative source54,55. 



219

Progenitor-derived “helped” cDC1 can optimize adoptive T-cell cancer therapies

5

Yossef et al.38 have recently found that neoantigen-specific CD8+ T-cells in the circulation 
share markers with TIL, while lacking features of terminal dysfunction. Therefore, 
circulating tumor-reactive CD8+ T-cells may be leveraged for ACT, but their frequencies 
are generally very low38–40. At present, generally moDC are used to facilitate detection 
of tumor antigen-specific T-cells38, in combination with staining with peptide/MHC 
multimers56, and antibodies to effector cytokines57 and/or T-cell activation markers58,59. 
However, the sensitivity of detection is still suboptimal60. Our “helped” cDC1 platform 
using trumor cell debris as antigen offers an opportunity for sensitive detection of tumor 
antigen-specific CD8+ T cells in blood of healthy donor or cancer patients that can be 
used for isolation of TCRs, or, in the case of cancer patients, for autologous ACT. 

The TME is generally characterized by immune suppression, as mediated by specific 
cytokines, checkpoint receptors61 and suppressive cells62,63. Furthermore, tumor-specific 
T-cells tend to become functionally “exhausted” in the TME due to chronic antigen 
stimulation64,65. Therefore, ACT will benefit from availability of optimally functional CTL66. 
CD4+ T-cell help has been shown to improve CTL effector and memory differentiation in 
many aspects that are important for tumor elimination23,24. The presence of tumor-specific 
CD4+ T-cells was found to correlate with response to MHC class II-negative tumors67,68. 
These findings are in accordance with DC-mediated CD4+ T-cell help expanding and 
prolonging anti-tumor CTL responses68. We found that CD4+ T-cell help delivered via 
progenitor-derived DC in vitro promoted CTL effector quality on a per cell basis. This 
approach may therefore be considered to make a more optimal T cell product for ACT. 

To summarize, with the aid of our CTL priming platform, we demonstrate the ability 
of progenitor-derived DC to detect tumor antigen-specific T-cells in the blood of HLA-
matched healthy donors even with low mutation burden, as indicated by both peptide/
MHC tetramers and T-cell activation markers. Furthermore, we consistently observed 
an increase in the detection rate with the addition of DC-licensing via CD4+ T-cell help. 
Thus, the cell culture system described here has the potential to broaden the scope of 
identifying tumor-reactive T-cells in the circulation for engineered TCR-based cell 
therapies, and to improve the fitness of current ACT. As this is a proof-of-concept study, 
several aspects remain to be addressed. It will be important to test additional samples 
from healthy individuals and cancer patients and to employ more specific peptide/MHC 
multimers69 for further confirmation of the success rate of our approach in detecting 
tumor-reactive CD8+ T-cells in the circulation. It will also be of interest to investigate 
whether the tumor-reactive T-cells (cross)primed by “helped/licensed” DC in our system 
can sustain their effector functions in the in vivo setting. 
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Materials and methods
Human peripheral blood samples
Human PBMC of healthy donors were obtained in accordance with the Declaration of 
Helsinki and the Dutch rules with respect to the use of human materials from volunteer 
donors. Buffy coats from anonymized healthy donors (HD) were obtained after their 
written informed consent, as approved by Sanquin’s internal ethical board. PBMC 
were isolated from buffy coats using Ficoll-Paque Plus density gradient centrifugation 
(GE Healthcare) and cells were cryopreserved till further use. DC were isolated from 
HLA-A2+ donors, while CD4+ and CD8+ T-cells used in this study were used regardless 
of their HLA type and were not necessarily from the same donor.

Cell lines
The Mel526 cell line originates from the S.A. Rosenberg laboratory (National Institutes 
of Health, Bethesda, USA, RRID:CVCL_8051). The OP9 stromal cell line expressing 
human DLL1 (OP9-hDLL1) was generated by retrovirally transducing OP9 stromal 
cell line with hDLL1. The construct was provided by the V. Bigley lab from Newcastle 
University.

Fluorescence-activated cell sorting (FACS)
CD19+ cells were depleted from PBMC before sorting using CD19 magnetic MicroBeads 
(MACS), according to the manufacturer’s protocol. Staining was performed at 4°C for 
45 min in flow cytometry staining buffer (BD Biosciences). The following antibodies 
were used: from BioLegend: CD3 (clone OKT3), CD4 (clone OKT4), CD8 (clone SK1), 
CD19 (clone HIB19), CD25 (BC96), CD45RA (clone HI100), CD34 (clone 581 ), HLA-
DR (clone L243); from BD Biosciences: HLA-DR (clone G46-6); from eBiosciences: 
CD117/c-Kit (clone 104D2). Near-IR Dead Cell Stain Kit (Invitrogen), Zombie Red 
Fixable Viability Kit (BioLegend) or 7-amino-actinomycin D (7-AAD, eBioscience) 
were used to exclude dead cells. In order to prevent clump formation from dead cells, 
0.01% DNase (Invitrogen) was added before sorting. Cell sorting was performed on BD 
FACSAria III (BD Biosciences). 
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Flow cytometry
Cell surface staining: Staining was performed at 4°C for 30 min in flow cytometry staining 
buffer (BD Biosciences). The following antibodies were used: from BioLegend: CD1a 
(clone HL149), CD2 (clone RPA-2.10), CD3 (clone OKT3), CD19 (clone HIB19), CD11c 
(clone 3.9), CD14 (clone 63D3), CD40 (clone 5C3), CD70 (clone 113-16), CD80 (clone 
2D10), CD83 (clone HB15e), CD86 (clone IT2.2), CD107α (clone H4A3), CD123 (clone 
6H6, 1:30), CD141 (clone M80), CD163 (clone GHI/61), CD206 (clone 44972.00), CCR7 
(clone G043H7), CLEC9A (clone 8F9, dilution 1:75), HLA-A2 (clone BB7.2), HLA-ABC 
(clone W6/32), HLA-DR (clone L243), XCR1 (clone S15046E), Sirpα (clone 15-414), 
DLL1 (clone MHD1-314); from BD Biosciences: CD1c (clone F10/21A3), CD3 (clone 
UCHT1), CD5 (clone L17F12), CD45RO (clone UCHL1), CD88 (clone D53-1473), 
CD163 (clone GHI/61), CD303 (clone V24-785), CLEC9A (clone 3A4), DLL1 (clone 
MHD1-314); from Miltenyi Biotec: CD141 (clone REA674). APC/AF488-conjugated 
HLA-A2/MART-126-35 tetramers (dilution 1:30), APC/PE-conjugated HLA-A2/CDK423-32 

tetramers (dilution 1:30), APC-conjugated HLA-A2/gp100280-288 tetramer (dilution 1:30) 
and PE-conjugated HLA-A2/MAGE3271-279 tetramer ((dilution 1:30) were added together 
with cell surface staining antibodies. Near-IR Dead Cell Stain Kit (dilution 1:1000, 
Invitrogen), Zombie Red Fixable Viability Kit (dilution 1:800, BioLegend), Zombie UV 
Fixable Viability Kit (dilution 1:800, BioLegend) or 7-Aminoactinomycin D (dilution 
1:20, 7-AAD, eBiosciences) were used to discriminate between live and dead cells.

For intracellular staining, protein transport inhibitor (BD GolgiPlug) (1:1000) was 
added into the culture for 3 h before cells were harvested and analyzed by flow cytometry. 
After surface staining, cells were fixed and permeabilized using the BD Cytofix/
Cytoperm kit (BD Biosciences), according to the manufacturer’s protocol. Antibodies 
to the following molecules were used: from BioLegend: β2m (clone A17082A), CXCL9 
(clone J1015E10), CXCL10 (clone J034D6), Granzyme B (clone QA16A02), IFNγ 
(clone B27); from Bioss: rabbit anti-human TAP1 and TAP2 polyclonal antibodies 
(dilution 1:100); from Thermo Fisher Scientific: IRF8 (clone V3GYWCH, dilution 
1:75), goat anti-rabbit IgG(H+L) Alexa Fluor 488 (dilution 1:200) and goat anti-mouse 
IgG(H+L) Alexa Fluor 647 (dilution 1:300) secondary antibodies. Specific staining was 
confirmed by Fluorescence Minus One (FMO) control. Antibody stocks were diluted 
1:50 for use unless stated otherwise. Flow cytometry was performed using a BD LSR 
FortessaTM or Cytek Aurora spectral flow cytometer. Data were analysed using FlowJoTM 
software version 10.8.2 (BD Biosciences) or OMIQ software (Dotmatics).
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In vitro generation of blood progenitor-derived DC
At 24 h before progenitor isolation, MSC and OP9-hDLL1 were harvested using 0.05% 
trypsin (Sigma). MSC and OP9-hDLL1 were irradiated at 16Gy and 30Gy respectively 
before seeding as feeder cells in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) 
with 10% FBS, penicillin/streptomycin, β-mercaptoethanol in round-bottom 96-well 
plates (BD Falcon) at a density of 3000 cells/well. The ratio of MSC and OP9-hDLL1 
was 3:1. Blood Lin-CD34+c-Kit+ HPC were flow cytometrically sorted and seeded on the 
feeder cells at a density of 1000 cells/well in IMDM with 10% FBS at 5% CO2 and 37°C. 
To expand and differentiate progenitors into DC, cells were incubated with additional 
cytokines at the final concentration of 100 ng/ml human (h)FLT3L (Miltenyi Biotec), 
0.5 ng/ml hM-CSF (Miltenyi Biotec), 10 ng/ml hIL-7 (Miltenyi Biotec), 5 ng/ml hTPO 
(Miltenyi Biotec), 5 ng/ml hSCF (Miltenyi Biotec) and 1 ng/ml hGM-CSF (Miltenyi 
Biotec). Cells were cultured for 14 days before use in phenotyping or functional assays.

Tumor antigen-specific CTL priming platform 
This method was adapted from a protocol described in our previous publication19. CD8+ 
T-cells used in Figure 3 were retrovirally transduced with MART-126-35/HLA-A2-specific 
TCR according to a protocol described in our previous publication19. CD8+ T-cells used 
in Figure 4 and 5 were purified total CD8+ T-cells without TCR transduction. Briefly, 
sorted HLA-DR-CD3+CD8+ T-cells were cultured in RPMI-1640, supplemented with 
10% FBS, penicillin/streptomycin, β-mercaptoethanol, in the presence hIL-2, hIL-7 and 
hIL-15 (Miltenyi Biotec) each at 10 ng/ml for 10-14 days, then used in in vitro CTL 
priming experiments. For Figure 3, MART-126-35 short peptide (ELAGIGILTV, 500ng/
ml), MART-115-40 long peptide (KGHGHSYTTAEELAGIGILTV, 20 mg/ml) or dead 
Mel526 cell debris was used; For Figure 4 and 5, dead Mel526 cell debris was used. 
Mel526 cells were treated with 100 ng/ml tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL, Sigma) and 10 ng/ml Fas Ligand (FASL, AdipoGen) to induce 
apoptotic cell death. HLA-A2+ progenitor-derived DC were incubated with activated- or 
naïve CD4+ T-cells in 1 DC: 1 CD4+ T-cell ratio for 2 h in IMDM, supplemented with 1% 
FBS, after which tumor antigens were added. After 12-16 h, cell supernatant was washed 
away. Next, CD8+ T-cells were added into the culture in a ratio of 1 DC per 10 CD8+ 
T-cells and cultured for 6-7 days in RPMI-1640, supplemented with 10% FBS and 0.2 
ng/ml hIL-7/hIL-15. To trace proliferation, CD8+ T-cells were labeled with CTV before 
being added into the CTL priming assay. 50 ng/ml Phorbol 12-myristate 13-acetate 
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(PMA, Sigma), 1 mg/ml Ionomycin (InvivoGen) and Protein transport inhibitor (BD 
GolgiPlug, 1:1000) were added into the culture for 3 h before cells were harvested and 
analyzed by flow cytometry. 

IncuCyte T-cell killing assay
One day before the killing assay, live melanoma (Mel526) cells were plated in a 96-well 
flat bottom black wall plates (Greiner) at a density of 5,000 cells/well. Mel526 cells 
were passed through G21 needles (BD Biosciences) before plating to avoid aggregation. 
The following day, growth medium was removed and 100 ml IncuCyte® Caspase-3/7 
Green Apoptosis Reagent (20 mM, Sartorius) was added. Then CD8+ T-cells isolated 
from the tumor antigen-specific CTL priming platform using flow cytometric sorting 
were seeded in 100 ml medium into the appropriate wells at effector : target (E:T) ratio 
of 4:1. The assay plate was settled on a level surface at ambient temperature for 30 
min before being placed into the IncuCyte live-cell analysis system (IncuCyte ZOOM®, 
Sartorius). Plates were scanned every 2 h for 24 h. Afterwards, the cell suspension was 
collected and analyzed by flow cytometry, and remaining Mel526 cells were fixed by 4% 
PFA (Sigma), stained with crystal violet and imaged by charge-coupled device (CCD) 
microscope Zeiss Axio Imager Z1. IncuCyte data was analyzed with IncuCyte® S3 
Software (version 2018B).

Statistical analysis
Data, excluding those describing mRNA sequencing using public datasets and IncuCyte 
killing assay, were analyzed using GraphPad Prism (version 9.0). Student’s t test or 
one-Way ANOVA was used to determine significant differences between samples or 
groups. Data are represented as means ±SEM. P value < 0.05 was considered statistically 
significant.

Materials and data availability
This study did not generate new unique reagents. Software used to analyze sequencing 
data is publicly available. Other primary data and materials that support the findings of 
this study are available from the corresponding author upon reasonable request.
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Supplementary Information

Fig. S1 Generating human cDC1-like cells from non-mobilized blood-derived progenitors 
in vitro. (A) Gating strategy for progenitor cells isolation from PBMC. (B) Histogram depict 
the expression of hDLL1 by OP9 stromal cell line. (C) Gating strategy for progenitor-derived 
DC phenotype analysis. (D) Quantification of frequencies (%) of CD3-CD19-HLA-DR+CD88- DC 
progeny in live cells. (E) Op-tSNE plots depict expression of indicated markers on CD3-CD19-

HLA-DR+CD88- population.
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Fig. S2 Progenitor-derived DC are activated upon CD4+ T-cell and pattern recognition 
receptor ligand stimulation. Progenitor-derived DC were co-cultured with activated (a)CD4+ 
T-cells or a mixture of TLR3, -4, and -7/8 agonists overnight, as specified in our previous 
study19. Next, key molecules of the cDC1 “help” signature were analyzed by flow cytometry19. 
(A) Illustration of the experimental design. (B) Gating strategy for flow cytometric analysis 
of progenitor-derived DC after co-culture. (C-F) Histograms (C and E) and geometric mean 
fluorescent index (gMFI) quantifications (D and F) for indicated markers expressed by progenitor-
derived DC under indicated conditions. Data are pooled from three (n=3) independent donors in 
D and F, and are shown as means ± SEM. p<0.05*, p<0.01**, p<0.001*** (two-sided unpaired 
student t test).
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Fig. S3 Progenitor-derived DC has the ability to relay CD4+ T-cell help for CTL responses. 
(A) Gating strategies for detecting CD8+ T-cell responses in our in vitro cytotoxic T-cell priming 
system based on CTV dilution and intracellular Granzyme B staining. CD8+ T-cells had been 
transduced to express the HLA-A2/MART-126-35-specific TCR before being added to priming 
system. (B-D) Imaging flow cytometry was performed to analyze the phagocytotic capacity of 
progenitor-derived DC. (B) Gating strategy for analyzing phagocytotic capacity of progenitor-
derived DC response. (C) Representative brightfield and fluorescent images of CD11c+CD45+ 
progenitor-derived DC phagocytosing GFP+ melanoma cell debris. (D) Quantification of % of 
GFP+ cells in total live DC. Data are pooled from three (n=3) independent donors in D, and are 
shown as means ± SEM.
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Fig. S4 Progenitor-derived DC can detect tumor antigen-specific CD8+ T-cells in blood. CTV 
labeled CD8+ T-cells were co-cultured with progenitor-derived DC loaded with dead Mel526 
cell debris in presence of activated (a)- or naïve (n)CD4+ T-cells. Tumor antigen-specific CD8+ 
T-cells were detected using peptide/MHC-I tetramers. (A) Overview of the tetramers used in 
the experiment(s). (B) Gating strategy for detecting tumor antigen-specific CD8+ T-cells using 
tetramers. (C and E) Flow cytometric plots depict CD8+ T-cells specific for (C) HLA-A2/gp100280-

288 and (E) HLA-A2/MAGE3271-279. (D and F) Quantification % (D) gp100280-288-specific and (F) 
MAGE3271-279-specific population within CD8+ T-cells (left), and # of (D) gp100280-288-specific and 
(F) MAGE3271-279-specific CD8+ T-cells (right). Data are pooled from five (n=5) healthy donors and 
are shown as means ± SEM. p<0.05*, p<0.01**, p<0.001*** (two-sided unpaired student t test).
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Fig. S5 “Licensed/helped” progenitor-derived DC prime CTL that exhibit enhanced anti-
tumor function. CD8+ T-cells were sorted from PBMC and co-cultured with progenitor-derived 
DC loaded with dead Mel526 cell debris in presence of activated (a)- or naïve (n)CD4+ T-cells.
Then CD8+ T-cell response was measured at day 6 after co-culture by flow cytometry or subjected 
to killing assay. (A) Representative microscopic images depict CD8+ T-cells 6 days after co-
culture. (B) Gating strategies for detecting CD8+ T-cell responses in our in vitro cytotoxic T-cell 
priming system based on CTV dilution, and intracellular Granzyme B and IFNγ staining. (C) 
Gating strategies for cells in suspension collected at the end of killing assay.
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Fig. S6 Non-proliferative CTV+CD8+ T-cells have limited tumor cell killing capacity. CD8+ 
T-cells were sorted from PBMC and co-cultured with progenitor-derived DC loaded with dead 
Mel526 cell debris in presence of activated (a)- or naïve (n)CD4+ T-cells. Then, killing assay 
was performed using non-proliferative (CTV+) CD8+ T-cells purified from the priming system 
and Mel526 tumor cells at effector/target (E/T) ratio of 4/1, and analyzed by IncuCyte during 
24h. At the end of the assay, remaining Mel526 cells in each well from all conditions were fixed 
and stained with crystal violet. (A) Gating strategy for isolating CTV+CD8+ T-cells from the CTL 
priming system. CTV+CD8+ T-cells without encountering antigen were used as control. Purple, 
teal and grey boxes highlight isolated T-cell population. (B) Cleaved caspase 3/7 activity in tumor 
cells during killing assay under indicated conditions. (E) Representative CCD microscopic images 
depicting remaining Mel526 cells in the plate at 24h post co-culture under indicated conditions. 
Data are pooled from two (n=2) independent donors, are shown as means ± SD.
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