REVIEW
published: 11 December 2019
doi: 10.3389/fimmu.2019.02809

Understanding and Modulating
Immunity With Cell Reprogramming
Cristiana F. Pires 1,2,3 , Fábio F. Rosa 1,2,3 , Ilia Kurochkin 4 and Carlos-Filipe Pereira 1,2,3*
1

Cell Reprogramming in Hematopoiesis and Immunity Laboratory, Lund Stem Cell Center, Molecular Medicine and Gene
Therapy, Lund University, Lund, Sweden, 2 Wallenberg Center for Molecular Medicine, Lund University, Lund, Sweden,
3
Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal, 4 Center for Neurobiology and Brain
Restoration, Skolkovo Institute of Science and Technology, Moscow, Russia

Edited by:
Diana Dudziak,
University Hospital Erlangen, Germany
Reviewed by:
Kai Hildner,
University Hospital Erlangen, Germany
Veronika Lukacs-Kornek,
Saarland University, Germany
*Correspondence:
Carlos-Filipe Pereira
filipe.pereira@med.lu.se
Specialty section:
This article was submitted to
Antigen Presenting Cell Biology,
a section of the journal
Frontiers in Immunology
Received: 30 August 2019
Accepted: 15 November 2019
Published: 11 December 2019
Citation:
Pires CF, Rosa FF, Kurochkin I and
Pereira C-F (2019) Understanding and
Modulating Immunity With Cell
Reprogramming.
Front. Immunol. 10:2809.
doi: 10.3389/fimmu.2019.02809

Cell reprogramming concepts have been classically developed in the fields of
developmental and stem cell biology and are currently being explored for regenerative
medicine, given its potential to generate desired cell types for replacement therapy.
Cell fate can be experimentally reversed or modified by enforced expression of lineage
specific transcription factors leading to pluripotency or attainment of another somatic
cell type identity. The possibility to reprogram fibroblasts into induced dendritic cells
(DC) competent for antigen presentation creates a paradigm shift for understanding
and modulating the immune system with direct cell reprogramming. PU.1, IRF8, and
BATF3 were identified as sufficient and necessary to impose DC fate in unrelated
cell types, taking advantage of Clec9a, a C-type lectin receptor with restricted
expression in conventional DC type 1. The identification of such minimal gene regulatory
networks helps to elucidate the molecular mechanisms governing development and
lineage heterogeneity along the hematopoietic hierarchy. Furthermore, the generation
of patient-tailored reprogrammed immune cells provides new and exciting tools for the
expanding field of cancer immunotherapy. Here, we summarize cell reprogramming
concepts and experimental approaches, review current knowledge at the intersection
of cell reprogramming with hematopoiesis, and propose how cell fate engineering can
be merged to immunology, opening new opportunities to understand the immune system
in health and disease.
Keywords: cell fate reprogramming, transcription factor, hematopoiesis, dendritic cell, cancer immunotherapy,
antigen presentation, transdifferentiation, regenerative medicine

The immune system detects and eliminates invading pathogens, foreign particles, and tumor cells,
in order to maintain homeostasis and protect from disease. Manipulation of the immune system
has been explored since the eighteenth century with the discovery of the first vaccines to induce
protective responses against infections [reviewed by (1)]. More recently, the ability to re-educate the
patient’s own immune system to recognize and eliminate tumor cells—cancer immunotherapy—
has gained outstanding attention given the increased survival rates and long-lasting treatment
results. For instance, antibodies targeting the inhibitory receptors CTLA-4 and PD-1 on the
surface of T-cells unleash anti-tumor responses (2). The success of these immune checkpoint
inhibitors, awarded with the 2018 Nobel Prize in Physiology or Medicine, has paved the way to
the development of other immunotherapeutic strategies such as adoptive cell therapies. Chimeric
antigen receptor (CAR) T cell approaches, which rely on ex vivo genetic engineering of autologous T
cells, have also been recently approved for the treatment of hematologic malignancies (3). However,
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FIGURE 1 | Experimental approaches for cell fate reprogramming. Nuclear transfer, cell fusion, and enforced expression of defined factors have revealed the plasticity
of cell identity. Adult cell commitment can be experimentally reverted or modified by exposing a cell nucleus to unidentified or defined factors. In SCNT, a nucleus of an
adult cell is transferred into an enucleated metaphase-II oocyte. The somatic cell nucleus is reprogrammed to totipotency by the action of zygotic factors. Cell fate can
also be reverted or modified by cell fusion. Two cells are fused to generate a multinucleated heterokaryon, where nuclear factors shuttle across nuclei. Nuclear fusion
gives rise to a tetraploid hybrid cell that is able to proliferate. Cell fate conversion can be accomplished by defined factors, including cell type-specific transcription
factors, epigenetic modifiers, microRNAs and small molecules, acting in combination to impose pluripotency or alternative somatic cell identities.

reflected in the acquisition of new morphological, molecular, and
functional features (4). These changes entail complete reversion
of cell fate or modification of somatic cellular identity. Somatic
cells can be reprogrammed to pluripotency, acquiring selfrenewal and pluripotent features similar to embryonic stem cells
(ESCs) (5, 6). Alternatively, lineage reprogramming involves
conversion of specialized cells into a different somatic cell type
without transiting through pluripotency (7). This process can
occur directly (transdifferentiation or direct cell reprogramming)
or progressing through an intermediate progenitor state that
re-differentiates into different cell types.
Cell fate reprogramming can be achieved experimentally by
three approaches, nuclear transfer, cell fusion, and enforced
expression of transcription factors (Figure 1), bringing insights
into the definition and regulation of cell identity. For more
than a century, the theory of nuclear equivalence—specialized
cells of metazoans possess a gene pool identical to that in the
zygote nucleus—has been experimentally examined and debated
(8, 9). Demonstrations of somatic cell reprogramming (10) have
established that several types of differentiated cells indeed retain
flexible lineage potential [reviewed by (11, 12)].

these cell-based approaches are still far from reaching their
full potential due to limitations in obtaining sufficient cell
numbers, expanding and manipulating immune cells in vitro and
their functional compromised nature in some clinical settings.
Improving these approaches will be of crucial importance to
make cancer immunotherapy available and efficient for all
patients, and not just to the minority that currently responds.
Cell fate reprogramming approaches have been classically
developed to address questions of cell identity and epigenetic
memory in the fields of developmental and stem cell
biology. Given the potential to generate autologous cells
for transplantation, such as functional cardiomyocytes and
pancreatic β-cells, reprogramming is being explored for
regenerative medicine to replace lost or damaged cells and
tissues. The emergent ability to reprogram any human cell
into desired hematopoietic cell types opens avenues to the
discovery of new therapies for immune diseases. Here,
we summarize cell reprogramming approaches, focus on
the advances of reprogramming within the hematopoietic
system, and envision how classic stem cell biology tools
can be merged with immunology, generating new ideas for
immunotherapeutic interventions.

Somatic Cell Nuclear Transfer

CELL FATE REPROGRAMMING
CONCEPTS AND EXPERIMENTAL
APPROACHES

In somatic cell nuclear transfer (SCNT), the nucleus of a somatic
cell is transplanted into an enucleated oocyte (Figure 1). In
1962, Gurdon generated fertile adult frogs after transferring
nuclei from tadpole intestinal cells into irradiated oocytes (13).
These results challenged the dogmatic view of cell differentiation.
In vertebrates, differentiation of totipotent stem cells in the

Cell reprogramming refers to the ability to redefine the identity of
a cell by changing its epigenetic and transcriptional landscapes,
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malignant with non-cancerous cells, the malignant state was first
suppressed. However, it re-emerged after proliferation, excluding
the possibility of loss of oncogenes and rather validating the
existence of negative regulators. Interestingly, in cell fusion
experiments, the classic embryology principle of “phenotypic
exclusion” or “discreteness” (26) was also observed, as hybrid
cells display one or the other differentiated cell state, but not both
concomitantly (27).
Data supporting activation of silent genes was later observed
in heterokaryons of mouse muscle cells with human cells from
the different germ layers (28, 29). The stable non-proliferative
fusion product exhibited expression of human muscle genes,
showing that gene expression repressed in differentiated cells
could be reactivated by factors difused between nuclei. Different
stoichiometry of fused cells or gene dosage was observed to
influence reprogramming. Mixed species heterokaryons showing
reactivation of human erythroid and hepatocyte-specific genes
supported that the differentiated state of a somatic cell is highly
plastic and dependent on continuous regulation (30, 31).
Cell fusion experiments also shed light on the mechanisms
for imposing pluripotency in somatic cells. Tada and colleagues
have demonstrated that somatic cells could be reprogrammed to
pluripotency by generating hybrids with embryonic germ cells
and ESCs (32, 33). Seeking to identify the factors that reset
the genetic program of somatic cells, Do and Schöler reported
that only karyoplasts, but not cytoplasts of ESCs, activated
pluripotency genes upon cell fusion. This observation led to the
conclusion that reprogramming ability resides in the nucleus
(34). Experiments with mixed species heterokaryons contributed
to a better understanding of the first phases of reprogramming to
pluripotency. Reprogramming occurs fast and independently of
nuclei fusion, which allowed the identification of early regulators
of pluripotency, such as OCT4, Polycomb repressive complex
(PRC), and activation-induced cytidine deaminase (AID) (35–
37). More recently, hematopoietic stem and progenitor cells
(HSPCs) were also shown to reprogram somatic cells to a
progenitor phenotype upon cell fusion (38, 39).

early embryo gives rise to progressively committed progenitors
generating the constellation of highly specialized somatic cells
that constitute an entirely new organism. For long, this
process of cell specialization was considered an irreversible
process, occurring with loss or permanent silencing of genetic
information (8, 9).
Gurdon’s seminal experiments showed for the first time that
cell specialization involves changes in gene expression rather
than gene content. These results demonstrated that nuclei of
non-cycling and terminally differentiated cells contain the genes
required to specify the development of an entire organism, a
clone, upon reactivation by reprogramming. Later experiments
by Gurdon, DiBerardino, and Hoffner further supported this
conclusion by successfully cloning swimming tadpoles from adult
keratinized skin and erythroid cell nuclei (14, 15). It took more
than three decades for the first mammal to be cloned from an
adult cell, Dolly the sheep (16), which was then followed by
an array of different species. The unequivocal demonstration
that a terminally differentiated cell can be reprogrammed to
produce an adult cloned animal, and not due to a contaminating
stem cell population, was provided when mice were cloned from
terminally differentiated B and T cells carrying fully rearranged
immunoglobulin alleles in all tissues (17). Human nuclear
transfer-derived ESC lines have been generated from nuclei
isolated from fetal and adult fibroblasts (18, 19). These cell lines
can be used to generate desired cells (including hematopoietic
cells) in vitro by differentiation, bypassing difficulties in obtaining
ESC lines from human embryos (20). More recently, clones of
higher primates were successfully generated with nuclei from
macaque monkey’s fetal fibroblasts (21). SCNT was combined
with critical epigenetic modulation by injection of mRNA
encoding H3K9me3 demethylase Kdm4d at one-cell stage that
facilitates reactivation of pluripotency-associated genes.
Overall, SCNT has established the principle that the
mechanisms underlying lineage restriction and cell identity are
ultimately reversible, remarkably illustrated by the plasticity of
different cell fates generated throughout development. SCNT
has been explored as an alternative source of human ESCs for
regenerative medicine applications, but a broad application is still
hindered by the inefficiency of the process (22). In the future,
cloning technology combined with genome editing may be used
to generate improved disease models in non-human primates, to
better mimic human pathophysiology and evaluate the efficacy of
new immunotherapies (23).

Defined Factors
Nuclear transfer and cell fusion experiments revealed that the
nuclei of somatic cells can be reprogrammed to different cell
fates by trans-acting factors. Together, they have prompted
the identification of “nuclear” reprogramming factors. First
reports of plasticity of cell fate mediated by defined factors
(Figure 1) were made by Davis and colleagues: overexpression
of the transcription factor MyoD in mouse fibroblasts induced
conversion into the myogenic lineage (40). A sea change in the
stem cell field was set in motion by Takahashi and Yamanaka
with the identification of four transcription factors OCT4, SOX2,
KLF4, and MYC, sufficient to induce reprogramming of mouse
and human fibroblasts into pluripotency (5, 6). The resulting
induced pluripotent stem cells (iPSCs) display self-renewal
and pluripotency attributes similar to ESCs. These pioneering
experiments revealed that a minimal transcription factor
network is sufficient and necessary to erase the transcriptional
and epigenetic identity of somatic cells, resetting it to a
pluripotent state. It also demonstrated the stability of the

Cell Fusion
This experimental approach involves fusion of two or more cells
to generate a single transient cellular entity containing more
than one nucleus, termed heterokaryon (Figure 1). With time,
the nuclei will fuse, giving rise to tetraploid hybrids able to
proliferate. Early hybrid experiments uncovered the role of transacting repressors of gene expression, with the observation that
some functional properties, such as melanin synthesis, ceased
following fusion of different somatic cells (24). Silencing or
loss of repressors after cell fusion was also observed by Harris’
experiments providing the first indication of the existence of
tumor suppressor genes (25). In hybrid cells derived from fusing
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facilitating clinical application of reprogrammed cells (61, 62).
In some cases, pluripotency factors have also been combined
with lineage-specific factors to promote plasticity in early phases
of reprogramming (63). In such cases, the acquisition of a
plastic state may be mediated by transit through the pluripotent
state. This has been subsequently demonstrated (64, 65) and
therefore not included in this review as bona fide direct cell
reprogramming examples.
We propose here that in addition to its applications in
autologous cell generation, direct cell reprogramming is a
powerful discovery tool for understanding the underlying
principles for imposing a gene regulatory network de novo.
Conventional or conditional gene knock-out models have
provided extensive knowledge about the role of single
transcription factors at specific developmental points but
little information of functional orchestration of cell identity
by combinatorial action of transcription regulators. Moreover,
compensation from closely related transcription factors
often offer difficulties in drawing conclusions on the role of
transcription factors through loss-of-function studies. On
the other hand, knock-out experiments also provide useful
information to guide the identification of candidate transcription
factors able to instruct a specific lineage by reprogramming.
However, this is not a universal feature for all instructive factors.
For instance, HSPC specification is not severely impaired in
mice lacking the AP1 transcription factor FOS (66, 67), but
combinatorial overexpression of GATA2, GFI1B, and FOS is
sufficient and necessary to induce a hemogenic program (68, 69).
Thus, it can be incredibly valuable to apply a “learning by
creating” based reprogramming approach. Indeed, interest has
built to predict and identify such unique factors to induce every
cell type in the organism (4, 70–72). Direct reprogramming
distinguishes the instructive transcription factors (from all
possible molecular switches impacting a specific cell lineage) that
act in combination to initiate the cascade of events required to
remodel and specify cell identity.
By bypassing pluripotency, direct cell reprogramming
approaches offer an attractive alternative to generate adult
somatic cells for transplantation. In contrast to the induction
of pluripotency that requires activation of cell cycle progression
(73), direct conversions toward mature states have been shown
to occur without cell proliferation (74) and, in most cases, give
rise to post-mitotic cells. Thus, in order to obtain sufficient
number of cells for transplantation, expansion of the initial pool
of somatic cells is necessary. Alternatively, strategies that give rise
to multipotent stem cell populations have also been described
and might enable large-scale use (68, 75–77). An extension of
the direct cell reprogramming approach is to induce cell fate
conversions in vivo. Conversions of cardiac fibroblasts into
cardiomyocytes (78, 79) or astrocytes into neurons within the in
vivo microenvironment have been reported (80), suggesting a
potential application for heart or brain repair by reprogramming
in situ.
In the hematopoietic system, several lineage reprogramming
approaches have been reported, towards mature and progenitor
cells with regenerative potential. We propose that lineage
reprogramming can be expanded to generate the diversity of

reprogrammed cell state imposed by a small combination
of transcription factors. Since then, several studies focused
on elucidating the molecular mechanisms underlying the
reprogramming process (41) as well as on increasing its
efficiency by reprogramming different somatic cells, employing
multiple combinations of factors and delivery methods
[reviewed by (42, 43)]. Epigenetic modifiers, microRNAs, and
small molecules have also been implicated in promoting the
efficiency of reprogramming or by substituting at least partially
transcription factor combinations [(44, 45) and reviewed
by (46)].
Additionally, generation of human patient and diseasespecific iPSCs circumvented ethical concerns associated with
the use of human embryos. iPSCs derived from patients with
neuromuscular and cardiac disorders generated somatic
cells after differentiation that recapitulated phenotypic
traits associated with the disease (47, 48). After these initial
demonstrations, disease-specific iPSC-based models have
been established and used to uncover molecular mechanisms
associated with pathologic conditions as well as screening of
new drugs and therapies (49). iPSC-derived cells have been
also recently used to model cancer. Osteoblasts differentiated
from iPSCs obtained from patients with Li–Fraumeni syndrome
bearing germline p53 mutations recapitulated osteosarcoma
features including tumorigenic ability upon subcutaneous
injection in immunodeficient animals (50). More recently,
iPSC-derived hematopoietic cells have also been used to model
hematologic malignancies, providing insights into the clonal
progression of acute myeloid leukemia and a platform to
test stage-specific genetic and pharmacological interventions
(51, 52). However, modeling of hematological disorders remains
very challenging as protocols to differentiate hematopoietic cells
from iPSCs fail to specify fully functional HSPCs and definitive
hematopoiesis. In contrast, since microglia is thought to be
originated from the primitive hematopoietic wave, iPSC-derived
microglia cells have been generated as a model for neurological
disorders (53, 54). iPSC technology has also been explored to
generate mature somatic cells for regenerative medicine. Less
than 10 years after the initial discovery, human iPSC-derived
retinal cells were, for the first time, tested in clinical setting (55),
followed by a panoply of other cell types currently being assayed
for cardiac diseases, spinal atrophies, and others (56).
Direct cell reprogramming has also been achieved with
defined factors. A diversity of somatic cell types including
lineage-restricted progenitors and mature cells, such as neurons,
cardiomyocytes, and hepatocytes, have been generated upon
overexpression of lineage-specific transcription factors in other
somatic cells [reviewed by (7)). Similarly to iPSC reprogramming,
epigenetic regulators have been included in direct conversions,
either by coordination with lineage-specific transcription factors
(57) or by facilitating surpassing the epigenetic barriers that
limit reprogramming (58). MicroRNAs improve the efficiency
of the process or replace the combination of factors, even
though not attaining the acquisition of fully functional features
observed with transcription factors (59, 60). Small moleculedriven strategies have also been reported to increase the efficiency
of conversion or to reduce the requirement for exogenous factors,
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FIGURE 2 | Programming hematopoietic cell fates with transcription factors. Overview of reprogramming approaches in the hematopoietic system, with transcription
factors classified as keepers, facilitators, and instructors. Keepers are factors that maintain cell fate and repress alternative lineages, as determined by gene knockout
experiments, and are depicted by red loop arrows. Transcription factor facilitators of lineage reprogramming within the hematopoietic system, as determined through
enforced expression experiments, are indicated by green lines showing the lineage of origin (solid circle), direction of reprogramming (green arrows), and lineage
outcome (open circle). Blue boxes depict combinatorial expression of instructive transcription factors leading to reprogramming of non-hematopoietic cells into
hematopoietic cells. Instructive factors reported in multiple studies are highlighted on top. Abbreviations: HE, hemogenic endothelium; HSPC, hematopoietic stem and
progenitor cell; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; Mk, megakaryocyte; Er, erythrocyte; Gr, granulocyte; Mo, monocyte; M8,
macrophage; cDC2, conventional dendritic cell type 2; cDC1, conventional dendritic cell type 1; pDC, plasmacytoid dendritic cell; NK, natural killer; ILC, innate
lymphoid cell.

the greatest diversity of lineages and cell fates a somatic stem
cell can generate, including non-immune and all innate and
adaptive immune cells (Figure 2). Phenotypic classification of
hematopoietic cells performed by multicolor flow cytometry
allows for prospective isolation of committed progenitors, which
in combination with in vitro differentiation and transplantation
systems have contributed to the definition of blood lineages
(82). Recently, single-cell gene expression analysis and clonal
fate tracing in vivo has made it possible to distinguish between
hundreds of transcriptionally different cell types within the
hematopoietic system (83). By combining these approaches, it

innate and adaptive immune cells, opening new and exciting
avenues for the field of immunotherapy.

DEFINED FACTOR-MEDIATED
REPROGRAMMING OF HEMATOPOIETIC
CELL FATES
The blood system serves as a paradigm for understanding general
concepts of cell commitment and regeneration (81). HSPCs
balance self-renewal while maintaining the potential to generate
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A classic example of this dedifferentiation process is the
selective ablation of Pax5 in B cell progenitors, which leads
to expression of non-B cell gene programs and potential to
generate all blood lineages, including myeloid and T lymphocytic
lineages but not B cells (94, 95). Upon transplantation in
recipient mice, Pax5−/− progenitors retain self-renewal and
long-term reconstitution potential, but, contrarily to HSPCs,
preferentially give rise to lymphoid progeny (96). Pax5 deletion
induces a reversion to uncommitted lymphoid progenitors,
which still retain the ability to generate myeloid cells (97). A
dedifferentiation process was also shown to occur in mature
B cells (98). However, mice lacking Pax5 in mature B cells
developed aggressive lymphomas, hindering the prospective
application of this approach to generate multilineage progenitors.
More recently, a similar role as keeper of B cell fate was
uncovered for EBF1 as its conditional deletion in committed B
cell progenitors gives rise to innate lymphoid cells (ILCs) and
T cells upon transfer into alymphoid mice (99). The synergy
between EBF1 and PAX5 is illustrated by combined heterozygous
deletions of Pax5 and Ebf1 resulting in the conversion into
alternative T cell fates (100). A similar developmental checkpoint
was identified for commitment of early T cell progenitors into
the αβ T cell lineage. Loss of Bcl11b in double negative (DN) T
cell precursors blocked their differentiation, by preventing the
repression of genes associated with alternative cell fates, such as
natural killer (NK), myeloid, dendritic cell (DC), and multipotent
progenitors (101, 102). Indeed, loss of Bcl11b in progenitor or
committed T cell populations leads to the generation of NK cells
(103). BCL11B-deficient NK cells display morphology, surface
expression, and cytotoxic activity against tumor cells in vitro
and in vivo, resulting in the prevention of cancer progression in
syngeneic mouse models.
Epigenetic regulators also play a role in cell fate maintenance
during hematopoietic development. Inactivation of PRC1
components has been shown to induce conversion of T lineage
progenitors into the B-cell fate (104). Deletion of PRC1 catalytic
subunits, Ring1A/B, blocks mouse T cell development at early
stage (DN3). These arrested progenitors gave rise to B cells
after transplantation into immunodeficient mice. Interestingly,
additional deletion of Pax5 reverted the block in T cell
differentiation, indicating that maintenance of T cell fate requires
PRC-mediated epigenetic suppression of the B lineage program.
Of note, Bcl11b expression was not increased after PRC1
inactivation, suggesting that Polycomb is not mechanistically
synergistic with BCL11B in keeping T cell fate and probably
justifying why NK cells are not induced. These combined data
allow the establishment of a model of T cell specification in
which BCL11B and PRC1 play a role in keeping cell identity by
excluding different alternative cell fates (NK or B lineages).

is now possible to generate multi-dimensional, high-resolution
images of the hematopoietic hierarchy (84). This well-defined
system is ideal to uncover the molecular players and mechanisms
that regulate lineage specification.
Loss-of-function studies with transgenic mouse models have
uncovered the role of single transcription factors governing
stage-specific hematopoietic specification. PU.1-deficient mice
die during embryogenesis showing impairment of myeloid and
lymphoid lineages, but normal megakaryocyte development
(85). By contrast, disruption of the CCAAT enhancer binding
protein alpha gene (C/EBPα) induces a selective block in
differentiation of granulocytes and monocytes but normal
numbers of mature lymphoid, erythroid and megakaryocytic cells
(86, 87). Loss of function of GATA1 has shown its essential
role in erythropoiesis and megakaryocytic development (88,
89). In the early 90s, Thomas Graf and colleagues pioneered
overexpression strategies in hematopoiesis. It was reasonable
to think that some hematopoietic factors would have similar
properties to the myoblast-inducing MyoD. Overexpression of
the transcription factor GATA1 in a multipotential chicken
cell line induced expression of erythroid-megakaryocyte and
eosinophil lineage markers with concomitant downregulation
of monocytic markers (90). Alternatively, enforced expression
of PU.1 suppressed GATA1 expression and promoted the exit
from multipotency with commitment toward the granulocytic–
monocytic lineage (91). Interestingly, even though the ablation
of PU.1 affects all blood lineages, this overexpression experiment
highlighted PU.1’s instructive role for the myeloid compartment.
These data, combined with other early lineage conversions
within the hematopoietic system (92), opened new avenues to
combine cell reprogramming with classic genetic studies to
elucidate transcription factors’ role in specifying hematopoiesis
and investigate the plasticity of blood progenitor and mature
cell fates.
Lineage reprogramming may occur by relieving the cell
of the factor maintaining the lineage, by promoting lineage
switch or by the action of combinations of transcription
factors to overcome the transcriptional landscape of the somatic
cell and impose a new program. Thus, we propose that
reprogramming factors can be classified into three categories
based on existing evidence: keepers, supporting the maintenance
of cell fate and repressing alternative lineages; facilitators,
facilitating lineage switch within the hematopoietic system; and
instructors of cell fate, inducing hematopoietic cell identity
when expressed in combination in non-hematopoietic cell
types (Figure 2).

Keepers
Converging evidence from the three main experimental
approaches in reprogramming suggests that differentiated cells
require continuous and active regulation to maintain their
identity (93). Transcription factors with known crucial roles
in maintaining the differentiated state represent keepers of
cell fate. Their deletion leads to reversion into a plastic state
with the potential to generate other cell types. The repression
of alternative cell states can be reflected on lineage output
after ablation.
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Facilitators
Evidence also supports the existence of factors that, when
overexpressed, act as facilitators for changing cell lineages
within the hematopoietic system. Experiments in transformed
cell systems have motivated the evaluation of the plasticity
of lineage commitment in primary hematopoietic cells.
Overexpression of GATA1 in bipotent progenitors with ability
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served to enrich in mast cells and progenitors differentiating from
iPSCs (117).
HOXB5 is another example of a transcription factor that
induces conversion into a cell type in which it is not expressed.
HOXB5 is restricted to the top of the hematopoietic hierarchy,
in HSPCs, but surprisingly converts B cell progenitors in T
cells in vivo (118). The observed lineage switch does not
seem to occur through dedifferentiation into uncommitted
progenitor, as observed for Pax5 and Ebf1 deletion experiments.
Instead, B cell progenitors are reprogrammed into an early
T cell progenitor in the bone marrow that later matures in
the thymus. In vivo, these cells give rise to fully functional
CD4+ and CD8+ T cells with transcriptional profile, tissue
distribution, and immune functionality similar to natural T
cells. Ridell et al. also explored an in vivo approach to identify
transcription factor combinations that could facilitate reversion
of hematopoietic cell fates into HSPCs. The authors identified
that transient expression of six transcription factors RUNX1T1,
HLF, LMO2, PRDM5, PBX1, and ZFP37 in committed B cell
progenitors followed by transplantation in irradiated recipient
hosts imparts multilineage potential (119). Addition of N-MYC
and MEIS1 to the reprogramming cocktail further increased
the reprogramming efficiency and ability to induce long-term
reconstitution potential. Committed myeloid progenitors and
mature cells were also shown to be amenable to reprogramming,
demonstrating that such combination of factors favors reversion
into the HSPC fate from both the lymphoid and myeloid lineages.
The conservation of this complex combination of factors in
human cells needs to be verified. In both cases, the acquisition
of T cell and HSPC fates requires that reprogramming occurs
in the in vivo microenvironment. This dependence suggests that
the identified factors are insufficient to impose the desired cell
fate and additional intrinsic and extrinsic factors are necessary.
Additionally, a careful mechanistic dissection of the lineage
reprogramming process is challenging.

to generate neutrophils and monocytes redirected cell fate to
the erythrocytic, eosinophilic, and basophilic lineages (105).
By performing clonal analysis, the authors have demonstrated
true lineage switching induced by GATA1 as opposed to
differential cell survival or selection of clones. Iwasaki and
colleagues validated these results in granulocyte/monocyte
progenitors (GMPs), and further showed that GATA1 converted
less committed progenitors, such as HSPCs, common myeloid
(CMPs), and lymphoid progenitors (CLPs) into megakaryocytes
and erythrocytes (106). GATA1 specifically facilitated the
megakaryocytic and erythrocytic lineage commitment while
preventing alternative outcomes naturally generated by
differentiation. Interestingly, expression of GATA1 could
not facilitate conversion of mature hematopoietic cells into
megakaryocytic/erythroid lineages. Using a hypothesis-driven
approach, Sadahira and co-workers identified that SCL/TAL1
regulator needed to be combined with GATA1 to reprogram
terminally differentiated B cells into the erythroid lineage (107).
C/EBPα was shown to facilitate this type of reprogramming,
possibly by its described ability to inhibit B cell fate keeper PAX5
and unlocking the commitment to the B cell lineage (108, 109).
Interestingly, C/EBPα alone has been implicated in inducing
myeloid lineage conversion in fully differentiated B cells
(108). Overexpression of C/EBPα or C/EBPβ leads to rapid
and efficient reprogramming of B cells into macrophage-like
cells, which acquire typical morphology, surface expression,
and phagocytic function. This process occurs via silencing of
Pax5 and requires synergy with endogenous PU.1 to ensure
activation of macrophage-specific genes. Similar conversion
and requirement for endogenous PU.1 levels was observed for
reprogramming committed T cell progenitors into macrophages
(110). C/EBPα-induced conversion to macrophages has been
further reported for megakaryocyte/erythrocyte progenitors,
CLPs, and B-lineage progenitors (109, 111). A modified B
cell line provided a uniquely efficient process with conversion
toward macrophage fate occurring with 100% efficiency in
2–3 days (112), allowing dissection of mechanistic events.
C/EBPα-induced conversion does not require cell division (113)
and knocking-down p53 did not accelerate reprogramming
kinetics, in contrast to what has been described in iPSCs
reprogramming (114).
Another member of the GATA family of transcription factors,
GATA3, has also been implicated as lineage switch facilitator.
GATA3 is expressed in hematopoietic progenitors, thymocytes,
and T cells and has been implicated as a regulator of early T
cell commitment (115). It would be logical to think that GATA3
would facilitate or instruct T cell fate. Rothenberg and colleagues
surprisingly found that overexpression of GATA3 in thymic T cell
progenitors induced re-specification of T cells to the mast cell
lineage (116). This lineage switch only occurred in the absence of
Notch signaling at DN1 and DN2 stages of thymic development
but not DN3, revealing that there is a developmental window
necessary for plasticity. It also raises the question if these
two seemingly disparate cell types, mast cells and T cells, are
indeed developmentally closer than prior anticipated. Another
possibility is functional redundancy with the homolog GATA2,
highly expressed in mast cells and whose reporter has recently
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Instructors
MyoD was initially identified to induce muscle reprogramming
in fibroblasts but failed to generate multinucleated myotubes
in a myriad of cell types (40, 120), suggesting that additional
transcription factors were needed to induce reprogramming from
developmental distant cell types. Similarly, GATA1 alone induces
megakaryocyte cell fate from a multitude of hematopoietic
progenitors (106), but requires the combined action of TAL1
and C/EBPα to convert fully committed B cells (107). More
dramatic cell fate transitions for conversion of distant nonhematopoietic cell types into hematopoietic progenitors and
mature cells require instructors of hematopoietic cell fate. This
third category of transcription factors display ability to silence
gene regulatory networks from the initial cell type and impose
a completely different epigenetic and transcriptional program.
Theoretically, once the combination of instructors of a particular
cell fate is identified, every cell type in the organism could
be reprogrammed to this fate. In addition, the action of this
group of factors would be conserved between mouse and human,
mirroring the induction of pluripotency. OCT4, SOX2, KLF4,
and C-MYC were shown to induce pluripotency in mouse and
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HSPCs with ability to engraft immunodeficient mice and
generate myeloerythroid and B lymphoid progeny (133).
Alternatively, mouse and human endothelial cells were shown
to give rise to hematopoietic progenitors upon expression
of RUNX1, SPI1, GFI1, and FOSB transcription factors
(134). An in vitro engineered vascular supportive system was
required for the induction of multipotent progenitors, which
engrafted primary and secondary immunodeficient animals,
generating all hematopoietic lineages except T cells. By further
refining the system, Rafii et al. have subsequently shown that
transient expression of the four factors in mouse endothelial
cells, combined with vascular-niche-derived angiocrine factors,
converts them into HSPCs with long-term self-renewal and
ability to differentiate into multilineage progeny, including
reconstitution of T cell adaptive immune function (135). It
is interesting to note that AP1 paralogs, namely FOSB and
FOS, as well as the repressors GFI1 and GFI1B have been
identified as instructive factors of HSPC identity by Pereira
et al. (68) and Sandler et al. (134). This points to the potential
functional redundancy between these factor combinations,
especially considering that endothelial cells express high levels of
GATA2, providing a potential explanation for these differences in
factor requirements.
Human HSPCs with long-term engraftment properties have
also been recently generated from iPSCs using a cocktail
including RUNX1. Sugimura et al. first used a small-molecule
and hematopoietic cytokine cocktail to induce HE cells from
human pluripotent cells (136), which were then used to screen
combinations of transcription factors that impart long-term
multilineage reconstitution properties. RUNX1, PU.1, ERG,
HOXA5, HOXA9, HOXA10, and LCOR generated engraftable
cells that reconstituted myeloid, B, and T cells in primary and
secondary recipients. Taken together, these reports suggest that
additional external signals are necessary to promote adequate
maturation of the reprogrammed HSPCs. It will be interesting
to assess if additional transcription factors can be added to the
cocktail mimicking the instructive role of the “niche”.
Transcription factors that work as instructors of mature
hematopoietic cell fates upon expression in non-related cell
types have also been reported. Overexpression of GATA1,
TAL1, LMO2, and c-MYC in mouse and human fibroblasts
induces direct conversion to erythroid progenitors with gene
expression profile resembling primitive erythroblasts (137).
Interestingly, addition of KLF1 or MYB promoted expression
of adult globin pattern, despite not inducing a switch from
primitive to a definitive gene expression program. Given the
developmental proximity of the megakaryocyte and erythrocyte
lineages, the authors then screened for additional factors that
could tilt the reprogramming toward the megakaryocyte cell
fate. GATA2 and RUNX1 in combination with the transcription
factor core (GATA1, TAL1, LMO2, and c-MYC) efficiently
converted mouse and human fibroblasts into megakaryocytelike progenitors showing polyploidies and polylobulated nuclei
that give rise to platelets upon in vitro and in vivo maturation
(138). Alternatively, instructive factors with ability to guide
differentiation of human pluripotent cells into the megakaryocyte
lineage have also been described (139). GATA1 and TAL1

human cells from an extensive range of cell types including
fibroblasts, keratinocytes, erythroid progenitors, and T and B
cells demonstrating the robustness of the network (5, 6).
Several groups have reported alternative strategies to generate
HSPCs from different cell types of origin including fibroblasts,
endothelial cells, and iPSCs. Interestingly, despite different
starting cell types and culture conditions, some transcription
factors are common between approaches, highlighting their key
role as instructors of hematopoietic stem cell specification. The
role of zinc-finger transcription factor GATA2 in instructing
the emergence of HSPCs was clearly demonstrated in several
reprogramming approaches (68, 69, 121, 122). In the embryo,
HSPCs arise from specialized endothelial precursor cells with
blood-forming potential, hemogenic endothelium (HE), through
a process of endothelium-to-hematopoietic transition (EHT)
(123, 124). GATA2 is expressed in HE cells in the embryo
and null GATA2 animals die at E11.5 at the time of HSPC
generation (125). We have shown the role of GATA2 in
instructing the emergence of HE. Using a human CD34 reporter
system, we have identified GATA2, GFI1B, and FOS as the
minimal transcription factor network to induce a hemogenic
program in mouse fibroblasts (68). These three factors induce
a dynamic, multi-stage hemogenic process that progresses
through an endothelial-like state, recapitulating developmental
hematopoiesis (68). Lineage reprogramming allowed capturing
in vitro an intermediate whose phenotype was then confirmed
to occur during embryogenesis (126). A similar conceptual
approach has been recently applied to the isolation of neural
plate border stem cells, further supporting the value of direct
reprogramming to inform development (127). GATA2, GFI1B,
and FOS combination was also recently shown to give rise to
long-term repopulating HSPCs when expressed in iPSC-derived
teratomas in vivo (122), and to induce hemogenesis in human
fetal and adult fibroblasts (69). These data support their role
as instructors of hematopoietic origin from multiple species
and cell types. Other studies also demonstrated the importance
of GATA2: forced expression of GATA2 combined with ETV2
or TAL1 in human pluripotent stem cells induced “forward
programming” into human HE cells, which upon differentiation
give rise to pan-myeloid hematopoietic cells or erythroid
and megakaryocytic cells, respectively (128). In another study,
GATA2 and TAL1 factors gave rise to HE cells, when combined
with ERG, LMO2, and RUNX1 (121). Overexpression of the
five factors in mouse fibroblasts induced stably expandable HE
when co-cultured with stromal cells and short-term engraftment
upon transplantation. In this system, multilineage potential with
generation of lymphoid cells required further ablation of p53.
Several reprogramming reports have also highlighted the role
of RUNX1 in instructing hematopoietic multipotency. Runx1−/−
embryos lack intra-aortic hematopoietic clusters and HSPCs
(129), while specific ablation of Runx1 in endothelium cells
impairs EHT and establishment of definitive hematopoiesis
(130). RUNX1 expression is essential for HSPC specification in
the embryo (131), but is no longer required for maintaining
HSPCs in the adult (132). Overexpression of RUNX1, TAL1,
LMO2, and BMI1, combined with extracellular BMP and
MEK signaling, in mouse fibroblasts was shown to induce
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Induction of hematopoietic cell fates, such as HSPCs and
megakaryocyte/erythrocyte cell fates from unrelated cell types,
has mainly been accomplished for cells with therapeutic
potential for regenerative medicine. However, generation
of mature hematopoietic cells with the ability to modulate
immune responses remains largely unexplored. Recently,
our group provided evidence that antigen-presenting DCs
can be induced from mouse and human fibroblasts by a
combination of three instructive transcription factors (147).
In the next sections, we will dwell on our strategy to identify
such factors, how this approach informs development and
lineage heterogeneity, as well as how it can be expanded to
other immune cell types and lead to the development of
powerful immunotherapies.

megakaryocyte-instructors combined with FLI1 induce forward
programming of proliferative megakaryocyte progenitors that
differentiate and mature in vitro. It is interesting to notice that
both GATA1 and TAL1 have also been previously implicated
as facilitators of megakaryocyte/erythrocyte cell lineages in
conversions within the hematopoietic system (105–107), but
once combined with additional factors, instruct these lineages
from unrelated cell types, such as fibroblasts or pluripotent cells.
Similarly, C/EBPα alone is not sufficient to convert fibroblasts
into macrophages, despite its described ability to convert
megakaryocyte/erythrocyte progenitors, CLPs, T and B lineage
progenitors, and fully mature B cells. Building on the observation
that endogenous PU.1 levels were required for reprogramming
committed T cell progenitors (110), Graf and co-workers
combined C/EBPα with PU.1 to induce conversion of a
fibroblast cell line into macrophage-like cells (140). PU.1 and
C/EBPα silence fibroblast genes while up-regulating macrophage
transcriptional signature, driving the acquisition of phagocytic
ability. Alternatively, overexpression of PU.1 alone induce
conversion of adult neural stem cells, but not mature cells, into
monocytes (141). Given that C/EBPβ is expressed in neural
stem cells and plays a crucial role in the maintenance of the
self-renewal properties (142), it is interesting to ask whether
reprogramming is mediated by cooperation with endogenous
C/EBPβ expression.
Taken together, facilitators may work as instructors when
combined with the right partners. Direct or indirect interaction
with additional factors might be required to impose a given
cell fate in developmentally distant cells, and such factors
may be available in closely related lineages. These additional
partners might also facilitate chromatin engagement of the
facilitator. This cooperative action may be sufficient to silence
the gene regulatory network of any initial cell type and impose
a new transcriptional and epigenetic identity. Moreover, it
is still to be determined if transcription factors described as
keepers of specific cell fate might work as instructors and in
what conditions, for example, by repressing the identity of
alternative fates or the identity of the initial cell. It would be
interesting to evaluate the reprogramming capacity of keepers of
lymphoid identity in combination with other factors to instruct
lymphoid commitment.
Of note, several combinations of three factors have been
identified as instructive of pluripotent (143), neural (144), or
hematopoietic progenitor cell fates (68). The rule of three is
applied in everyday life in popular sayings, slogans, comedy and
politicians’ speeches, to make communication more engaging
as three is the smallest number required to create a pattern
recognized by the human brain. The rule of three, omne
trium perfectum (every set of three is complete), also seems
to apply to direct cell reprogramming approaches mediated
by instructive factors (145). Every set of three may represent
a minimal cooperative regulatory assembly (146) to instruct
the core of cell identity. This core may need to be combined
with external cues in order to fully recapitulate their natural
counterparts or accessory factors to modulate independent
properties in the cell (such as MYC and the proposed role in cell
proliferation) (143).
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REPROGRAMMING
ANTIGEN-PRESENTING DENDRITIC
CELLS
DCs are known as professional antigen-presenting cells given
their remarkable ability to link innate and adaptive immunity.
Acting as immune sentinels throughout the body, DCs patrol
the tissues looking for foreign bodies and pathogens, engulf
and process them, integrating environmental signals and feeding
those to the appropriate effector cells of the innate and
adaptive immune systems (148). DCs are originated from HSPCs
through monocyte dendritic cell progenitors (MDPs) that further
differentiate in the bone marrow by losing the ability to give rise
to the monocytic lineage. Common dendritic cell progenitors
(CDPs) give rise to subset-primed committed progenitors that
migrate into the blood and seed the tissues, originating different
mature DC subsets categorized according to transcription factor
dependence, surface marker expression, tissue localization, and
functional specialization (149). Plasmacytoid dendritic cells
(pDCs) produce type I interferons, crucial for mounting antiviral responses. Classical or conventional dendritic cells (cDCs)
can be further divided into two major subsets: type 1 (cDC1),
which excel on cross-presentation of exogenous antigens on
MHC-I, eliciting CD8+ T cytotoxic responses, and type 2
(cDC2), which govern type 2 and 3 immune responses against
parasites and extracellular bacteria, activating ILC2/3 and Th2/17
cells (150).
We hypothesized that lineage reprogramming could be
employed to generate antigen-presenting DCs from mouse
and human fibroblasts (Figure 3A) (147). In order to identify
instructive factors to impose DC fate, we first compiled a list
of 18 candidate factors whose expression is restricted to the DC
lineage and enriched during DC ontogeny. Importantly, loss of
function of the candidate factors was associated with impaired
DC development or function. To test the DC-inducing ability of
the candidate factors, we relied on mouse embryonic fibroblasts
bearing a Clec9a reporter system.
CLEC9A, also named DNGR-1 (DC, NK-lectin receptor-1),
is a member of the C (Ca2+ -dependent)-type lectin receptors
(CLRs), a superfamily composed of more than 100 surface
receptors that play a pivotal role in DC ability of screening tissues
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FIGURE 3 | Clec9a-tdTomato reporter allows the identification of dendritic cell-instructive transcription factors. (A) Using double transgenic mouse embryonic
fibroblasts (MEF) expressing Cre recombinase under the control of Clec9a promoter and Rosa26-lox-stop-tdTomato, we identified PU.1 (P), IRF8 (I), and BATF3 (B) to
(Continued)
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FIGURE 3 | program induced dendritic cells (iDC) affiliated with the conventional DC type 1 (cDC1) fate. (B) Heat map showing gene expression of C-type lectin
receptors across hematopoietic cell lineages (GSE127267). Forty-two receptors expressed in DCs are highlighted in red. DC, dendritic cell; NK, natural killer. (C) Heat
maps showing differential gene expression of C-type lectin receptors (upper panel), where nine genes enriched in cDC1s are highlighted in red, and genes associated
with antigen cross-presentation (bottom panel) in mouse cDC1, cDC2, and plasmacytoid DCs (pDC) (GSE103618). Red indicates increased expression, whereas blue
indicates decreased expression over the mean. (D) Expression levels of Clec9a and Clec1a and (E) B2m, Tap1, Tapbp, and Psmb8 during DC reprogramming at days
3 (d3), 7 (d7), and 9 (d9). Log values of census counts are shown. Horizontal lines correspond to median values. (F) Flow cytometry analysis of B2M surface
expression in tdTomato-positive cells generated by transduction with PU.1, IRF8, and BATF3 after 9 days. MEF transduced with M2rtTA were included as control.
Adapted from Rosa et al. (147).

functional properties (147). By screening 18 candidates, we
have identified PU.1, IRF8, and BATF3 (PIB) transcription
factors as the minimal transcription factor network sufficient
and necessary to induce Clec9a-tdTomato reporter activation
and impose DC fate in mouse fibroblasts. Induced DCs (iDCs)
acquire DC morphology with cytoplasmic protusions and
dendrites, and surface expression of DC markers and antigen
presentation machinery (MHC-II, MHC-I, CD40, CD80, and
CD86). Interestingly, we have detected the expression of XCR-1
and CD103 cDC1-specific surface markers, but failed to detect
robust expression of cDC2 and pDC markers. Transcriptional
profiling of the iDC population further confirmed the affiliation
specifically to the cDC1 subset, and not a mixed population of
the different DC subsets. iDC reprogramming is a direct process
with no progenitor intermediate, and cDC1 transcriptional
reprogramming is achieved after 9 days of forced expression
of PIB. In addition to Clec9a, iDCs also express other cDC1enriched CLRs, such as Clec1a (Figure 3D). Functionally, iDCs
acquire responsiveness to toll-like receptor 3 (TLR3) and TLR4
stimuli secreting inflammatory cytokines and ability to engulf
antigens including dead cells. Remarkably, iDCs cross-present
extracellular antigens and induce antigen-specific CD8+ T cell
responses (147). Concordantly, we have observed that during
the reprogramming process, iDCs acquire expression of crosspresentation genes, such as B2m, Tap1, Tapbp, and Psmb8
(Figure 3E). At the protein level, the reprogrammed population
(labeled by the Clec9a-driven tdTomato expression) activates
B2M expression at the cell surface, reflecting the expression of
MHC-I complexes at the cell membrane required for antigen
presentation (Figure 3F). We have further shown that PIB
forced expression reprograms human embryonic and adult
fibroblasts into human DCs that express DC1 markers, such as
CD141+ and CLEC9A+ (147), opening avenues for modulating
immune responses in humans with direct cell reprogramming.
The efficiency of human DC1 reprogramming was however
low, and future studies need to be centered on optimizing
reprogramming conditions in order to guarantee feasibility of a
potential application. In addition, thorough in vivo functional
characterization of the mouse iDCs’ properties will provide
supportive evidence on the equivalence to endogenous bona
fide cDC1 cells. These results will pave the way for translation
of cell reprogramming approaches as therapeutic tools in the
context of immunotherapy. It would also be interesting to
test whether variations of the reprogramming combinations
of factors would promote the induction of other subsets of
DCs. Here, Clec genes, such as Dcir2 and Ly49Q, would be
valuable to report cDC2 and pDC-lineage reprogramming,

for damage or dying cells, microbial or viral presence (Figure 3B)
(151). After ligand binding, CLRs modulate gene transcription,
promote microbicidal activity or activate the endocytic and
phagocytic machinery. Among the immune cell compartment,
CLRs are expressed differently; for example, almost all members
of the Klra gene family, encoding for Ly49 type II CLR receptors,
are specifically expressed in the NK cell population (152).
Regarding DCs, 42 CLRs are also differentially expressed across
the three subsets (Figure 3C). DCIR2 and LY49Q, encoded by
Clec4a4 and Klra17 genes, are specifically expressed in cDC2 and
pDC subsets and have been associated with MHC-II presentation
and IFN type I secretion, respectively (153, 154). Several CLRs
are specific to the cDC1 subset. For some, like Clec1a and
Klrg2, not much is known and there is still no identified ligand.
In contrast, Langerin/Cd207 binds sugars on the surface of
bacteria, fungi, and HIV-1 as well as self-ligands exposed by
dead cells, while DEC-205/CD205/Ly75 recognizes apoptotic
cells and oxidized lipids (155, 156). Both receptors have been
shown to trigger internalization and processing of cargo for
antigen presentation on MHC molecules. Importantly, antigen
targeting through these receptors allows efficient delivery to
cross-presentation on cDC1s, driving Th1 and CD8+ T cell
immunity (157). In parallel with expression of these CLRs, cDC1s
are also characterized by the expression of genes of the cross
presentation pathway, namely, processing of the antigens by
Psmb8, Psmb9, and Psmb10 immunoproteasome components,
Tap1 and Tap2 transporter proteins, Tapbp and Pdia3 chaperones
required for proper loading of the antigen, and components of
the MHC class I heterodimer, such as B2m (Figure 3C, bottom
panel) (158).
CLEC9A receptor is also highly expressed in cDC1s and
contributes to cDC1-specific functional attributes. Mouse
CLEC9A is expressed in high levels in splenic CD8a+ and tissueresident CD103+ cDC1s, and at lower extent in pDCs (147).
In a lineage tracing model, Clec9aCre/Cre Rosa26tdTomato/tdTomato
(Clec9a-tdTomato) reporter has been shown to label the DC
population and their committed progeny starting at the CDP
level (159). Recently, CLEC9A has also been identified as a
discriminative marker for the human cross-presenting CD141+
DC1 subset, the human equivalent to the mouse cDC1 subset
(160, 161). Functionally, CLEC9A receptor has been shown to
recognize ligands exposed on the surface of necrotic dead cells,
triggering endocytosis and promoting cross-presentation of dead
cell-associated antigens (162, 163).
We hypothesized that fibroblasts carrying a Clec9a-tdTomato
reporter system would be ideal to allow the identification
of instructive transcription factors that induce DC fate and
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FIGURE 4 | Understanding gene regulatory networks and lineage heterogeneity with cell reprogramming. (A) Two models have been proposed for instructive
transcription factor (represented as A, B and C) binding to chromatin: (1) cooperative binding among multiple transcription factors at open chromatin regions leading
to a gradual increase in site accessibility (left panel), and (2) pioneer transcription factors, as a unique class of transcriptional regulators with the capacity to bind
(Continued)
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FIGURE 4 | nucleosomal DNA (closed chromatin, right panel). Experimentally, these models can be interrogated at the onset of lineage reprogramming in fibroblasts
by expressing instructive transcription factors in combination (top panel) or individually (bottom panel) followed by genome location studies. (B) Combined expression
of PU.1, IRF8, and BATF3 in fibroblasts generates conventional dendritic cells type 1 (cDC1)-like cells capturing part of the DC lineage heterogeneity. DC cell states
are depicted as positions in a matrix and cDC1 are highlighted in blue. We hypothesize that direct lineage reprogramming offers an exciting way to distinguish stable
from dynamic DC attractor states according to their dependence on transcription factor combination and stoichiometry (dashed lines). (C) Heat map showing single
cell gene expression of Cd207 and Cx3cr1 during reprogramming of mouse embryonic fibroblasts (MEF) to induced DCs (iDC) at days 3 (d3), 7 (d7), and 9 (d9)
(GSE103618). (D) Gene set enrichment analysis between d9 iDC and splenic cDC1 was performed using migratory and resident DC gene sets (168), and (E) between
d9 iDC and MEF, and d9 iDC and cDC1 (GSE103618), with TLR-induced or homeostatic maturation gene sets (169). NES, normalized enrichment score; FDR q, false
discovery rate q value. Adapted from Rosa et al. (147).

Profiling genomic engagement sites of transcription factors,
when expressed in combination and individually at early
time points, helps elucidating how they engage chromatin
(Figure 4A). This approach, when combined with chromatin
accessibility and transcriptional profiling, contributes to
clarify how instructive factors silence the epigenetic and
transcriptional signature of the initial cell type and activate
the new gene regulatory network. In general, two models
have been proposed. Transcription factors bind open
chromatin sites, facilitating the engagement of other factors
to the same site. This cooperative binding property may
depend on a direct interaction between the transcription
factors or through DNA elements (170). Alternatively,
some transcription factors, often named “pioneer factors”,
have the ability to access nucleosomal DNA and closed
chromatin sites, increasing the accessibility of a target site
to other reprogramming factors, chromatin-binding proteins
and transcriptional machinery, initiating transcriptional
reprogramming (165, 171).
Recently, we have used this strategy to dissect the molecular
mechanisms underlying hemogenic induction (69). Genomewide binding profiles of GATA2, GFI1B, and FOS were profiled
by ChIP-seq of human fibroblasts 2 days after transduction
with the three factors combined or each factor individually.
This approach uncovered that GATA2 displayed independent
targeting capacity, binding to similar chromatin sites when
expressed alone or in combination (depicted in Figure 4A, left
panel). In contrast, GFI1B alone binds to GFI and AP1 motifs,
but when in combination with GATA2 and FOS, is recruited
to additional sites, including GATA motifs. Interestingly, we
observed that binding occurred at open chromatin regions
flanking upstream transcription start sites and active enhancers.
This mechanism of accessing available somatic enhancers that
gradually leads to nuclear remodeling has also been described
in reprogramming to pluripotency (170) (Figure 4A, left panel),
and it is opposed to the model of direct engagement of
repressed chromatin (depicted in Figure 4A, right panel).
Our data further indicate that GATA2 and GFI1B physically
interact and cooperatively repress expression of fibroblast
genes and activate hematopoietic regulators, such as RUNX1.
FOS showed a small number of targets in either condition,
suggesting a limited access to chromatin during initial stages
of reprogramming. It will be interesting to further dissect
its chromatin binding and instructive role at later stages
of reprogramming.
Genomic location studies in primary stage-specific
hematopoietic progenitors have been limited by high cell

combined with established cDC reporters such as Zbtb46GFP (164).

CREATING IS UNDERSTANDING
Direct Cell Reprogramming Informs the
Establishment of a New Gene Regulatory
Network
The identification of PU.1, IRF8, and BATF3 as instructors of
cDC1 cell fate in fibroblasts provides a platform to study how
these transcription factors impose cDC1 identity. Mechanistic
studies to elucidate reprogramming events have been extensively
applied to the induction of pluripotency [reviewed by (41)] and
to a lesser extent to direct cell reprogramming approaches, such
as conversion to neuronal fate (165, 166).
In the hematopoietic system, a limited number of studies
dwell into the molecular mechanisms of direct reprogramming
and how reprogramming factors engage chromatin. In the
HOXB5-driven conversion of B cell precursors into the T cell
lineage, HOXB5 targets have been characterized by ChIP-seq
3 days after retroviral transduction (118). The authors have
shown that HOXB5 binds directly to important B and T cell
regulators, such as Ebf1 and Bcl11a, which are downregulated
and upregulated, respectively. HOXB5 also directly targeted
genes encoding chromatin-modifying enzymes, such as Kmt2a.
However, this reprogramming system requires an in vivo step
and complete silencing of B cell specific regulators was only
observed after homing to the bone marrow and maturation
in the thymus. Thus, it is hard to draw conclusions on the
direct molecular mechanisms required for the acquisition of early
thymic progenitor identity.
In vitro reprogramming approaches provide a system
for detailed mechanistic dissection. During C/EBPα-mediated
conversion to monocyte cell fate, C/EBPα was shown to establish
a myeloid expression program in pre-B cells by binding two types
of myeloid enhancers (167). Pre-existing enhancers, broadly
active throughout the hematopoietic lineage including B cells,
are occupied by PU.1 driving C/EBPα targeting. In contrast,
C/EBPα acts as a “pioneer factor” in de novo enhancers,
making them accessible for PU.1 recruitment. However, it
remains to be investigated whether a similar combined
instructive action of PU.1 and C/EBPα occurs from fibroblasts
to macrophages.
Direct cell reprogramming strategies are particularly suited
for dissection of how instructive transcription factors interact
with chromatin to initiate reprogramming (Figure 4A).
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AP1 factors, such as BATF3, and cooperatively mediate gene
expression in cDC1s during pathogen infection (182, 183).
During cDC1 development, it was previously proposed that
BATF3 binding to a +32 kb Irf8 enhancer containing AP1-IRF
consensus sites creates an auto-regulatory loop to maintain high
levels of IRF8 after commitment to cDC1 lineage (184). Recently,
the deletion of this enhancer has shown to be essential to direct
the transition from pre-cDC1 to cDC1 by supporting IRF8
expression (185). Another IRF8 enhancer was shown to be crucial
to guide CDP to pre-cDC1 transition before BATF3-controlled
enhancer becomes active (185).
Another described feature of PU.1 instructive role during
myeloid specification is its dose dependence, rather than an
On/Off switch. Graded levels of PU.1, which depend on the
co-expression of other lineage-specific factors, are important
to define the outcome at developmental decision nodes. High
levels of PU.1 have been proposed to act as a rheostat in
driving specification toward CDPs and preventing generation of
neutrophilic lineage by remodeling IRF8 chromatin landscape
(186, 187). Moreover, IRF8 and PU.1 doses have been implicated
in imposing DC-lineage bias in human HSPCs (188). In our
system, a high PU.1/IRF8 ratio is critical for induction of
cDC1s (147).
Direct cell reprogramming provides a tractable system
to address instructive transcription factor interaction and
stoichiometry requirements for cell fate specification. It will be
interesting to investigate which enhancers are targeted during
activation of endogenous IRF8 expression observed during
DC reprogramming (147). Insights from DC reprogramming
mechanisms will also contribute to clarify how these instructive
factors cooperate to impose cDC1 fate during development.
Given the difficulties in isolating rare populations of DCs from
mouse and human, current studies have been mainly done
with in vitro bone marrow-derived cells, which mostly lack the
functional properties of natural DCs and are composed of mixed
populations of DC subsets. Generation of mouse knock-out
systems to elucidate the mechanisms regulating the expression of
lineage-specific transcription factors, as has been done for IRF8
enhancers (185, 189), is laborious and can be complemented with
direct cell reprogramming.

numbers required to allow ChIP-seq analysis of transcription
factors (172). Some studies have employed immortalized cell
lines (173, 174) or hematopoietic progenitors obtained by
differentiation of pluripotent cells, which normally promote
embryonic over definitive hematopoiesis (175). Thus, direct
reprogramming studies represent a good alternative to obtain
a large number of initial cells and map factor binding.
Additionally, overexpression of combinations of a limited
number of instructive transcription factors facilitates the
analysis of potential cooperative interactions and their role in
specifying the acquisition of hematopoietic cell fates, as each
factor individually is not sufficient to induce reprogramming
but the combined efforts are (Figure 4A). Starting from
fibroblasts also represents a major advantage as chromatin
accessibility and histone maps are readily accessible from the
ENCODE project (176). Transcription factor targets can be
easily compared with a myriad of chromatin marks to shed
light on the requirements of transcription factor targeting to
chromatin (165). In contrast, by profiling natural hematopoietic
cells in which several lineage-specific transcription factors
are co-expressed, it is harder to identify which factors and
interactions are crucial for the acquisition of cell fate rather than
their maintenance.
In the future, it will be interesting to apply a similar approach
to elucidate how PU.1, IRF8, and BATF3 interact with each
other and chromatin to induce silencing of fibroblast genes
and activation of cDC1 transcriptional signature. PU.1 has
been classically classified as a pioneer factor, given its ability
to identify DNA-binding sites even if partially occluded by
nucleosomes. PU.1 is able to reposition the nucleosomes,
allowing recruitment of other tissue-specific gene regulatory
elements during development. This “nucleation” ability of PU.1
has been described in macrophages (177), B cells (178), and
early T cell development (179). However, ability to bind “first”
to chromatin has been described to still require additional
co-factors or DNA binding proteins to further attract the
machineries required to change chromatin landscape and
modulate gene expression (178, 179). Accordingly, in neuronal
reprogramming, ASCL1 pioneer binding correlated with
a “trivalent” chromatin signature of H3K4me1, H3K27ac,
and H3K9me3, which fail to predict all ASCL1 occupancy
sites, suggesting that additional factors play a role (165).
It will be interesting to understand if PU.1 repositions
nucleosomes opening the sites for IRF8 and BATF3 during
DC reprogramming, or if a cooperative effort at open chromatin
is in place.
Another pioneer candidate is IRF8. IRF8 has been shown
to modulate massive, cell-specific chromatin changes in pDC
enhancers (180). IRF8 is essential for the establishment
of monocyte and DC-specific enhancers during MDP
differentiation (181). Notably, in Irf8−/− progenitors, all
H3K4me1, H3K27ac, and PU.1 signals in IRF8-bound enhancers
were severely reduced, suggesting that IRF8 directly promotes
enhancer priming and might be necessary for PU.1 binding.
In addition to interaction with ETS transcription factors
at composite ETS-IRF sites, IRF8 can also be recruited to
interferon-response DNA elements through interaction with
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Direct Cell Reprogramming Informs
Heterogeneity of Cell Fates
DCs constitute a remarkably heterogeneous hematopoietic
lineage in respect to developmental origin, subset affiliation,
anatomic location, maturation states, and functional properties
(149, 190). A complex interaction of transcription factors,
chromatin regulatory elements, and gene transcription profiles
governs the specification of each cell lineage. The diversity of
cell states and how they are specified can be conceptualized
as “attractor” states in the epigenetic landscape proposed by
Waddington (191–193). Physicists view attractor states as higherorder states of equilibrium. This concept can be transposed to
biological systems as low-energy cellular states that correspond
to transcriptional and epigenetic signatures. In theory, there is a
finite number of attractor states given that some combinations
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of the different sources of heterogeneity give rise to energetically
unbalanced states.
Given the identification of DC instructive factors (147), we
hypothesize that direct cell reprogramming can be used to inform
DC heterogeneity and categorize attractor states as stable or
dynamic (Figure 4B). Stable attractor states are dependent on
the nature of each transcription factor combination and their
stoichiometry. In contrast, multiple dynamic attractor states
are possible for the same combination of instructive factors,
reflecting additional levels of regulation.
In the neuronal field, several combinations of factors, mostly
containing ASCL1, have been described to induce neurons with
mixed phenotype or favor dopaminergic, motor, or sensory
neurons [reviewed by (194)]. Recently, additional combinations
of instructive factors have been identified to induce a diverse
population of neurons, each displaying unique transcriptional
profiles and functional features (195). A similar approach by
substituting transcription factors would be applicable to inform
the diversity of DC stable attractor states.
In our study, notwithstanding the cDC1 affiliation, iDCs
represent a heterogeneous population of cells with a subset
of day 9 iDCs displaying a transcriptional profile reminiscent
of IFN stimulation (147). By interrogating the transcriptomic
profile of single reprogrammed DCs, it is possible to shed
light on the heterogeneity of the population. Natural cDC1s
have been reported as heterogeneous as well. CD8α+CD207+
DCs have been shown to be critical for the typical cDC1
functional features of cross-presenting antigens to CD8+ T
cells and secreting IL12 (157, 196). Splenic CX3CR1+CD8α+
DCs with pDC-like features, such as E2-2 expression and
immunoglobulin rearrangements, have also been described
(197) and affiliated to the cDC1 subset (164). Interestingly,
the expression of Cd207 and Cx3cr1 is mutually exclusive in
iDCs, with no induced cells activating the expression of both
markers (Figure 4C) and indicating that PU.1, IRF8, and BATF3
reprogramming captures this degree of heterogeneity inside
the cDC1 compartment. Moreover, a unique transcriptional
signature has been described for tissue migratory cDCs,
independently of their tissue and cellular origin (168). Gene
set enrichment analysis showed moderate enrichment of the
migratory signature in iDCs, while resident gene set was
more enriched on splenic cDC1 cells (Figure 4D), suggesting
that iDCs are heterogeneous in terms of migratory and
resident profiles. Cd207+ and Cx3cr1+ expression, as well
as migratory and resident functional attributes, represent
dynamic attractor states that are reflected in the population
of iDCs.
Immature cDCs undergo homeostatic maturation, activating
a tolerogenic profile important for the establishment of central
and peripheral tolerance, or immunogenic maturation driven
by TLR stimuli (169). Interestingly, the signature associated
with immunogenic maturation is highly enriched in iDCs
at day 9 when compared with initial fibroblasts and freshly
isolated splenic cDC1 (Figure 4E). It is particularly remarkable
that PU.1, IRF8, and BATF3 overexpression is sufficient to
activate such gene signature even without TLR engagement,
possibly indicating that this functional trait constitutes a
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stable attractor state, a consequence of the combination
of transcription factors. Indeed, by profiling TLR-stimulated
bone marrow DCs, it has been shown that chromatin
marks at promoters and enhancers and a large number of
transcription factors displayed very little dynamics throughout
the stimulatory response and were mostly established during DC
development (198).
In addition, it would be interesting to address whether
PU.1, IRF8, and BATF3 have the ability to “rejuvenate” cells,
as observed for reprogramming to pluripotency, or in contrast
retain the aged phenotype as induced neurons do (199). Given
the panoply of DC attractor states, it will be interesting to
characterize the output of direct cell reprogramming experiments
using instructive factors combined with extrinsic signals.

DIRECT CELL REPROGRAMMING FOR
IMMUNOTHERAPY: FUTURE
APPLICATIONS
Understanding cell fate plasticity has opened the way for
multiple applications, ranging from disease modeling to drug
development and transplantation. The main advantage of cell
reprogramming relies on generating patient-tailored cells from
available cell sources with the same genetic content. However,
for a successful cell-therapy application, these induced cells,
such as neurons, are required to integrate in the damaged
tissue, survive, and exert their functional properties long term.
These requirements place the bar high for in vitro generated
cells for regenerative medicine. In the case of DCs, long-term
engraftment and function might not be necessary as soon as
a robust memory response is mounted. Merging direct cell
reprogramming with immunotherapy is particularly attractive
given the current success of harnessing the immune system to
tackle cancer.
Due to the professional antigen-presenting capacity, DCs have
been explored for tumor vaccination (200). Advances have been
made for DC-based immunotherapy, but the clinical outcome
has been inconsistent, which may be associated with limiting
number of hematopoietic progenitors cells, often compromised
in cancer patients, and low efficiency of antigen presentation by
autologous monocyte-derived DCs (201). In particular, cDC1s,
or the human equivalent DC1 cells, are essential for inducing T
cytotoxic responses and tumor clearance (160, 202). However,
on one hand, current in vitro differentiation protocols usually
give rise to mixed populations of DC subsets, and on the other
hand, human DC1s are an extremely rare population, hindering
their isolation from peripheral blood. Adult fibroblasts could
offer a viable alternative to generate human bona fide DC1 by
direct reprogramming. In contrast to reprogrammed stem cells
and progenitors that raise safety concerns for transplantation
purposes, reprogrammed DCs are appealing as they stop dividing
(147) and DC lifespan is usually short (from 1 to 10 days)
(203). Moreover, in the context of immunotherapy, iDCs may
be used to elicit antigen-specific immune responses and no
prolonged functionality or engraftment would be required, since
long-lasting effect on adaptive immunity would rely on T
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immune cells spanning the full spectra of innate and adaptive
immune compartments are now starting to be uncovered as
attractive mediators for cancer immunotherapy. Understanding
their individual instructive factors and minimal gene regulatory
networks by direct reprogramming (Figure 5) will generate
valuable tools for immunotherapy.
In addition to cancer, CAR T cells are also being tested for the
treatment of infectious diseases. CAR T cells have been modified
to target human immunodeficiency virus (HIV)-infected cells
(215) and early clinical trials confirmed the safety and feasibility
of the approach but failed to induce sustained reduction on
the viral load (216). These studies are now re-emerging as
the improvements in CAR design done for cancer are being
translated and adapted to fight HIV infection [reviewed by
(217)]. Recently, multispecific anti-HIV CAR T cells targeting
different portions of the HIV envelope protein were shown to
control HIV infection in a humanized mouse model (218). iPSCderived NK cells, unmodified or carrying HIV-targeted chimeric
receptor, were also developed and were shown to suppress HIV
replication and CD4+ T cell infection in vitro and in vivo (219,
220). Proof of principle for CAR T cells targeting fungal antigens
was also accomplished (221), opening opportunities to design
CAR T cell-based therapies for other infectious diseases (222).
On the other side of the spectrum, it has been proposed to
use immune cell-based strategies to control exacerbated immune
responses in the context of immune-mediated diseases, such
as autoimmunity and allergy, and to promote tolerance to
transplanted tissues and organs. For example, antigen-specific
Foxp3+ regulatory T cells have been shown to suppress autoimmune diabetes and graft rejection (223, 224). CAR-modified
regulatory T cells have been shown to control auto-immune
responses in mouse models of colitis and multiple sclerosis and
promote graft tolerance (225–228). More recently, CAR T cells
targeting CD19 were also shown to promote elimination of
auto-antibody-producing B cells and control lupus symptoms
(229). In the future, regulatory immune cells generated by
direct reprogramming, like regulatory T cells and DCs, will
contribute to the development of such therapies. Moreover,
identifying the requirements necessary to instruct a regulatory
versus stimulatory immune fate will contribute to a better
understanding of the delicate balance governing immunity
and tolerance.
In addition to using induced cells in cell-based therapies
per se, the identification of minimal combinations of
instructive transcription factors provides additional therapeutic
opportunities. Reprogramming can be merged to differentiation
strategies, as the combination of instructive factors can be used
to guide the differentiation from iPSCs or HSPCs—forward
programming (Figure 5). This strategy has been shown to
rapidly and efficiently convert human PSCs into neurons,
skeletal myocytes, and oligodendrocytes (230). Within the
hematopoietic system, transcription factor-mediated forward
programming of pluripotent cells has been shown to induce
human HE cells and proliferative megakaryocyte progenitors
(128, 139). In the context of immunotherapy, it will be
particularly attractive to explore this system to robustly generate
high numbers of homogeneous populations of immune cells

cell memory (Figure 5). During DC reprogramming, we have
observed an activation signature of TLR-induced maturation,
opening avenues for modulating functional properties of
reprogrammed cells independently of triggering TLR receptors.
Reprogrammed immune cells may also be valuable to
model immune disease. Using clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9, human iPSCs were
modified with the HIV-protective CCR5132 mutation to render
differentiated monocytes resistant to HIV infection (204).
Modeling immune dysfunction with DCs has been hindered
by difficulties in DC subset availability. Thus, generating iDCs
from patients with primary immune dysfunction with unknown
cause or associated with reduced DC numbers or function (205),
may provide a tractable way to attribute defects in antigen
presentation to clinical scenarios of immune dysfunction.
In addition to DCs, the generation of other mature
immune cells by reprogramming is very attractive for
cancer immunotherapy. Generation of functional T cells by
reprogramming could represent a source of cells to be combined
with expression of chimeric antigen receptors (CAR) (206). CAR
T cell therapies for B cell malignancies are already on the market,
generated by modification of peripheral blood T cells from
each patient. However, alternative sources of T cells are being
explored to surpass difficulties in obtaining sufficient number
of naïve CD8+ T cells from lymphopenic patients. In these
patients, T cells are often exhausted, so alternative sources such
as differentiating T cells from iPSCs are being explored (207).
These systems are still under development to recapitulate a fully
functional T cell and require extensive cell culture steps with
cytokines or artificial thymic organoids (208).
In addition, NK cells and macrophages modified with CARs
are also being explored for cancer immunotherapy. CAR-NK
cells have attractive advantages compared with CAR T cells,
as they express their native receptors and are still capable of
recognizing and killing cancer cells even if they downregulate
the CAR-targeted antigen. Moreover, NK cells have increased
ability to infiltrate solid tumors, have a better safety profile not
causing cytokine release syndrome, and do not require strict
HLA matching (209). CAR-NK cells generated from peripheral
blood, umbilical cord blood, and one irradiated lymphoma cell
line have already been tested in clinical trials, and more recently,
CAR-NK cells from human iPSC are also being explored as
an alternative (210). Interestingly, iPSC-derived NK cells not
carrying a CAR are currently being tested in the clinical setting,
constituting the first example of immune cells generated by cell
fate reprogramming to reach patients.
Macrophages modified with CARs to direct the engulfment
of specific antigens have also been generated, showing increased
ability to phagocyte cancer cells (211). It would be interesting to
address if macrophages generated by direct cell reprogramming
would also acquire such properties upon CAR modification.
Despite being less established, B cells can also activate an
antigen presentation phenotype and play a role in driving antitumor responses upon engineering with chimeric IL-2 and
TGF-β (212) or IL-4 and GM-CSF (213). Neutrophils were
shown to mediate anti-tumor responses and tumor regression
triggered by a tyrosine kinase inhibitor (214). In summary,
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FIGURE 5 | Direct reprogramming for immune-therapeutic applications. Direct lineage reprogramming allows the identification of instructive combinations of factors
required to impose immune cell fates in unrelated somatic cells such as fibroblasts. These combinations can be repurposed to derive immune cells from expandable
cell sources, such as iPSCs or hematopoietic stem and progenitor cells (HSPC). Forward reprogramming mediated by instructors represents a strategy to generate
large quantities of homogeneous populations of immune cells for therapeutic applications. It may also be possible to impose functional reprogramming, or confer
immune functional properties with instructors while retaining some features of the starting cell type.

role of intrinsic T cell factors (such as transcription of genes
associated with memory T cells) determining clinical response
to CAR T cell therapy (234). In addition, loss of the epigenetic
enzyme TET2 was shown to reduce T cell differentiation
and promote expansion of potent memory T cells (235).
Thus, it is conceivable that reprogramming factors instructing
specifically the memory phenotype could be directly used to
rejuvenate T cell exhaustion and promote clinical efficacy of CAR
T cell strategies.
In the context of cancer, several studies showed that
conversion of the tumor-associated macrophages from the
immunosuppressive M2 phenotype to the immunostimulatory
M1 polarization state would also be therapeutically valuable
[reviewed by (236)]. This conversion has been attempted
using TLR agonists, interfering with signaling and metabolic
components, single transcription factors, and epigenetic
modulators. Such manipulations have demonstrated prevention
of tumor immunosuppression and a synergistic effect with
immune checkpoint inhibitors to improve anti-tumor responses.
It would be relevant to explore direct cell reprogramming to
elucidate the molecular determinants governing macrophage
polarization opening avenues to a more robust manipulation of
these attractor states.
In the future, it would be interesting to evaluate PU.1,
IRF8, and BATF3 efficacy in inducing antigen presentation
directly in tumor cells. Induced antigen presentation may

from expandable stem cells. Addressing whether PU.1, IRF8, and
BATF3 expression in iPSCs or HSPCs generates cross-presenting
DC1 cells would provide proof of principle to apply forward
programming strategies to generate immune cells.
We also hypothesize that combinations of instructive
transcription factors can be used to induce functional
reprogramming (Figure 5). In some cases, an incomplete
conversion might be desirable, with induction of functional
properties combined with components of the initial cells. A
classic example of such reprogramming process was provided by
early cell fusion experiments. Antibody-secreting B cells were
fused to myeloma cells generating immortalized hybridomas
that produce antibodies with predefined specificity, and still
constitute the standard procedure to obtain monoclonal
antibodies (231). Cell fusion has also been explored as an
alternative to target tumor-associated antigens to DCs and
promote their immunogenicity as cancer vaccines. Hybrids of
cancer cells and bone marrow-derived DCs have been shown
to present tumor-associated antigens on MHC I and MHC II
molecules, driving anti-tumor immune responses (232).
With the advent of reprogramming strategies mediated
by defined factors, it will be interesting to investigate
whether functional reprogramming can be used to induce
therapeutically attractive properties. It has been proposed that
iPSC reprogramming could be used to rejuvenate exhausted T
cells [reviewed by (233)]. In fact, recent reports highlighted the
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will allow us to redefine our understanding of immune cell
lineages and their regulatory circuits to design new strategies for
the expanding field of immunotherapy.

bypass limitations of current cancer immunotherapies such
as tumor cell heterogeneity, immune evasion, and neoantigen
identification. Independent lines of evidence support the concept
that cDC1s are not only important for cross-priming T-cell
after migration into the lymph nodes, but their presence
within the tumor microenvironment is necessary for effector
T-cell recruitment, T cell-mediated tumor rejection, and
increased patient survival (237–239). Thus, forcing a cDC1
phenotype by reprogramming in vivo within the tumor is
therapeutically attractive, not only to promote tumor-associated
antigen presentation but also to recruit effector T-cells for
tumor clearance.
It has been a decade full of excitement seeing nuclear
reprogramming findings transiting into clinical applications in
regenerative medicine. Reprogramming to pluripotency and
direct reprogramming of alternative somatic cells have emerged
as two central paradigms for manipulating cell fate. The place
that the immune system occupies in these paradigms has however
received less attention. In the framework of the emerging
synthetic biology era, we postulate that direct cell reprogramming
will capture the plasticity and dynamics of a multitude of
immune cell states at single-cell resolution. Consequently, this

AUTHOR CONTRIBUTIONS
CP, FR, and C-FP conceptualized this manuscript. CP, FR, and
IK analyzed mRNAseq datasets. FR prepared the figures. CP and
C-FP wrote the manuscript.

FUNDING
This project was co-funded by Cancerfonden (CAN
2017/745), the Swedish research council (2018-02042),
Crafoord Foundation (20180864), NovoNordisk Fonden
(0056527) and FCT (CANCEL_STEM/2016, CENTRO01-0145-FEDER-030013). The Knut and Alice Wallenberg
foundation, the Medical Faculty at Lund University
and Region Skåne are acknowledged for generous
financial support. CP and FR are supported by FCT
Postdoctoral
(SFRH/BPD/121445/2016)
and
doctoral
(SFRH/BD/130845/2017) fellowships.

REFERENCES

15. DiBerardino M, Hoffner N. Gene reactivation in erythrocytes: nuclear
transplantation in oocytes and eggs of Rana. Science. (1983) 219:862–4.
doi: 10.1126/science.6600520
16. Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KHS. Viable offspring
derived from fetal and adult mammalian cells. Nature. (1997) 385:810–3.
doi: 10.1038/385810a0
17. Hochedlinger K, Jaenisch R. Monoclonal mice generated by nuclear
transfer from mature B and T donor cells. Nature. (2002) 415:1035–8.
doi: 10.1038/nature718
18. Tachibana M, Amato P, Sparman M, Gutierrez Nuria M, Tippner-Hedges R,
Ma H, et al.. Human embryonic stem cells derived by somatic cell nuclear
transfer. Cell. (2013) 153:1228–38. doi: 10.1016/j.cell.2013.05.006
19. Chung YG, Eum JH, Lee JE, Shim SH, Sepilian V, Hong SW, et al.
Human somatic cell nuclear transfer using adult cells. Cell Stem Cell. (2014)
14:777–80. doi: 10.1016/j.stem.2014.03.015
20. Heo H-R, Song H, Kim H-R, Lee JE, Chung YG, Kim WJ, et al.
Reprogramming mechanisms influence the maturation of hematopoietic
progenitors from human pluripotent stem cells. Cell Death Dis. (2018)
9:1090. doi: 10.1038/s41419-018-1124-6
21. Liu Z, Cai Y, Wang Y, Nie Y, Zhang C, Xu Y, et al. Cloning of macaque
monkeys by somatic cell nuclear transfer. Cell. (2018) 172:881–7.e887.
doi: 10.1016/j.cell.2018.01.020
22. Matoba S, Zhang Y. Somatic cell nuclear transfer reprogramming:
mechanisms and applications. Cell Stem Cell. (2018) 23:471–85.
doi: 10.1016/j.stem.2018.06.018
23. Whitelaw CBA, Sheets TP, Lillico SG, Telugu BP. Engineering large
animal models of human disease. J Pathol. (2016) 238:247–56.
doi: 10.1002/path.4648
24. Davidson RL, Ephrussi B, Yamamoto K. Regulation of pigment synthesis in
mammalian cells, as studied by somatic hybridization. Proc Nat Acad Sci
USA. (1966) 56:1437–40. doi: 10.1073/pnas.56.5.1437
25. Harris H, Miller OJ, Klein G, Worst P, Tachibana T. Suppression of
malignancy by cell fusion. Nature. (1969) 223:363–8. doi: 10.1038/223363a0
26. Weiss P. Principles of Development. New York, NY: Henry Holt and
Company (1939).
27. Fougère C, Weiss MC. Phenotypic exclusion in mouse melanoma-rat
hepatoma hybrid cells: Pigment and albumin production are not reexpressed
simultaneously. Cell. (1978) 15:843–54. doi: 10.1016/0092-8674(78)90269-6

1. Plotkin SA, Plotkin SL. The development of vaccines: how the past led to the
future. Nat Rev Microbiol. (2011) 9:889. doi: 10.1038/nrmicro2668
2. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved survival with ipilimumab in patients with metastatic melanoma. N
Engl J Med. (2010) 363:711–23. doi: 10.1056/NEJMoa1003466
3. Dougan M, Dranoff G, Dougan SK. Cancer immunotherapy:
beyond checkpoint blockade. Ann Rev Cancer Biol. (2019) 3:55–75.
doi: 10.1146/annurev-cancerbio-030518-055552
4. Pereira CF, Lemischka IR, Moore K. Reprogramming cell fates: insights
from combinatorial approaches. Ann N Y Acad Sci. (2012) 1266:7–17.
doi: 10.1111/j.1749-6632.2012.06508.x
5. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell. (2006)
126:663–76. doi: 10.1016/j.cell.2006.07.024
6. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell. (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019
7. Xu J, Du Y, Deng H. Direct lineage reprogramming: strategies,
mechanisms, and applications. Cell Stem Cell. (2015) 16:119–34.
doi: 10.1016/j.stem.2015.01.013
8. Weismann A. Das Keimplasma. Eine Theorie der Vererbung. New York, NY:
Fischer (1892).
9. Spemann H. Embryonic Development and Induction. New York, NY: Hafner
Publishing Company (1938).
10. Yamanaka S, Blau HM. Nuclear reprogramming to a pluripotent state by
three approaches. Nature. (2010) 465:704. doi: 10.1038/nature09229
11. DiBerardino MA. Genomic multipotentiality of differentiated somatic cells.
Cell Diff Dev. (1988) 25:129–36. doi: 10.1016/0922-3371(88)90109-8
12. Surani MA. Reprogramming of genome function through epigenetic
inheritance. Nature. (2001) 414:122–8. doi: 10.1038/35102186
13. Gurdon JB. The developmental capacity of nuclei taken from
intestinal epithelium cells of feeding tadpoles. J Embryol Exp Morphol.
(1962) 10:622–40.
14. Gurdon JB, Laskey RA, Reeves OR. The developmental capacity of nuclei
transplanted from keratinized skin cells of adult frogs. J Embryol Exp
Morphol. (1975) 34:93–112.

Frontiers in Immunology | www.frontiersin.org

18

December 2019 | Volume 10 | Article 2809

Pires et al.

Cell Fate Reprogramming for Immunotherapy

50. Lee DF, Su J, Kim HS, Chang B, Papatsenko D, Zhao R, et al. Modeling
familial cancer with induced pluripotent stem cells. Cell. (2015) 161:240–54.
doi: 10.1016/j.cell.2015.02.045
51. Chao MP, Gentles AJ, Chatterjee S, Lan F, Reinisch A, Corces MR, et al.
Human AML-iPSCs reacquire leukemic properties after differentiation and
model clonal variation of disease. Cell Stem Cell. (2017) 20:329–44.e327.
doi: 10.1016/j.stem.2016.11.018
52. Kotini AG, Chang CJ, Chow A, Yuan H, Ho TC, Wang T, et al. Stagespecific human induced pluripotent stem cells map the progression of
myeloid transformation to transplantable leukemia. Cell Stem Cell. (2017)
20:315–28.e317. doi: 10.1016/j.stem.2017.01.009
53. Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman SA,
et al. iPSC-Derived human microglia-like cells to study neurological diseases.
Neuron. (2017) 94:278–93.e279. doi: 10.1016/j.neuron.2017.03.042
54. Douvaras P, Sun B, Wang M, Kruglikov I, Lallos G, Zimmer M, et al. Directed
differentiation of human pluripotent stem cells to microglia. Stem Cell Rep.
(2017) 8:1516–24. doi: 10.1016/j.stemcr.2017.04.023
55. Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, Daimon
T, et al. Autologous induced stem-cell-derived retinal cells for macular
degeneration. N Engl J Med. (2017) 376:1038–46. doi: 10.1056/NEJMoa
1608368
56. Blau HM, Daley GQ. Stem cells in the treatment of disease. N Engl J Med.
(2019) 380:1748–60. doi: 10.1056/NEJMra1716145
57. Takeuchi JK, Bruneau BG. Directed transdifferentiation of mouse
mesoderm to heart tissue by defined factors. Nature. (2009) 459:708.
doi: 10.1038/nature08039
58. Chakravarthy H, Gu X, Enge M, Dai X, Wang Y, Damond N, et al. Converting
adult pancreatic islet α cells into β cells by targeting both Dnmt1 and Arx.
Cell Metab. (2017) 25:622–34. doi: 10.1016/j.cmet.2017.01.009
59. Ambasudhan R, Talantova M, Coleman R, Yuan X, Zhu S, Lipton SA,
et al. Direct reprogramming of adult human fibroblasts to functional
neurons under defined conditions. Cell Stem Cell. (2011) 9:113–8.
doi: 10.1016/j.stem.2011.07.002
60. Yoo AS, Sun AX, Li L, Shcheglovitov A, Portmann T, Li Y, et al. MicroRNAmediated conversion of human fibroblasts to neurons. Nature. (2011)
476:228. doi: 10.1038/nature10323
61. Ladewig J, Mertens J, Kesavan J, Doerr J, Poppe D, Glaue F, et al. Small
molecules enable highly efficient neuronal conversion of human fibroblasts.
Nat Methods. (2012) 9:575. doi: 10.1038/nmeth.1972
62. Fu JD, Stone NR, Liu L, Spencer CI, Qian L, Hayashi Y, et al. Direct
reprogramming of human fibroblasts toward a cardiomyocyte-like State.
Stem Cell Rep. (2013) 1:235–47. doi: 10.1016/j.stemcr.2013.07.005
63. Efe JA, Hilcove S, Kim J, Zhou H, Ouyang K, Wang G, et al. Conversion
of mouse fibroblasts into cardiomyocytes using a direct reprogramming
strategy. Nat Cell Biol. (2011) 13:215. doi: 10.1038/ncb2164
64. Bar-Nur O, Verheul C, Sommer AG, Brumbaugh J, Schwarz BA, Lipchina
I, et al. Lineage conversion induced by pluripotency factors involves
transient passage through an iPSC stage. Nat Biotechnol. (2015) 33:761.
doi: 10.1038/nbt.3247
65. Maza I, Caspi I, Zviran A, Chomsky E, Rais Y, Viukov S, et al. Transient
acquisition of pluripotency during somatic cell transdifferentiation
with iPSC reprogramming factors. Nat Biotechnol. (2015) 33:769.
doi: 10.1038/nbt.3270
66. Johnson RS, Spiegelman BM, Papaioannou V. Pleiotropic effects of
a null mutation in the c-fos proto-oncogene. Cell. (1992) 71:577–86.
doi: 10.1016/0092-8674(92)90592-Z
67. Wang Z-Q, Ovitt C, Grigoriadis AE, Möhle-Steinlein U, Rüther U, Wagner
EF. Bone and haematopoietic defects in mice lacking c-fos. Nature. (1992)
360:741–5. doi: 10.1038/360741a0
68. Pereira CF, Chang B, Qiu J, Niu X, Papatsenko D, Hendry CE, et al.
Induction of a hemogenic program in mouse fibroblasts. Cell Stem Cell.
(2013) 13:205–18. doi: 10.1016/j.stem.2013.05.024
69. Gomes AM, Kurochkin I, Chang B, Daniel M, Law K, Satija
N, et al. Cooperative transcription factor induction mediates
hemogenic reprogramming. Cell Rep. (2018) 25:2821–2835.e2827.
doi: 10.1016/j.celrep.2018.11.032
70. D’Alessio AC, Fan ZP, Wert KJ, Baranov P, Cohen MA, Saini JS,
et al. A systematic approach to identify candidate transcription

28. Blau HM, Chiu C-P, Webster C. Cytoplasmic activation of human
nuclear genes in stable heterocaryons. Cell. (1983) 32:1171–80.
doi: 10.1016/0092-8674(83)90300-8
29. Blau H, Pavlath G, Hardeman E, Chiu C, Silberstein L, Webster S,
et al. Plasticity of the differentiated state. Science. (1985) 230:758–66.
doi: 10.1126/science.2414846
30. Baron MH, Maniatis T. Rapid reprogramming of globin gene
expression in transient heterokaryons. Cell. (1986) 46:591–602.
doi: 10.1016/0092-8674(86)90885-8
31. Spear BT, Tilghman SM. Role of alpha-fetoprotein regulatory elements in
transcriptional activation in transient heterokaryons. Mol Cell Biol. (1990)
10:5047–54. doi: 10.1128/MCB.10.10.5047
32. Tada M, Tada T, Lefebvre L, Barton SC, Surani MA. Embryonic germ cells
induce epigenetic reprogramming of somatic nucleus in hybrid cells. EMBO
J. (1997) 16:6510–20. doi: 10.1093/emboj/16.21.6510
33. Tada M, Takahama Y, Abe K, Nakatsuji N, Tada T. Nuclear reprogramming
of somatic cells by in vitro hybridization with ES cells. Curr Biol. (2001)
11:1553–8. doi: 10.1016/S0960-9822(01)00459-6
34. Do JT, Schöler HR. Nuclei of embryonic stem cells reprogram somatic cells.
Stem Cells. (2004) 22:941–9. doi: 10.1634/stemcells.22-6-941
35. Pereira CF, Terranova R, Ryan NK, Santos J, Morris KJ, Cui W,
et al. Heterokaryon-based reprogramming of human B lymphocytes for
pluripotency requires Oct4 but not Sox2. PLoS Genet. (2008) 4:e1000170.
doi: 10.1371/journal.pgen.1000170
36. Bhutani N, Brady JJ, Damian M, Sacco A, Corbel SY, Blau HM.
Reprogramming towards pluripotency requires AID-dependent DNA
demethylation. Nature. (2009) 463:1042. doi: 10.1038/nature08752
37. Pereira CF, Piccolo FM, Tsubouchi T, Sauer S, Ryan NK, Bruno L,
et al. ESCs require PRC2 to direct the successful reprogramming of
differentiated cells toward pluripotency. Cell Stem Cell. (2010) 6:547–56.
doi: 10.1016/j.stem.2010.04.013
38. Sandler VM, Lailler N, Bouhassira EE. Reprogramming of embryonic
human fibroblasts into fetal hematopoietic progenitors by fusion
with human fetal liver CD34+ cells. PLoS ONE. (2011) 6:e18265.
doi: 10.1371/journal.pone.0018265
39. Sanges D, Romo N, Simonte G, Di Vicino U, Tahoces AD, Fernández
E, et al. Wnt/β-Catenin signaling triggers neuron reprogramming
and regeneration in the mouse retina. Cell Rep. (2013) 4:271–86.
doi: 10.1016/j.celrep.2013.06.015
40. Davis RL, Weintraub H, Lassar AB. Expression of a single transfected
cDNA converts fibroblasts to myoblasts. Cell. (1987) 51:987–1000.
doi: 10.1016/0092-8674(87)90585-X
41. Smith ZD, Sindhu C, Meissner A. Molecular features of cellular
reprogramming and development. Nat Rev Mol Cell Biol. (2016) 17:139.
doi: 10.1038/nrm.2016.6
42. González F, Boué S, Belmonte JCI. Methods for making induced pluripotent
stem cells: reprogramming à la carte. Nat Rev Genet. (2011) 12:231.
doi: 10.1038/nrg2937
43. Robinton DA, Daley GQ. The promise of induced pluripotent stem cells in
research and therapy. Nature. (2012) 481:295. doi: 10.1038/nature10761
44. Anokye-Danso F, Trivedi CM, Juhr D, Gupta M, Cui Z, Tian Y,
et al. Highly efficient miRNA-mediated reprogramming of mouse and
human somatic cells to pluripotency. Cell Stem Cell. (2011) 8:376–88.
doi: 10.1016/j.stem.2011.03.001
45. Hou P, Li Y, Zhang X, Liu C, Guan J, Li H, et al. Pluripotent Stem cells
induced from mouse somatic cells by small-molecule compounds. Science.
(2013) 341:651–4. doi: 10.1126/science.1239278
46. Buganim Y, Faddah DA, Jaenisch R. Mechanisms and models of somatic cell
reprogramming. Nat Rev Genet. (2013) 14:427. doi: 10.1038/nrg3473
47. Ebert AD, Yu J, Rose FF Jr, Mattis VB, Lorson CL, Thomson JA, et al. Induced
pluripotent stem cells from a spinal muscular atrophy patient. Nature. (2009)
457:277. doi: 10.1038/nature07677
48. Carvajal-Vergara X, Sevilla A, D’Souza SL, Ang Y-S, Schaniel C, Lee D-F, et al.
Patient-specific induced pluripotent stem-cell-derived models of LEOPARD
syndrome. Nature. (2010) 465:808. doi: 10.1038/nature09005
49. Shi Y, Inoue H, Wu JC, Yamanaka S. Induced pluripotent stem cell
technology: a decade of progress. Nat Rev Drug Discov. (2016) 16:115.
doi: 10.1038/nrd.2016.245

Frontiers in Immunology | www.frontiersin.org

19

December 2019 | Volume 10 | Article 2809

Pires et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

Cell Fate Reprogramming for Immunotherapy

92. Graf T. Differentiation plasticity of hematopoietic cells. Blood. (2002)
99:3089–101. doi: 10.1182/blood.V99.9.3089
93. Blau HM, Baltimore D. Differentiation requires continuous regulation. J Cell
Biol. (1991) 112:781–3. doi: 10.1083/jcb.112.5.781
94. Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the Blymphoid lineage depends on the transcription factor Pax5. Nature. (1999)
401:556–62. doi: 10.1038/44076
95. Rolink AG, Nutt SL, Melchers F, Busslinger M. Long-term in vivo
reconstitution of T-cell development by Pax5-deficient B-cell progenitors.
Nature. (1999) 401:603–6. doi: 10.1038/44164
96. Schaniel C, Gottar M, Roosnek E, Melchers F, Rolink AG. Extensive in
vivo self-renewal, long-term reconstitution capacity, and hematopoietic
multipotency of Pax5-deficient precursor B-cell clones. Blood. (2002)
99:2760–6. doi: 10.1182/blood.V99.8.2760
97. Heavey B, Charalambous C, Cobaleda C, Busslinger M. Myeloid lineage
switch of Pax5 mutant but not wild-type B cell progenitors by C/EBPα and
GATA factors. EMBO J. (2003) 22:3887–97. doi: 10.1093/emboj/cdg380
98. Cobaleda C, Jochum W, Busslinger M. Conversion of mature B cells into
T cells by dedifferentiation to uncommitted progenitors. Nature. (2007)
449:473. doi: 10.1038/nature06159
99. Nechanitzky R, Akbas D, Scherer S, Györy I, Hoyler T, Ramamoorthy S, et al.
Transcription factor EBF1 is essential for the maintenance of B cell identity
and prevention of alternative fates in committed cells. Nat Immunol. (2013)
14:867. doi: 10.1038/ni.2641
100. Ungerbäck J, Åhsberg J, Strid T, Somasundaram R, Sigvardsson M.
Combined heterozygous loss of Ebf1 and Pax5 allows for T-lineage
conversion of B cell progenitors. J Exp Med. (2015) 212:1109–23.
doi: 10.1084/jem.20132100
101. Ikawa T, Hirose S, Masuda K, Kakugawa K, Satoh R, Shibano-Satoh A, et al.
An essential developmental checkpoint for production of the T cell lineage.
Science. (2010) 329:93–6. doi: 10.1126/science.1188995
102. Li L, Leid M, Rothenberg EV. An early T cell lineage commitment checkpoint
dependent on the transcription factor Bcl11b. Science. (2010) 329:89–93.
doi: 10.1126/science.1188989
103. Li P, Burke S, Wang J, Chen X, Ortiz M, Lee S-C, et al. Reprogramming of
T Cells to Natural Killer–Like Cells upon Bcl11b Deletion. Science. (2010)
329:85–9. doi: 10.1126/science.1188063
104. Ikawa T, Masuda K, Endo TA, Endo M, Isono K, Koseki Y, et al. Conversion
of T cells to B cells by inactivation of polycomb-mediated epigenetic
suppression of the B-lineage program. Genes Dev. (2016) 30:2475–85.
doi: 10.1101/gad.290593.116
105. Heyworth C, Pearson S, May G, Enver T. Transcription factor-mediated
lineage switching reveals plasticity in primary committed progenitor cells.
EMBO J. (2002) 21:3770–81. doi: 10.1093/emboj/cdf368
106. Iwasaki H, Mizuno SI, Wells RA, Cantor AB, Watanabe S, Akashi
K. GATA-1 converts lymphoid and myelomonocytic progenitors into
the megakaryocyte/erythrocyte lineages. Immunity. (2003) 19:451–62.
doi: 10.1016/S1074-7613(03)00242-5
107. Sadahira K, Fukuchi Y, Kunimono H, Sakurai M, Ikeda Y, Okamoto S, et al.
Direct reprogramming of terminally differentiated B cells into erythroid
lineage. FEBS Lett. (2012) 586:3645–52. doi: 10.1016/j.febslet.2012.08.019
108. Xie H, Ye M, Feng R, Graf T. Stepwise reprogramming of B cells into
macrophages. Cell. (2004) 117:663–76. doi: 10.1016/S0092-8674(04)00419-2
109. Hsu C-L, King-Fleischman AG, Lai AY, Matsumoto Y, Weissman IL, Kondo
M. Antagonistic effect of CCAAT enhancer-binding protein-α and Pax5 in
myeloid or lymphoid lineage choice in common lymphoid progenitors. Proc
Natl Acad Sci USA. (2006) 103:672–7. doi: 10.1073/pnas.0510304103
110. Laiosa CV, Stadtfeld M, Xie H, de Andres-Aguayo L, Graf T. Reprogramming
of committed T cell progenitors to macrophages and dendritic cells by
C/EBPα and PU.1 transcription factors. Immunity. (2006) 25:731–44.
doi: 10.1016/j.immuni.2006.09.011
111. Fukuchi Y, Shibata F, Ito M, Goto-Koshino Y, Sotomaru Y, Ito M,
et al. Comprehensive analysis of myeloid lineage conversion using mice
expressing an inducible form of C/EBPα. EMBO J. (2006) 25:3398–410.
doi: 10.1038/sj.emboj.7601199
112. Bussmann LH, Schubert A, Vu Manh TP, De Andres L, Desbordes SC, Parra
M, et al. A robust and highly efficient immune cell reprogramming system.
Cell Stem Cell. (2009) 5:554–66. doi: 10.1016/j.stem.2009.10.004

factors that control cell identity. Stem Cell Rep. (2015) 5:763–75.
doi: 10.1016/j.stemcr.2015.09.016
Rackham OJ, Firas J, Fang H, Oates ME, Holmes ML, Knaupp AS, et al.
A predictive computational framework for direct reprogramming between
human cell types. Nat Genet. (2016) 48:331–5. doi: 10.1038/ng.3487
Ronquist S, Patterson G, Muir LA, Lindsly S, Chen H, Brown M, et al.
Algorithm for cellular reprogramming. Proc Natl Acad Sci USA. (2017)
114:11832–7. doi: 10.1073/pnas.1712350114
Hanna J, Saha K, Pando B, van Zon J, Lengner CJ, Creyghton MP, et al. Direct
cell reprogramming is a stochastic process amenable to acceleration. Nature.
(2009) 462:595. doi: 10.1038/nature08592
Marro S, Pang ZP, Yang N, Tsai MC, Qu K, Chang HY, et al. Direct lineage
conversion of terminally differentiated hepatocytes to functional neurons.
Cell Stem Cell. (2011) 9:374–82. doi: 10.1016/j.stem.2011.09.002
Kim J, Efe JA, Zhu S, Talantova M, Yuan X, Wang S, et al. Direct
reprogramming of mouse fibroblasts to neural progenitors. Proc Natl Acad
Sci USA. (2011) 108:7838–43. doi: 10.1073/pnas.1103113108
Yu B, He Z-Y, You P, Han Q-W, Xiang D, Chen F, et al. Reprogramming
fibroblasts into bipotential hepatic stem cells by defined factors. Cell Stem
Cell. (2013) 13:328–40. doi: 10.1016/j.stem.2013.06.017
Morris SA, Cahan P, Li H, Zhao AM, SanRoman AK., Shivdasani RA,
et al. Dissecting engineered cell types and enhancing cell fate conversion via
CellNet. Cell. (2014) 158:889–902. doi: 10.1016/j.cell.2014.07.021
Qian L, Huang Y, Spencer CI, Foley A, Vedantham V, Liu L, et al. In vivo
reprogramming of murine cardiac fibroblasts into induced cardiomyocytes.
Nature. (2012) 485:593. doi: 10.1038/nature11044
Song K, Nam Y-J, Luo X, Qi X, Tan W, Huang GN, et al. Heart repair by
reprogramming non-myocytes with cardiac transcription factors. Nature.
(2012) 485:599. doi: 10.1038/nature11139
Torper O, Pfisterer U, Wolf DA, Pereira M, Lau S, Jakobsson J, et al.
Generation of induced neurons via direct conversion in vivo. Proc Natl Acad
Sci USA. (2013) 110:7038–43. doi: 10.1073/pnas.1303829110
Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell
biology. Cell. (2008) 132:631–44. doi: 10.1016/j.cell.2008.01.025
Laurenti E, Göttgens B. From haematopoietic stem cells to complex
differentiation landscapes. Nature. (2018) 553:418. doi: 10.1038/nature25022
Rodriguez-Fraticelli AE, Wolock SL, Weinreb CS, Panero R, Patel SH,
Jankovic M, et al. Clonal analysis of lineage fate in native haematopoiesis.
Nature. (2018) 553:212. doi: 10.1038/nature25168
Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis B,
Chattopadhyay PK, Swerdlow H, et al. Simultaneous epitope and
transcriptome measurement in single cells. Nature Methods. (2017)
14:865. doi: 10.1038/nmeth.4380
Scott E, Simon M, Anastasi J, Singh, H. Requirement of transcription factor
PU.1 in the development of multiple hematopoietic lineages. Science. (1994)
265:1573–7. doi: 10.1126/science.8079170
Zhang DE, Zhang P, Wang ND, Hetherington CJ, Darlington GJ, Tenen DG.
Absence of granulocyte colony-stimulating factor signaling and neutrophil
development in CCAAT enhancer binding protein α-deficient mice. Proc
Natl Acad Sci USA. (1997) 94:569–74. doi: 10.1073/pnas.94.2.569
Zhang P, Iwasaki-Arai J, Iwasaki H, Fenyus ML, Dayaram T, Owens BM,
et al. Enhancement of hematopoietic stem cell repopulating capacity and selfrenewal in the absence of the transcription factor C/EBP&#x3b1. Immunity.
(2004) 21:853–63. doi: 10.1016/j.immuni.2004.11.006
Pevny L, Simon MC, Robertson E, Klein WH, Tsai S-F, D’Agati V, et al.
Erythroid differentiation in chimaeric mice blocked by a targeted mutation
in the gene for transcription factor GATA-1. Nature. (1991) 349:257–60.
doi: 10.1038/349257a0
Shivdasani RA, Fujiwara Y, McDevitt MA, Orkin SH. A lineage-selective
knockout establishes the critical role of transcription factor GATA-1
in megakaryocyte growth and platelet development. EMBO J. (1997)
16:3965–73. doi: 10.1093/emboj/16.13.3965
Kulessa H, Frampton J, Graf T. GATA-1 reprograms avian myelomonocytic
cell lines into eosinophils, thromboblasts, and erythroblasts. Genes Dev.
(1995) 9:1250–62. doi: 10.1101/gad.9.10.1250
Nerlov C, Graf T. PU.1 induces myeloid lineage commitment in
multipotent hematopoietic progenitors. Genes Dev. (1998) 12:2403–12.
doi: 10.1101/gad.12.15.2403

Frontiers in Immunology | www.frontiersin.org

20

December 2019 | Volume 10 | Article 2809

Pires et al.

Cell Fate Reprogramming for Immunotherapy

133. Cheng H, Ang HYK, El Farran C, Li P, Fang HT, Liu M, et al. Reprogramming
mouse fibroblasts into engraftable myeloerythroid and lymphoid
progenitors. Nat Commun. (2016) 7:13396. doi: 10.1038/ncomms13396
134. Sandler VM, Lis R, Liu Y, Kedem A, James D, Elemento O, et al.
Reprogramming human endothelial cells to haematopoietic cells requires
vascular induction. Nature. (2014) 511:312. doi: 10.1038/nature13547
135. Lis R, Karrasch CC, Poulos MG, Kunar B, Redmond D, Duran JGB, et al.
Conversion of adult endothelium to immunocompetent haematopoietic
stem cells. Nature. (2017) 545:439. doi: 10.1038/nature22326
136. Sugimura R, Jha DK, Han A, Soria-Valles C, da Rocha EL, Lu Y-F, et al.
Haematopoietic stem and progenitor cells from human pluripotent stem
cells. Nature. (2017) 545:432. doi: 10.1038/nature22370
137. Capellera-Garcia S, Pulecio J, Dhulipala K, Siva K, Rayon-Estrada V,
Singbrant S, et al. Defining the minimal factors required for erythropoiesis
through direct lineage conversion. Cell Rep. (2016) 15:2550–62.
doi: 10.1016/j.celrep.2016.05.027
138. Pulecio J, Alejo-Valle O, Capellera-Garcia S, Vitaloni M, Rio P, MejíaRamírez E, et al. Direct conversion of fibroblasts to megakaryocyte
progenitors. Cell Rep. (2016) 17:671–83. doi: 10.1016/j.celrep.2016.09.036
139. Moreau T, Evans AL, Vasquez L, Tijssen MR, Yan Y, Trotter MW, et al. Largescale production of megakaryocytes from human pluripotent stem cells by
chemically defined forward programming. Nat Commun. (2016) 7:11208.
doi: 10.1038/ncomms11208
140. Feng R, Desbordes SC, Xie H, Tillo ES, Pixley F, Stanley ER, et al. PU.1 and
C/EBPalpha/beta convert fibroblasts into macrophage-like cells. Proc Natl
Acad Sci USA. (2008) 105:6057–62. doi: 10.1073/pnas.0711961105
141. Forsberg M, Carlén M, Meletis K, Yeung MSY, Barnabé-Heider F, Persson
MAA, et al. Efficient reprogramming of adult neural stem cells to monocytes
by ectopic expression of a single gene. Proc Nalt Acad Sci USA. (2010)
107:14657–61. doi: 10.1073/pnas.1009412107
142. Obora K, Onodera Y, Takehara T, Frampton J, Hasei J, Ozaki T, et al.
Inflammation-induced miRNA-155 inhibits self-renewal of neural stem cells
via suppression of CCAAT/enhancer binding protein β (C/EBPβ) expression.
Sci Rep. (2017) 7:43604. doi: 10.1038/srep43604
143. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T, et al.
Generation of induced pluripotent stem cells without Myc from mouse and
human fibroblasts. Nat Biotechnol. (2007) 26:101. doi: 10.1038/nbt1374
144. Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Südhof TC, Wernig M.
Direct conversion of fibroblasts to functional neurons by defined factors.
Nature. (2010) 463:1035–41. doi: 10.1038/nature08797
145. Yona S, Mildner A. Good things come in threes. Sci Immunol. (2018)
3:eaav5545. doi: 10.1126/sciimmunol.aav5545
146. Bashor CJ, Patel N, Choubey S, Beyzavi A, Kondev J, Collins JJ, et al. Complex
signal processing in synthetic gene circuits using cooperative regulatory
assemblies. Science. (2019) 364:593–7. doi: 10.1126/science.aau8287
147. Rosa FF, Pires CF, Kurochkin I, Ferreira AG, Gomes AM, Palma LG, et al.
Direct reprogramming of fibroblasts into antigen-presenting dendritic cells.
Sci Immunol. (2018) 3:eaau4292. doi: 10.1126/sciimmunol.aau4292
148. Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady
state and the inflamed setting. Annu Rev Immunol. (2013) 31:563–604.
doi: 10.1146/annurev-immunol-020711-074950
149. Anderson DA, Murphy KM, Briseño CG. Development, diversity, and
function of dendritic cells in mouse and human. Cold Spring Harb Perspect
Biol. (2018) 10:a028613. doi: 10.1101/cshperspect.a028613
150. Mildner A, Jung S. Development and function of dendritic cell subsets.
Immunity. (2014) 40:642–56. doi: 10.1016/j.immuni.2014.04.016
151. Drickamer K, Taylor ME. Recent insights into structures and functions of Ctype lectins in the immune system. Curr Opin Struct Biol. (2015) 34:26–34.
doi: 10.1016/j.sbi.2015.06.003
152. Rahim MM, Tu M, Mahmoud A, Wight A, Abou-Samra E, Lima P, et al. Ly49
receptors: innate and adaptive immune paradigms. Front Immunol. 5:145.
doi: 10.3389/fimmu.2014.00145
153. Dudziak D, Kamphorst AO, Heidkamp GF, Buchholz VR, Trumpfheller C,
Yamazaki S, et al. Differential antigen processing by dendritic cell subsets in
vivo. Science. (2007) 315:107–11. doi: 10.1126/science.1136080
154. Tai L-H, Goulet M-L, Belanger S, Toyama-Sorimachi N, Fodil-Cornu N,
Vidal SM, et al. Positive regulation of plasmacytoid dendritic cell function

113. Di Tullio A, Graf T. C/EBPα bypasses cell cycle-dependency during immune
cell transdifferentiation. Cell Cycle. (2012) 11:2739–46. doi: 10.4161/cc.21119
114. Banito A, Rashid ST, Acosta JC, Li S, Pereira CF, Geti I, et al. Senescence
impairs successful reprogramming to pluripotent stem cells. Genes Dev.
(2009) 23:2134–9. doi: 10.1101/gad.1811609
115. Ting C-N, Olson MC, Barton KP, Leiden JM. Transcription factor GATA-3
is required for development of the T-cell lineage. Nature. (1996) 384:474–8.
doi: 10.1038/384474a0
116. Taghon T, Yui MA, Rothenberg EV. Mast cell lineage diversion of T lineage
precursors by the essential T cell transcription factor GATA-3. Nat Immunol.
(2007) 8:845. doi: 10.1038/ni1486
117. Kauts M-L, De Leo B, Rodríguez-Seoane C, Ronn R, Glykofrydis F, Maglitto
A, et al. Rapid mast cell generation from Gata2 reporter pluripotent stem
cells. Stem Cell Rep. (2018) 11:1009–20. doi: 10.1016/j.stemcr.2018.08.007
118. Zhang M, Dong Y, Hu F, Yang D, Zhao Q, Lv C, et al. Transcription factor
Hoxb5 reprograms B cells into functional T lymphocytes. Nat Immunol.
(2018) 19:279–90. doi: 10.1038/s41590-018-0046-x
119. Riddell J, Gazit R, Garrison BS, Guo G, Saadatpour A, Mandal
PK, et al. Reprogramming committed murine blood cells to induced
hematopoietic stem cells with defined factors. Cell. (2014) 157:549–64.
doi: 10.1016/j.cell.2014.04.006
120. Schäfer BW, Blakely BT, Darlington GJ, Blau HM. Effect of cell history on
response to helix–loop–helix family of myogenic regulators. Nature. (1990)
344:454–8. doi: 10.1038/344454a0
121. Batta K, Florkowska M, Kouskoff V, Lacaud G. Direct reprogramming
of murine fibroblasts to hematopoietic progenitor cells. Cell Rep. (2014)
9:1871–84. doi: 10.1016/j.celrep.2014.11.002
122. Tsukada M, Ota Y, Wilkinson AC, Becker HJ, Osato M, Nakauchi H, et al.
Generation of engraftable murine hematopoietic stem cells by Gfi1b, c-Fos,
and Gata2 overexpression within teratoma. Stem Cell Rep. (2017) 9:1024–33.
doi: 10.1016/j.stemcr.2017.08.010
123. Zovein AC, Hofmann JJ, Lynch M, French WJ, Turlo KA, Yang Y, et al. Fate
tracing reveals the endothelial origin of hematopoietic stem cells. Cell Stem
Cell. (2008) 3:625–36. doi: 10.1016/j.stem.2008.09.018
124. Boisset J-C, van Cappellen W, Andrieu-Soler C, Galjart N, Dzierzak E, Robin
C. In vivo imaging of haematopoietic cells emerging from the mouse aortic
endothelium. Nature. (2010) 464:116. doi: 10.1038/nature08764
125. Tsai F-Y, Keller G, Kuo FC, Weiss M, Chen J, Rosenblatt M, et al. An
early haematopoietic defect in mice lacking the transcription factor GATA-2.
Nature. (1994) 371:221–6. doi: 10.1038/371221a0
126. Pereira CF, Chang B, Gomes A, Bernitz J, Papatsenko D, Niu X, et al.
Hematopoietic reprogramming in vitro informs in vivo identification of
hemogenic precursors to definitive hematopoietic stem cells. Dev Cell. (2016)
36:525–39. doi: 10.1016/j.devcel.2016.02.011
127. Thier MC, Hommerding O, Panten J, Pinna R, García-González D,
Berger T, et al. Identification of embryonic neural plate border stem
cells and their generation by direct reprogramming from adult human
blood cells. Cell Stem Cell. (2019) 24:166–82.e113. doi: 10.1016/j.stem.2018.
11.015
128. Elcheva I, Brok-Volchanskaya V, Kumar A, Liu P, Lee J-H, Tong L, et al.
Direct induction of haematoendothelial programs in human pluripotent
stem cells by transcriptional regulators. Nat Commun. (2014) 5:4372.
doi: 10.1038/ncomms5372
129. North T, Gu TL, Stacy T, Wang Q, Howard L, Binder M, et al.
Cbfa2 is required for the formation of intra-aortic hematopoietic clusters.
Development. (1999) 126:2563–75.
130. Li Z, Chen MJ, Stacy T, Speck NA. Runx1 function in hematopoiesis
is required in cells that express Tek. Blood. (2006) 107:106–10.
doi: 10.1182/blood-2005-05-1955
131. North TE, Stacy T, Matheny CJ, Speck NA, de Bruijn MFTR. Runx1
is expressed in adult mouse hematopoietic stem cells and differentiating
myeloid and lymphoid cells, but not in maturing erythroid cells. Stem Cells.
(2004) 22:158–68. doi: 10.1634/stemcells.22-2-158
132. Ichikawa M, Asai T, Saito T, Yamamoto G, Seo S, Yamazaki I, et al.
AML-1 is required for megakaryocytic maturation and lymphocytic
differentiation, but not for maintenance of hematopoietic stem cells
in adult hematopoiesis. Nat Med. (2004) 10:299–304. doi: 10.1038/
nm997

Frontiers in Immunology | www.frontiersin.org

21

December 2019 | Volume 10 | Article 2809

Pires et al.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Cell Fate Reprogramming for Immunotherapy

via Ly49Q recognition of class I MHC. J Exp Med. (2008) 205:3187–99.
doi: 10.1084/jem.20080718
Shrimpton RE, Butler M, Morel A-S, Eren E, Hue SS, Ritter MA. CD205
(DEC-205): A recognition receptor for apoptotic and necrotic self. Mol
Immunol. (2009) 46:1229–39. doi: 10.1016/j.molimm.2008.11.016
de Jong MAWP, Vriend LEM, Theelen B, Taylor ME, Fluitsma D, Boekhout
T, et al. C-type lectin Langerin is a β-glucan receptor on human Langerhans
cells that recognizes opportunistic and pathogenic fungi. Mol Immunol.
(2010) 47:1216–25. doi: 10.1016/j.molimm.2009.12.016
Idoyaga J, Lubkin A, Fiorese C, Lahoud MH, Caminschi I, Huang Y,
et al. Comparable T helper 1 (Th1) and CD8 T-cell immunity by targeting
HIV gag p24 to CD8 dendritic cells within antibodies to Langerin,
DEC205, and Clec9A. Proc Natl Acad Sci USA. (2011) 108:2384–9.
doi: 10.1073/pnas.1019547108
Segura E, Amigorena S. Chapter 1:cross-presentation in mouse and human
dendritic cells. In: Alt FW, editors. Advances in Immunology. Academic Press
(2015). p. 1–31. doi: 10.1016/bs.ai.2015.03.002
Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton
SE, et al. Genetic tracing via DNGR-1 expression history defines
dendritic cells as a hematopoietic lineage. Cell. (2013) 154:843–58.
doi: 10.1016/j.cell.2013.07.014
Bachem A, Güttler S, Hartung E, Ebstein F, Schaefer M, Tannert A, et al.
Superior antigen cross-presentation and XCR1 expression define human
CD11c+ CD141+ cells as homologues of mouse CD8+ dendritic cells. J Exp
Med. (2010) 207:1273–81. doi: 10.1084/jem.20100348
Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher
J, et al. Single-cell RNA-seq reveals new types of human blood
dendritic cells, monocytes, and progenitors. Science. (2017) 356:eaah4573.
doi: 10.1126/science.aah4573
Schulz O, Reis e Sousa C. Cross-presentation of cell-associated antigens by
CD8alpha+ dendritic cells is attributable to their ability to internalize dead
cells. Immunology. (2002) 107:183–9. doi: 10.1046/j.1365-2567.2002.01513.x
Sancho D, Joffre OP, Keller AM, Rogers NC, Martínez D, Hernanz-Falcón P,
et al. Identification of a dendritic cell receptor that couples sensing of necrosis
to immunity. Nature. (2009) 458:899. doi: 10.1038/nature07750
Satpathy AT, KC W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya
D, et al. Zbtb46 expression distinguishes classical dendritic cells and their
committed progenitors from other immune lineages. J Exp Med. (2012)
209:1135–52. doi: 10.1084/jem.20120030
Wapinski OL, Vierbuchen T, Qu K, Lee QY, Chanda S, Fuentes DR,
et al. Hierarchical mechanisms for direct reprogramming of fibroblasts to
neurons. Cell. (2013) 155:621–35. doi: 10.1016/j.cell.2013.09.028
Treutlein B, Lee QY, Camp JG, Mall M, Koh W, Shariati SAM, et al.
Dissecting direct reprogramming from fibroblast to neuron using single-cell
RNA-seq. Nature. (2016) 534:391. doi: 10.1038/nature18323
van Oevelen C, Collombet S, Vicent G, Hoogenkamp M, Lepoivre C,
Badeaux A, et al. C/EBPa activates pre-existing and de novo macrophage
enhancers during induced pre-B cell transdifferentiation and myelopoiesis.
Stem Cell Rep. (2015) 5:232–47. doi: 10.1016/j.stemcr.2015.06.007
Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al.
Deciphering the transcriptional network of the DC lineage. Nat Immunol.
(2012) 13:888–99. doi: 10.1038/ni.2370
Ardouin L, Luche H, Chelbi R, Carpentier S, Shawket A, Montanana
Sanchis F, et al. Broad and largely concordant molecular changes characterize
tolerogenic and immunogenic dendritic cell maturation in thymus and
periphery. Immunity. (2016) 45:305–18. doi: 10.1016/j.immuni.2016.07.019
Chronis C, Fiziev P, Papp B, Butz S, Bonora G, Sabri S, et al. Cooperative
binding of transcription factors orchestrates reprogramming. Cell. (2017)
168:442–59.e420. doi: 10.1016/j.cell.2016.12.016
Soufi A, Donahue G, Zaret KS. Facilitators and impediments of the
pluripotency reprogramming factors’ initial engagement with the genome.
Cell. (2012) 151:994–1004. doi: 10.1016/j.cell.2012.09.045
Hannah R, Joshi A, Wilson NK, Kinston S, Göttgens B. A compendium
of genome-wide hematopoietic transcription factor maps supports the
identification of gene regulatory control mechanisms. Exp Hematol. (2011)
39:531–41. doi: 10.1016/j.exphem.2011.02.009
Wilson NK, Foster SD, Wang X, Knezevic K, Schütte J, Kaimakis P,
et al. Combinatorial transcriptional control in blood stem/progenitor cells:

Frontiers in Immunology | www.frontiersin.org

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

22

genome-wide analysis of ten major transcriptional regulators. Cell Stem Cell.
(2010) 7:532–44. doi: 10.1016/j.stem.2010.07.016
May G, Soneji S, Tipping AJ, Teles J, McGowan SJ, Wu M, et al. Dynamic
analysis of gene expression and genome-wide transcription factor binding
during lineage specification of multipotent progenitors. Cell Stem Cell. (2013)
13:754–68. doi: 10.1016/j.stem.2013.09.003
Obier N, Cauchy P, Assi SA, Gilmour J, Lie-A-Ling M, Lichtinger M, et al.
Cooperative binding of AP-1 and TEAD4 modulates the balance between
vascular smooth muscle and hemogenic cell fate. Development. (2016)
143:4324–40. doi: 10.1242/dev.139857
Dunham I, Kundaje A, Aldred SF, Collins PJ, Davis CA, Doyle F, et al. An
integrated encyclopedia of DNA elements in the human genome. Nature.
(2012) 489:57. doi: 10.1038/nature11247
Barozzi I, Simonatto M, Bonifacio S, Yang L, Rohs R, Ghisletti S, et al.
Coregulation of transcription factor binding and nucleosome occupancy
through DNA features of mammalian enhancers. Mol Cell. (2014) 54:844–57.
doi: 10.1016/j.molcel.2014.04.006
Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al.
Simple combinations of lineage-determining transcription factors prime cisregulatory elements required for macrophage and B cell identities. Mol Cell.
(2010) 38:576–89. doi: 10.1016/j.molcel.2010.05.004
Ungerbäck J, Hosokawa H, Wang X, Strid T, Williams BA, Sigvardsson
M, et al. Pioneering, chromatin remodeling, and epigenetic constraint in
early T-cell gene regulation by SPI1 (PU.1). Genome Res. (2018) 28:1508–19.
doi: 10.1101/gr.231423.117
Bornstein C, Winter D, Barnett-Itzhaki Z, David E, Kadri S, Garber
M, et al. A negative feedback loop of transcription factors specifies
alternative dendritic cell chromatin States. Mol Cell. (2014) 56:749–62.
doi: 10.1016/j.molcel.2014.10.014
Kurotaki D, Nakabayashi J, Nishiyama A, Sasaki H, Kawase W, Kaneko
N, et al. Transcription factor IRF8 governs enhancer landscape dynamics
in mononuclear phagocyte progenitors. Cell Rep. (2018) 22:2628–41.
doi: 10.1016/j.celrep.2018.02.048
Tussiwand R, Lee W-L, Murphy TL, Mashayekhi M, Kc W, Albring JC,
et al. Compensatory dendritic cell development mediated by BATF–IRF
interactions. Nature. (2012) 490:502. doi: 10.1038/nature11531
Murphy TL, Tussiwand R, Murphy KM. Specificity through cooperation:
BATF–IRF interactions control immune-regulatory networks. Nat Rev
Immunol. (2013) 13:499. doi: 10.1038/nri3470
Grajales-Reyes GE, Iwata A, Albring J, Wu X, Tussiwand R, Kc W, et al.
Batf3 maintains autoactivation of Irf8 for commitment of a CD8alpha(+)
conventional DC clonogenic progenitor. Nat Immunol. (2015) 16:708–17.
doi: 10.1038/ni.3197
Durai V, Bagadia P, Granja JM, Satpathy AT, Kulkarni DH, Davidson
JT, et al. Cryptic activation of an Irf8 enhancer governs cDC1 fate
specification. Nat Immunol. (2019) 20:1161–73. doi: 10.1038/s41590-0190450-x
Carotta S, Dakic A, D’Amico A, Pang SHM, Greig KT, Nutt SL, et al.
The transcription factor PU.1 controls dendritic cell development and Flt3
cytokine receptor expression in a dose-dependent manner. Immunity. (2010)
32:628–41. doi: 10.1016/j.immuni.2010.05.005
Schönheit J, Kuhl C, Gebhardt ML, Klett FF, Riemke P, Scheller M,
et al. PU.1 level-directed chromatin structure remodeling at the Irf8
gene drives dendritic cell commitment. Cell Rep. (2013) 3:1617–28.
doi: 10.1016/j.celrep.2013.04.007
Lee J, Zhou YJ, Ma W, Zhang W, Aljoufi A, Luh T, et al. Lineage
specification of human dendritic cells is marked by IRF8 expression in
hematopoietic stem cells and multipotent progenitors. Nat Immunol. (2017)
18:877. doi: 10.1038/ni.3789
Bagadia P, Huang X, Liu TT, Durai V, Grajales-Reyes GE, Nitschké
M, et al. An Nfil3–Zeb2–Id2 pathway imposes Irf8 enhancer switching
during cDC1 development. Nature Immunol. (2019) 20:1174–85.
doi: 10.1038/s41590-019-0449-3
Hashimoto D, Miller J, Merad M. Dendritic cell and
macrophage heterogeneity in vivo. Immunity. (2011) 35:323–35.
doi: 10.1016/j.immuni.2011.09.007
Waddington CH. The Strategy of the Genes; A Discussion of Some Aspects of
Theoretical Biology. London: Allen & Unwin (1957).

December 2019 | Volume 10 | Article 2809

Pires et al.

Cell Fate Reprogramming for Immunotherapy

192. Enver T, Pera M, Peterson C, Andrews PW. Stem cell states,
fates, and the rules of attraction. Cell Stem Cell. (2009) 4:387–97.
doi: 10.1016/j.stem.2009.04.011
193. Graf T, Enver T. Forcing cells to change lineages. Nature. (2009) 462:587.
doi: 10.1038/nature08533
194. Masserdotti G, Gascón S, Götz M. Direct neuronal reprogramming:
learning from and for development. Development. (2016) 143:2494–510.
doi: 10.1242/dev.092163
195. Tsunemoto R, Lee S, Szucs A, Chubukov P, Sokolova I, Blanchard JW,
et al. Diverse reprogramming codes for neuronal identity. Nature. (2018)
557:375–80. doi: 10.1038/s41586-018-0103-5
196. Farrand KJ, Dickgreber N, Stoitzner P, Ronchese F, Petersen TR, Hermans
IF. Langerin+CD8α+ dendritic cells are critical for cross-priming and IL-12
production in response to systemic antigens. J Immunol. (2009) 183:7732–42.
doi: 10.4049/jimmunol.0902707
197. Bar-On L, Birnberg T, Lewis KL, Edelson BT, Bruder D, Hildner K, et al.
CX3CR1+ CD8α+ dendritic cells are a steady-state population related to
plasmacytoid dendritic cells. Proc Natl Acad Sci USA. (2010) 107:14745–50.
doi: 10.1073/pnas.1001562107
198. Garber M, Yosef N, Goren A, Raychowdhury R, Thielke A, Guttman M,
et al. A high-throughput chromatin immunoprecipitation approach reveals
principles of dynamic gene regulation in mammals. Mol Cell. (2012) 47:810–
22. doi: 10.1016/j.molcel.2012.07.030
199. Mertens J, Reid D, Lau S, Kim Y, Gage FH. Aging in a dish: iPSCderived and directly induced neurons for studying brain aging and agerelated neurodegenerative diseases. Ann Rev Genet. (2018) 52:271–93.
doi: 10.1146/annurev-genet-120417-031534
200. Santos PM, Butterfield LH. Dendritic cell–based cancer vaccines. J Immunol.
(2018) 200:443–9. doi: 10.4049/jimmunol.1701024
201. Saxena M, Bhardwaj N. Re-emergence of dendritic cell vaccines for cancer
treatment. Trends Cancer. (2018) 4:119–37. doi: 10.1016/j.trecan.2017.12.007
202. Böttcher JP, Reis e Sousa C. The role of type 1 conventional
dendritic cells in cancer immunity. Trends Cancer. (2018) 4:784–92.
doi: 10.1016/j.trecan.2018.09.001
203. Kamath AT, Henri S, Battye F, Tough DF, Shortman K.
Developmental
kinetics
and
lifespan
of
dendritic
cells
in
mouse
lymphoid
organs.
Blood.
(2002)
100:1734–41.
doi: 10.1182/blood.V100.5.1734.h81702001734_1734_1741
204. Ye L, Wang J, Beyer AI, Teque F, Cradick TJ, Qi Z, et al. Seamless
modification of wild-type induced pluripotent stem cells to the natural
CCR5132 mutation confers resistance to HIV infection. Proc Natl Acad Sci.
(2014) 111:9591–6. doi: 10.1073/pnas.1407473111
205. Bigley V, Barge D, Collin M. Dendritic cell analysis in primary
immunodeficiency. Curr Opin Allergy Clin Immunol. (2016) 16:530–40.
doi: 10.1097/ACI.0000000000000322
206. Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation and
targeting of cytotoxic lymphocytes through chimeric single chains consisting
of antibody-binding domains and the gamma or zeta subunits of the
immunoglobulin and T-cell receptors. Proc Natl Acad Sci USA. (1993)
90:720–4. doi: 10.1073/pnas.90.2.720
207. Brauer PM, Singh J, Xhiku S, Zúñiga-Pflücker JC. T cell
genesis: in vitro veritas Est? Trends Immunol. (2016) 37:889–901.
doi: 10.1016/j.it.2016.09.008
208. Montel-Hagen A, Seet CS, Li S, Chick B, Chang P, Zhu Y, et al.
In vitro generation of human pluripotent stem cell-derived T cells for
immunotherapy. Blood. (2017) 130:691. doi: 10.1007/978-1-4939-3338-9_6
209. Rezvani K, Rouce R, Liu E, Shpall E. Engineering natural killer
cells for cancer immunotherapy. Mol Therapy. (2017) 25:1769–81.
doi: 10.1016/j.ymthe.2017.06.012
210. Li Y, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSCderived natural killer cells engineered with chimeric antigen receptors
enhance anti-tumor activity. Cell Stem Cell. (2018). 23:181–92.e185.
doi: 10.1016/j.stem.2018.06.002
211. Morrissey MA, Williamson AP, Steinbach AM, Roberts EW, Kern N, Headley
MB, et al. Chimeric antigen receptors that trigger phagocytosis. eLife. (2018)
7:e36688. doi: 10.7554/eLife.36688.022
212. Penafuerte C, Ng S, Bautista-Lopez N, Birman E, Forner K, Galipeau J.
B effector cells activated by a chimeric protein consisting of IL-2 and the

Frontiers in Immunology | www.frontiersin.org

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

23

ectodomain of TGF-β receptor II induce potent antitumor immunity. Cancer
Res. (2012) 72:1210–20. doi: 10.1158/0008-5472.CAN-11-1659
Deng J, Yuan S, Pennati A, Murphy J, Wu JH, Lawson D, et al.
Engineered Fusokine GIFT4 licenses the ability of B cells to trigger
a tumoricidal T-cell response. Cancer Res. (2014) 74:4133–44.
doi: 10.1158/0008-5472.CAN-14-0708
Patnaik A, Swanson KD, Csizmadia E, Solanki A, Landon-Brace N, Gehring
MP, et al. Cabozantinib eradicates advanced murine prostate cancer by
activating antitumor innate immunity. Cancer Discov. (2017) 7:750–65.
doi: 10.1158/2159-8290.CD-16-0778
Roberts M, Qin L, Zhang D, Smith D, Tran A, Dull T, et al.
Targeting of human immunodeficiency virus-infected cells by CD8+ T
lymphocytes armed with universal T-cell receptors. Blood. (1994) 84:2878–
89. doi: 10.1182/blood.V84.9.2878.2878
Mitsuyasu RT, Anton PA, Deeks SG, Scadden DT, Connick E, Downs
MT, et al. Prolonged survival and tissue trafficking following adoptive
transfer of CD4ζ gene-modified autologous CD4+ and CD8+ T cells in
human immunodeficiency virus–infected subjects. Blood. (2000) 96:785–93.
doi: 10.1182/blood.V96.3.785
Maldini CR, Ellis GI, Riley JL. CAR T cells for infection, autoimmunity
and allotransplantation. Nat Rev Immunol. (2018) 18:605–16.
doi: 10.1038/s41577-018-0042-2
Anthony-Gonda K, Bardhi A, Ray A, Flerin N, Li M, Chen W,
et al. Multispecific anti-HIV duoCAR-T cells display broad in vitro
antiviral activity and potent in vivo elimination of HIV-infected cells
in a humanized mouse model. Sci Transl Med. (2019) 11:eaav5685.
doi: 10.1126/scitranslmed.aav5685
Ni Z, Knorr DA, Clouser CL, Hexum MK, Southern P, Mansky LM, et al.
Human pluripotent stem cells produce natural killer cells that mediate
anti-HIV-1 activity by utilizing diverse cellular mechanisms. J Virol. (2011)
85:43–50. doi: 10.1128/JVI.01774-10
Ni Z, Knorr DA, Bendzick L, Allred J, Kaufman DS. Expression of chimeric
receptor CD4ζ by natural killer cells derived from human pluripotent stem
cells improves in vitro activity but does not enhance suppression of HIV
infection in vivo. Stem Cells. (2014) 32:1021–31. doi: 10.1002/stem.1611
Kumaresan PR, Manuri PR, Albert ND, Maiti S, Singh H, Mi T, et al.
Bioengineering T cells to target carbohydrate to treat opportunistic
fungal infection. Proc Natl Acad Sci USA. (2014) 111:10660–5.
doi: 10.1073/pnas.1312789111
Armstrong-James D, Brown GD, Netea MG, Zelante T, Gresnigt
MS, van de Veerdonk FL, et al. Immunotherapeutic approaches to
treatment of fungal diseases. Lancet Infect Dis. (2017) 17:e393–402.
doi: 10.1016/S1473-3099(17)30442-5
Nishimura E, Sakihama T, Setoguchi R, Tanaka K, Sakaguchi S. Induction
of antigen-specific immunologic tolerance by in vivo and in vitro antigenspecific expansion of naturally arising Foxp3+CD25+CD4+ regulatory T
cells. Int Immunol. (2004) 16:1189–201. doi: 10.1093/intimm/dxh122
Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, Ye J, et al. In vitro–expanded
antigen-specific regulatory T cells suppress autoimmune diabetes. J Exp Med.
(2004) 199:1455–65. doi: 10.1084/jem.20040139
Elinav E, Waks T, Eshhar Z. Redirection of regulatory T cells with
predetermined specificity for the treatment of experimental colitis in mice.
Gastroenterology. (2008) 134:2014–24. doi: 10.1053/j.gastro.2008.02.060
Fransson M, Piras E, Burman J, Nilsson B, Essand M, Lu B, et al.
CAR/FoxP3-engineered T regulatory cells target the CNS and
suppress EAE upon intranasal delivery. J Neuroinflamm. (2012) 9:112.
doi: 10.1186/1742-2094-9-112
MacDonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC,
et al. Alloantigen-specific regulatory T cells generated with a chimeric
antigen receptor. J Clin Investig. (2016) 126:1413–24. doi: 10.1172/
JCI82771
Boardman DA, Philippeos C, Fruhwirth GO, Ibrahim MAA, Hannen RF,
Cooper D, et al. Expression of a chimeric antigen receptor specific for
donor HLA Class I enhances the potency of human regulatory T cells in
preventing human skin transplant rejection. Am J Transpl. (2017) 17:931–43.
doi: 10.1111/ajt.14185
Kansal R, Richardson N, Neeli I, Khawaja S, Chamberlain D, Ghani M,
et al. Sustained B cell depletion by CD19-targeted CAR T cells is a highly

December 2019 | Volume 10 | Article 2809

Pires et al.

230.

231.
232.

233.

234.

235.

236.

Cell Fate Reprogramming for Immunotherapy

237. Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ, et al.
Dissecting the tumor myeloid compartment reveals rare activating antigenpresenting cells critical for T cell immunity. Cancer Cell. (2014) 26:638–52.
doi: 10.1016/j.ccell.2014.09.007
238. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and Activation of CD103+ dendritic cell progenitors at the tumor
site enhances tumor responses to therapeutic PD-L1 and BRAF inhibition.
Immunity. (2016) 44:924–38. doi: 10.1016/j.immuni.2016.03.012
239. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing Batf3 dendritic
cells are required for effector T cell trafficking and adoptive T cell therapy.
Cancer Cell. (2017) 31:711–23.e714. doi: 10.1016/j.ccell.2017.04.003

effective treatment for murine lupus. Sci Transl Med. (2019) 11:eaav1648.
doi: 10.1126/scitranslmed.aav1648
Pawlowski M, Ortmann D, Bertero A, Tavares JM, Pedersen RA, Vallier
L, et al. Inducible and deterministic forward programming of human
pluripotent stem cells into neurons, skeletal myocytes, and oligodendrocytes.
Stem Cell Rep. (2017) 8:803–12. doi: 10.1016/j.stemcr.2017.02.016
Köhler G, Milstein C. Continuous cultures of fused cells secreting antibody
of predefined specificity. Nature. (1975) 256:495–7. doi: 10.1038/256495a0
Wang J, Saffold S, Cao X, Krauss J, Chen W. Eliciting T cell immunity against
poorly immunogenic tumors by immunization with dendritic cell-tumor
fusion vaccines. J Immunol. (1998) 161:5516–24.
Crompton JG, Clever D, Vizcardo R, Rao M, Restifo NP.
Reprogramming antitumor immunity. Trends Immunol. (2014) 35:178–85.
doi: 10.1016/j.it.2014.02.003
Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, Lundh S,
et al. Determinants of response and resistance to CD19 chimeric antigen
receptor (CAR) T cell therapy of chronic lymphocytic leukemia. Nat Med.
(2018) 24:563–71. doi: 10.1038/s41591-018-0010-1
Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich TJ, et al.
Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T
cells. Nature. (2018) 558:307–12. doi: 10.1038/s41586-018-0178-z
Pathria P, Louis TL, Varner JA. Targeting tumor-associated macrophages in
cancer. Trends Immunol. (2019) 40:310–27. doi: 10.1016/j.it.2019.02.003

Frontiers in Immunology | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2019 Pires, Rosa, Kurochkin and Pereira. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

24

December 2019 | Volume 10 | Article 2809

