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DCs do not just excel in antigen presentation. They orchestrate information transfer from
innate to adaptive immunity by sensing and integrating a variety of danger signals, and
translating them to naïve T cells, to mount specifically tailored immune responses. This is
accomplished by distinct DC types specialized in different functions and because each DC
is functionally plastic, assuming different activation states depending on the input signals
received.Mousemodels hold the key to untangle this complexity and determinewhich DC
types and activation states contribute to which functions. Here,we aim to provide compre-
hensive information for selecting the most appropriate mutant mouse strains to address
specific research questions on DCs, considering three in vivo experimental approaches:
(i) interrogating the roles of DC types through their depletion; (ii) determining the under-
lying mechanisms by specific genetic manipulations; (iii) deciphering the spatiotemporal
dynamics of DC responses. We summarize the advantages, caveats, suggested use, and
perspectives for a variety of mutant mouse strains, discussing in more detail the most
widely used or accurate models. Finally, we discuss innovative strategies to improve tar-
geting specificity and next-generation mutant mouse models, and briefly address how
humanized mouse models can accelerate translation into the clinic.

Keywords: Dendritic cells � Mouse models � Transgenic mice � cre-loxP � Intersectional genetics

Introduction

DCs are innate immune cells that excel in the initial activation
or “priming” of naïve T cells and in their functional polariza-
tion. This process involves relaying information from pathogens
and from the innate immune system to the adaptive immune sys-
tem. Hence, DCs can be considered as the “chefs d’orchestre” of
immunity. DCs are functionally plastic: they can induce either tol-
erance or immunity and polarize effector immune cells toward
different functions. Two complementary mechanisms underlie DC
functional plasticity. First, there are distinct DC types specialized
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in different functions and conserved across warm-blooded verte-
brates. Second, each DC type can undergo different activation
states, depending on the input signals received, to deliver cus-
tomized combinations of output signals to activate T cells in the
manner best suited to deal with the threat sensed.

The nature of certain DC types is controversial, and the bound-
aries between distinct DC types versus different activation states
of the same DC type are sometimes blurry. Yet, based on our cur-
rent knowledge, DCs can be classified into six cell types that are
evolutionarily conserved between mice and humans: (i) Type 1
conventional DCs (cDC1) excel in CD8+ T-cell priming, in partic-
ular, against infected or tumor cells. This is due in part to the high
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efficacy of cDC1 at capturing cell-associated antigens for process-
ing and presentation in association with class I MHC molecules
(MHC-I). (ii) Type 2 conventional DCs (cDC2) are especially effi-
cient in the priming of CD4+ T cells and their functional polariza-
tion towards type 2 or 17 helper responses (Th2 or Th17), which
contribute to defense against parasites or bacterial/fungal infec-
tions respectively, or towards follicular helper responses (Tfh)
that promote humoral immunity. (iii) Plasmacytoid DCs (pDCs)
rapidly produce copious amounts of type I and III IFNs (IFN-
I/III) during systemic viral infections. (iv) Monocyte-derived DCs
(MoDCs) may contribute to maintain or reactivate effector lym-
phocytes in nonlymphoid inflamed tissues. (v) Langerhans cells
(LCs) are located in the skin epidermis and in certain mucosae,
where they can either promote tolerance to the microbiota and
innocuous environmental antigens or contribute to induce pro-
tective immunity against local infections or cancer. (vi) Transi-
tional DCs (tDCs) have been described only recently and while
they share features of both cDCs and pDCs, their function is cur-
rently enigmatic [1, 2].

The input signals sensed by DCs include microbial molecu-
lar motifs, host danger signals specifically expressed by damaged
cells (e.g., infected, tumor or dying cells), cytokines produced by
other cells, and metabolites from host or microbial origin. Out-
put signal 1 corresponds to antigen presentation for the trigger-
ing of the T-cell receptor. Output signal 2 corresponds to costim-
ulation. Positive costimulation synergizes with signal 1 to boost
T-cell proliferation and activation. Negative costimulation pre-
vents overshooting of the T-cell response and programs its con-
traction. Output signal 3 corresponds to cytokines, which play a
key role in instructing T-cell functional polarization. DCs also pro-
duce chemokines to recruit other cell types to lymphoid organs
or inflamed tissues. DCs can also express metabolic enzymes
with immunoregulatory roles. Pathogens or tumors can hijack DC
immunoregulatory functions or inhibit DC activating functions to
suppress immune responses for their own benefit.

To harness DCs in the clinic safely and effectively to fight
infections, cancer, or immunopathology, it is crucial to understand
which combination of DC types and activation states contributes
to which functions, and how to manipulate it. Hence, we need to
advance our basic knowledge of the physiological functions of DC
types and their molecular regulation. To achieve this aim, mouse
models remain key, considering their versatility to target DCs in
vivo genetically or pharmacologically, and the conserved DC biol-
ogy between mice and humans.

Here, we aim at providing a guideline to help researchers
choosing mutant mice depending on their research question and
the DC type under study. Since, the focus of our review article
is on deciphering DC type functions and their molecular regula-
tion, we will not discuss DC ontogeny that others have recently
covered [3–5]. We will discuss the advantages and limitations of
a selection of mouse models that are commonly used or may be
the most reliable depending on the objective pursued, including
the following three main research questions: (i) to interrogate the
global role of a given DC type in vivo, through assessing how
its depletion affects the process under study, (ii) to identify the

specific functions underlying this global effect, by studying the
impact of the inactivation of candidate genes, and (iii) to deci-
pher the dynamics of DC responses in vivo, by studying the chore-
ography of the microanatomical redistribution of DC types in rela-
tion to their activation and to their establishment of interactions
with other cells, using fluorescent reporter mice. We will discuss
recent approaches that should improve our ability to interrogate
rigorously the role of candidate functions and genes in specific
DC types, including intersectional genetics or shield BM chimeric
mice. We will also touch on humanized mouse models as preclin-
ical tools for moving one step further toward harnessing DCs for
vaccination or immunotherapy.

Depletion models: Determining the specific
function of DC types

Conditional depletion of DC types upon diphtheria
toxin injection

One widely used approach to achieve DC type-specific ablation
in the mouse model organism is the transgenic expression of
the primate diphtheria toxin (DT) receptor (DTR; found to be
identical with the transmembrane precursor of heparin-binding
EGF-like growth factor, HB-EGF) and the administration of
the Corynebacterium diphtheriae exotoxin DT. Murine cells are
resistant to the toxic effects of DT due to several mutations in
the DT binding site of the mouse orthologue of HB-EGF [6]. An
advantage of the DTR-mediated approach is that cell ablation
is conditional and occurs only after DT injection. Hence, com-
pensatory mechanisms found in constitutive depletion settings
such as transgenic expression of the DT or gene deficiency in
DC type-specific transcription factors are avoided. In addition,
depletion can be temporally controlled and, thus, specificity for
short-lived versus long-lived cell types can be modified. This
allows us to discriminate between the functions of long-lived LCs
from those of other, short-lived, DC types in the skin [7]. Accuracy
of the ablation critically depends on the choice of DC type-specific
markers and their cis-regulatory elements, such as promoter and
enhancers/repressors, used for the transgenic DTR expression.
Here, the three types of genetic manipulation commonly used
for the generation of DTR expressing mouse strains (as well as
other mouse strains described throughout this review) differ in
the number of control elements that regulate the expression of
the DTR-cassette. Earlier approaches, such as the CD11c-DTR
transgenic mice, relied on short but well-defined promoter ele-
ments of few kilobases (kb) in length [8]. Shortcomings of this
approach became clear, when discrepancies between endogenous
CD11c expression and cell depletion upon DT administration
were found for certain cell types, such as pDCs and NK cells,
that were reported not to be depleted despite their intermediate
CD11c expression [9, 10]. An improved strategy represents the
use of BAC transgenic mice [11], where larger stretches of DNA
of 100–300 kb length from the endogenous genomic locus of
the DC-specific marker of choice are introduced as transgene.
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Thus, a more complete set of cis-regulatory regions is transferred
together with the DTR-expression cassette. Still cis-regulatory
elements have been found at distances >300 kb from the gene
coding regions [12]. Therefore, knock-in strategies inserting the
DTR-cassette into the endogenous locus of the marker gene are
considered to achieve the highest faithfulness in DTR expression,
although the insertion of a stretch of DNA or an IRES control
element could eventually cause some deregulation of the expres-
sion of the endogenous marker gene in certain instances. The
use of markers, such as surface molecules or transcription factors
specific for a certain DC type, not only for depletion of DCs but
also for most DC-specific mutant mouse models discussed below,
brings with it the inherent problem that these markers change
their expression pattern during activation. Thus, the specificity
of depletion might change significantly under steady state versus
inflammatory conditions and data must be interpreted carefully
if several cell types are affected. Further inherent intricacies of
the DTR-mediated ablation system have been reviewed recently
[13], carefully pointing out DT-independent side-effects of
ectopic DTR/HB-EGF expression such as cardiomyocyte apoptosis
[14]. Table 1 lists DTR-expressing mouse lines with relevance for
addressing DC type-specific questions, pointing out known advan-
tages and caveats. In the following, we will discuss exemplary
cases, possible applications, and pitfalls.

Among the earliest DTR-transgenic mouse strains established
was the CD11c-DTR (Itgax-DTR) mouse, designed for DC deple-
tion. However, in the meantime it has become clear that besides
cDCs and pDCs several other cell types can be affected includ-
ing metallophilic macrophages, NK cells, and activated T cells
[8, 13, 15]. In addition, repeated DT application causes lethal-
ity in these mice. Therefore, the generation of BM chimeric mice
is required for prolonged DC ablation [16, 17]. A more recent
DTR-mouse with high specificity for cDCs, covering both cDC1
and cDC2, but sparing pDCs and monocytes, is the Zbtb46-hDTR
mouse strain [18]. However, this mouse also requires the use of
BM chimeras, since a single DT injection results in lethality, prob-
ably due to Zbtb46 expression in endothelial cells or other stromal
cells [19]. BM chimeras tolerate repeated DT injections for up to
2 weeks without overt side-effects, allowing for extended analy-
ses of the impact of DC ablation on the generation of functional
adaptive immune responses against infectious agents and tumor
challenges [18]. Different temporal depletion regimes allow for
selective depletion of specific DC types depending on their respec-
tive cell turnover rates. An example for this is the Lang-DTR/EGFP
(CD207-DTR/EGFP) mouse strain, where a single DT injection led
to long-lasting depletion of LCs contrasting with the rapid replen-
ishment of cDC1 due to their rapid turnover [7]. Thus, using spe-
cific temporal depletion regimes, different DC subpopulations can
be targeted.

A very recent report identified dermal-derived LClike cells as a
previously described LC fraction found in skin-draining LNs under
steady-state conditions [20]. These cells have been found to be
affected by DT-depletion in Lang-DTR/EGFP mice in addition to
bonafide LCs and dermal cDC1 cells. Using a novel DC-SIGN-DTR
mouse strain, the authors could show that these LClike cells exhibit

a slow turnover rate over an 8-month observation period and are
replaced by BM-derived cells.

One of the more widely used mouse model for the specific
depletion of pDCs is the BDCA2-DTR mouse strain that expresses
the DTR under the control of the human pDC gene promoter,
BDCA-2 [21]. Recently, it has been reported that daily injections of
DT over a 5-day period achieved efficient pDC depletion but lead
to chronic IFN-I production and severe immunopathology [22].
Further it was shown that a single dose of DT-treatment elicited
type IFN production from DTR-expressing pDCs. It remains to be
seen whether this phenomenon can occur in other pDC deple-
tion models, which would call for a careful reinterpretation of the
data.

Taken together, the DTR-mediated approach allows for diverse
settings of time-dependent DC depletion analyses. However, DT-
toxicity-mediated side-effects must be carefully controlled in each
mouse model.

Models with constitutive depletion of DC types due to
DTA expression

Because DCs are extremely potent in priming, sustaining, and
recalling T-cell responses [23], protective adaptive immunity
against infections or cancer may require only very low numbers
of DCs and their transient presence at a specific time point in
the immune response. Therefore, the requirement for DCs might
be underestimated or even completely missed in experimental
settings that rely on their transient and eventually incomplete
depletion, as in the case of conditional depletion upon DT injec-
tion [24]. Thus, when a long-time depletion of the target DC type
is required to answer a research question, it is recommended to
use mouse models that are constitutively and specifically devoid
of this DC type. One way to achieve constitutive depletion of a DC
type is ectopic intracellular expression of the active subunit of DT
(DTA) under the direct control of regulatory sequences of a gene
specifically expressed in the targeted DC type. To our knowledge,
this has only been achieved for LCs, for example, allowing
to show that LCs contribute to skin homeostasis by inhibiting
contact hypersensitivity and preventing photosensitivity [25, 26].
Another approach is to cross mice expressing the Cre recombinase
specifically in the target DC type with mice harboring a knock-in
allele for a LoxP-STOP-LoxP-DTA cassette downstream of the
ubiquitous Rosa26 promoter [27], leading to DTA expression only
in the cells that have undergone Cre-mediated DNA recombina-
tion causing their swift death. For example, Xcr1iCre; Rosa26LSL-DTA

mice are constitutively and specifically lacking cDC1 [28, 29],
harbor altered intestinal immunity [29], and are compromised
for antitumor immunity [24, 30]. The use of this strategy requires
consideration of potential caveats related to Cre expression and
activity, as discussed below. Another potential problem with
models aimed at constitutive DC depletion is the possibility
of compensatory adaptations of the immune system including
the activation of alternative developmental pathways triggered
by the availability of the emptied cellular niche. For exam-
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ple, in immunocompetent mice, all cDC1 are fate-mapped for
expression of the Clec9a/DNGR-1 cell-surface marker and derive
from a myeloid precursor shared with cDC2 but not with other
mononuclear phagocytes, including monocytes or macrophages
or with lymphocytes [31]. However, when Clec9a/DNGR-1-
expressing cells are depleted by constitutive DTA expression in
Clec9aCre;Rosa26LSL-DTA mice, the cDC pool can be replenished
by functional cDC mimetics derived putatively from lymphoid
progenitors [32]. Although this observation may appear to be a
nonphysiological artifact, it does hold valuable information about
the previously overlooked plasticity of precursor cells that could
be harnessed in therapeutic and translational approaches.

Models for DC type depletion due to constitutive or
conditional knock-out of transcription factors

Transcription factors are decisive regulators in DC lineage com-
mitment, their release from the BM, and survival. Also, the respec-
tive key functions of terminally differentiated DC types are con-
trolled by transcription factor activity. Thus, analyses of KO mouse
models for transcription factors, either as constitutive or as condi-
tional cell-specific or inducibly targeted alleles, have played key
roles in defining not only the development but also the func-
tional roles of DC types. However, when transcription factors that
are required in early progenitors are targeted in a KO approach,
often not only several DC lineages are affected but also additional
hematopoietic and sometimes nonhematopoietic cell types. Defi-
ciencies in transcription factors acting later in cellular ontogeny
display a higher lineage specificity. Therefore, to achieve the high-
est possible specificity, the aim is to choose the mouse model
mutated for the most suitable transcription factor to solve the DC-
centred research questions. In addition, off-target effects should
be carefully evaluated and discussed. In Table 2 part I, we aimed
at listing the mouse models mutated for transcription factors that
are currently available and could help to elucidate DC biology
including their possible applications, advantages, and caveats.
Here, we will discuss mutant mouse strains that represent exem-
plary targeting approaches or where recent novel findings high-
lighted limitations to their application.

Ikaros represents an early hemopoietic- and lymphoid-
restricted transcription factors and mice harboring a homozy-
gous dominant negative mutation in the Ikzf1 gene lack all DC
types additional to cells of the lymphoid lineage [33]. In con-
trast, mice carrying a hypomorphic mutation in the Ikzf1 locus
(IkL/L) express low levels of Ikaros leading to a lack of peripheral
pDCs, but no other DC types, and have been used for evaluat-
ing pDC-dependent functions [34]. Still, when using this strain
as “pDC-less” mouse model, one has to take into account that
other hematopoietic lineages, including T and B cells and neu-
trophils, are also affected, and that IkL/L mice are prone to develop
thymic lymphomas [35–37]. Another mutant mouse model for
the analyses of pDC functions are mice with conditional inacti-
vation of the pDC key transcription factor E2-2 (Tcf4) specifically
in CD11c+ cells (Tcf4flox/−;ItgaxCre+ mice), to overcome the peri-
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natal lethality of the conventional E2-2-KO mouse strain [38].
However, Tcf4 and Itgax are coexpressed in other cells, addition-
ally to pDCs, not only in the recently described transitional DCs
and pDC-like cells whose development is also compromised in
the Tcf4flox/−;ItgaxCre+ mice, but also in subsets of monocytes,
macrophages, and B cells [1, 39]. This illustrates the importance
of carefully controlling the expression pattern of the driver genes
used to target DC types. In addition, the genetic background of
different inbred mouse strains as well as gender-specific differ-
ences may result in significant alterations in DC and other leuko-
cyte cellularities and have to be considered when working with
mutant mouse strains [40].

One of the most widely used mouse models to define the in
vivo functions of cDC1 cells are Batf3-KO mice [41]. It has recently
been shown that besides lacking CD8α+ cDCs, BATF3-deficiency
has cell-intrinsic effects on memory CD8+ T-cell differentiation
and on Tregs [42–44]. Another caveat of this mouse model is a
possible leakiness of the cDC1 ablation due to compensation by
BATF or BATF2 under certain inflammatory conditions [45]. Com-
pensatory mechanisms also might turn out to be relevant for other
mouse models where the intricate network of transcription factors
significantly changes between steady state and activation.

Models enabling DC type-specific loss- or
gain-of-function through gene manipulation

Once constitutive or conditional loss of a specific DC type has
been proven to alter a biological process, for example, compro-
mising the ability of the host to fight a viral infection or the
development of a tumor, determining the underlying mechanisms
will require DC type-specific loss- or gain-of-functions through
gene manipulation. This can be achieved through different
approaches including studying the consequences of the full KO of
candidate genes known to be specifically expressed in the target
DC type, restricting the expression of a broadly expressed candi-
date gene specifically to the target DC type, or, on the contrary,
conditionally inactivating candidate genes selectively in the target
DC type.

Knock-out mouse strains for genes specifically
expressed in DC types

A limited number of genes are expressed rather selectively in spe-
cific DC types. Their functional study has shed light on the molec-
ular mechanisms regulating the activation of DC types and their
functional specialization, as summarized in Table 2 part II. Here,
we will briefly discuss selected examples illustrating the power
but also limitations of this approach.

Clec9a is an endocytic receptor of the C-type lectin family,
selectively expressed at the surface of cDC1 in both humans and
mice, with lower expression also detected on pDCs in mice. The
study of Clec9a-KO mice revealed that this receptor is a key to pro-
mote cross-presentation of antigens from necrotic cells. Clec9a-KO

mice were impaired in the cross-priming of antiviral CD8+ T cells
eventually leading to enhanced susceptibility to certain infections
[46, 47]. Paradoxically, Clec9a can dampen antitumor immunity
by limiting the recruitment of cDC1 [48]. Mechanistically, Clec9a
binds the F-actin that gets exposed at the surface of the cells
undergoing necrosis [49, 50], an immunogenic cell death that
can occur as a consequence of viral infection or cellular transfor-
mation. This enables cDC1 to take up antigens from these dying
cells and route them intracellularly for cross-presentation upon
phagosomal rupture [51]. Hence, Clec9a-KO mice could be used
to assess the role of antigen cross-presentation by cDC1 in vivo,
although possible effects in pDCs or in DC precursors should be
carefully checked, as well as other potentially confounding effects
such as the dampening of neutrophil recruitment in inflamed tis-
sues [52]. Another tool that could be used to assess the role of
antigen cross-presentation in vivo by cDC1 is the Wdfy4-KO mouse
strain [53], although possible cell-intrinsic effects in CD8+ T cells
should be carefully checked [54].

Xcr1 is a chemokine receptor that is expressed specifically in
cDC1 in a conserved manner across warm-blooded vertebrates
[55–58]. Xcr1 ligands, lymphotactins alias Xcl1 and Xcl2, are
expressed preferentially by cytotoxic lymphocytes including NK
cells and CD8+ T cells. Xcr1-KO mice mount decreased CD8+ T-
cell responses to infections with Listeria monocytogenes [56] or
murine cytomegalovirus (MCMV) [59]. This could result from
a direct role of Xcr1/Xcl1 in promoting efficient interactions
between cDC1 and CD8+ T cells [57]. Alternatively, this could be
caused by disrupting the cross-talk between NK cells and cDC1,
leading to impaired licensing of cDC1 for functional maturation
and migration to the T-cell zone of lymphoid organs, as demon-
strated in the MCMV infection model [59].

Slc15a4 is an endolysosome-resident amino acid transporter
that was identified in a broad genetic screen as being essen-
tial for IFN-I production by pDCs in response to TLR stimulation
[60]. Because Slc15a4 expression was thought to be restricted to
pDCs, and TLR responses of the other cell types tested did not
appear to be affected, Slc15a4-deficient mice have been consid-
ered as good model to assess requirements for pDC IFN-I produc-
tion, similar to TLR7-deficiency in humans [61]. Since both Tlr7-
KO- and Slc15a4-deficient mice are more susceptible to chronic
LCMV infection [62, 63], it was deduced that this must be due
to protective effects of pDC IFN-I production [63]. However, nei-
ther TLR7 nor SLC15A4 are expressed only in pDCs. Indeed, both
are also expressed in monocyte or macrophage and B-cell subsets
(http://www.immgen.org) and have been demonstrated to pro-
mote B-cell functions in a cell-intrinsic manner [64, 65]. Hence,
a phenotype in Tlr7- or Slc15a4-deficient mice cannot directly
be attributed to defects in pDC functions; possible cell-intrinsic
effects in monocytes/macrophages or B cells should be carefully
checked. Another tool that could be used to assess the role of
IFN-I production in vivo specifically by pDCs is the Pacsin1-KO
mouse strain, since this gene is rather selectively expressed in
pDCs within hematopoietic cells in a conserved manner between
mice and humans [58], and is critical for pDC IFN-I production in
response to TLR stimulation [66].
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In conclusion to this section, it is important to emphasize that
although several gene-KO mouse strains have been reported as
suitable models to assess the requirement of a given function
of specific DC types in vivo, such as cross-presentation by cDC1
or IFN-I production by pDCs, results of such experiments must
be interpreted with caution. Cell-intrinsic effects of the respec-
tive mutation in other cell types should be carefully ruled out.
The interpretation of results should be strengthened by assessing
whether different models or experimental approaches converge to
the same conclusions.

Mutant mouse strains restoring the expression of a
knock-out gene specifically in DC

Another approach to investigate the in vivo role of DC types is
to determine whether their responses are sufficient to promote
health or disease. This can be achieved by restoring in DCs the
expression of a gene of interest on a KO-background for this gene.

For example, this method has been applied for MyD88, an
adaptor molecule that is essential for signalling downstream of
most TLRs as well as of the receptors for the cytokines of the
IL-1 family, thus, having broad functions in many cell types. One
approach that has been used to decipher the role of MyD88 signal-
ing in distinct cell types was to generate mutant Myd88OFF mice
enabling reactivation of the gene in a cell type-specific manner.
In Myd88OFF mice, a floxed transcriptional stop was knocked in
between exons 1 and 2, leading to loss of expression, but enabling
conditional reactivation of Myd88 expression in Cre-expressing
cells. Hence, in Cd11cCre;Myd88OFF mice, MyD88 signaling was
restored specifically in CD11c+ cells including DCs. This approach
showed that MyD88 signalling in CD11c+ cells was sufficient to
protect mice from infections with Mycobacterium bovis BC [67],
L. monocytogenes [68], or MCMV [69]. More specific Cre mouse
models need to be used to determine whether these protective
effects of MyD88 signalling occur in DCs only and specifically in
which DC type.

IRF-3 and IRF-7 are transcription factors that are essential
for the induction of IFN-I in potentially any cell type, upon
detection of viral replication by cytosolic sensors recognizing
DNA or specific RNA conformations in infected cells, or down-
stream of the detection of viral nucleic acids in the endosomes
of mononuclear phagocytes including pDCs. Thus, mice that
are double deficient for IRF-3 and IRF-7 generally fail to pro-
duce IFN-I and are highly sensitive to many viral infections,
although compensation via IRF-5 can occur for viral infection
sensing and downstream IFN-I production in cDCs [70]. To deter-
mine whether IFN-I production by pDCs is sufficient to pro-
tect against viral infections, IRF-7 expression was restored in
Irf3;Irf7-double KO mice under the control of the promoter of
the Siglech gene that was thought to be specifically expressed
in pDCs. This strategy was sufficient to restore the control of
dengue and Chikungunya virus infections [71]. However, since
Siglech is expressed in DC precursors, tDCs, and macrophage sub-
sets, including microglia (http://www.immgen.org), complemen-

tary approaches are needed to confirm that the underlying mech-
anism is IFN-I production by pDCs. In addition, it remains to be
determined whether pDC IFN-I production is necessary for the
control of viral infections, which is not the case in most of the
experimental models examined so far [72–74] with a few excep-
tions [75, 76].

Conditional knock-out mouse strains for a target gene
specifically expressed in DC types

To investigate whether and how DC types are necessary to pro-
mote health or cause disease in a variety of pathophysiological
models in vivo, one of the most popular methods is conditional
inactivation of candidate genes specifically in the target DC type
by using the Cre/Lox system. In brief, a conditional mutant allele
is generated by flanking key exons with LoxP sequences that are
recognized by the Cre recombinase; Cre will excise the flanked
genomic sequence, leading to disruption of the gene specifically
in the cells expressing this recombinase. This approach has been
used broadly for many cell types and candidate genes and has
led to numerous key discoveries. An ever-increasing number of
Cre driver mutant mouse strains is becoming available to target
DC types, as we attempted to summarize in Table 3. However, it
is important to emphasize that the Cre/Lox system is not without
caveats: several factors can affect the specificity or efficacy of con-
ditional gene inactivation. Many Cre-expressing mutant mouse
strains suffer from germline recombination, whereby Cre is active
and excises the floxed target sequences during meiosis, leading
to a full KO allele. For example, this event is occurring at high
frequency in some Xcr1iCre mouse strains, requiring the imple-
mentation of specific, cumbersome, and costly breeding strate-
gies to overcome this problem [28]. Germline recombination has
also been reported for the Cd11cCre mouse strain [77, 78]. More
generally, even in the absence of overt germline recombination,
unfaithful recombination can occur in other cell types than the
originally intended one, and these issues differentially affect dis-
tinct floxed alleles [79, 80]. Hence, when using a Cre/Lox strat-
egy, several steps are crucial to decrease the risk of overlooking
unwanted recombination events and, thus, drawing inaccurate
conclusions. First, the use of fluorescent reporters is highly rec-
ommended to assess in which cell types Cre activity has occurred
and with what penetrance [81]. Second, if the use of these fluo-
rescent reporters shows that germline recombination occurs in a
fraction of the mutant mice, especially when the floxed allele and
the Cre transgene are present in the same parent/gamete, then all
individual mutant mice must be genotyped to discard those that
are full KO or partial chimera. Even when no germline recombina-
tion is detected, the specificity of the conditional deletion should
be checked in the first sets of experiments, by comparing gene
excision in the target cell types versus other cell types, where
unfaithful gene deletion could cause confounding effects and lead
to erroneous interpretation [82]. Depending on the results, the
use of alternative Cre drivers or of a tamoxifen-induced Cre activ-
ity might be necessary to improve specificity [83]. Regarding the
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latter option, tamoxifen side-effects, such as hepatotoxicity, need
to be considered [84].

Alternative strategies for the inactivation of
target functions or genes in a specific DC
type

Mixed BM chimeric mice

To overcome some of the caveats of the Cre/Lox system, alterna-
tive methods have been developed for the conditional inactivation
of candidate genes specifically in the target DC type. Mixed BM
chimeric (MBMC) mice can be used to exploit existing conven-
tional KO mice as BM donors in such a manner that in recipient
animals, the candidate gene is entirely missing only in the target
cell types. For example, mice specifically deficient for IL-15 pro-
duction by CD11c+ cells were generated by injecting a 1:1 mix-
ture of Il15-KO and Cd11c-DTR BM cells into lethally irradiated
recipient mice and treating or not the resultant MBMC mice with
DT prior to stimulation with a the TLR9 ligand CpG. In control
MBMC mice, half of each hematopoietic cell type was WT and
the other half Il15-KO, whereas in DT-treated MBMC mice, all
CD11c+ cells were Il15-KO. This strategy enabled the authors to
show that, in CpG-injected mice, IL-15 is produced mainly by DCs
and that DC-derived IL-15 is essential for CpG-induced prophylac-
tic protection against L. monocytogenes infection [85]. A similar
strategy has been used to show that DC responsiveness to IFN-I is
critical for antitumor [86, 87] and antiviral [88] immunity. One
advantage of MBMC mice over the Cre-/LoxP-dependent condi-
tional genetic inactivation strategy is the ability to use existing
syngeneic KO mice for potentially any nonlethal genetic mutation,
without facing the limitations inherent to the still limited zoo of
floxed alleles, and without the need for additional breeding. How-
ever, the fact that 50% of all hematopoietic cells are KO in MBMC
mice could impact the biological process under study, and further
confounding effects might be caused by the total body irradiation
of the recipient mice that is necessary for full replacement of their
BM with the donor cells.

Shield BM chimeric mice

An interesting alternative to overcome some of the limitations of
MBMC mice is the use of shield BM chimeric (SBMC) mice as illus-
trated in Fig. 1. In brief, recipient mice constitutively and specifi-
cally lacking the target DC type (e.g. cDC1, Fig. 1A) undergo hind
leg irradiation and BM engraftment from KO donor mice. In these
SBMC, cDC1 derive from the KO donor mouse whereas other
hematopoietic cells are derived from the recipient mouse and,
thus, are WT (Fig. 1B). Like MBMC mouse generation (Fig. 1C),
SBMC mouse generation is versatile and cost-efficient, harness-
ing already available recipient and donor mouse strains without
the need to engineer and intercross novel mouse strains. In addi-
tion, recipient animals do not suffer from severe immunosuppres-

sion requiring antibiotic treatment until immune reconstitution is
achieved upon lethal full-body irradiation for MBMC mice. Con-
sequently, SBMC mice can also be used earlier, since DCs are effi-
ciently reconstituted as soon as 4 weeks after transplantation. This
strategy enabled us to show that IFN signalling through STAT1 in
cDC1 is necessary for immune control in a breast cancer mouse
model [24].

Fluorescent reporters for tracking the functions of DC
types and their choreography in vivo

To understand the physiological functions of DC types, it is critical
to determine how they act and are regulated in time and space
in complex in vivo settings. This can be achieved by using mice
expressing a fluorescent reporter, enabling the in vivo tracking of
a given DC type or of its activity. Two classes of reporter mice can
be distinguished here. The first class consists of mice expressing
a fluorescent reporter under the direct control of the promoter
of a gene expressed in a specific DC type or activation state. It
allows real-time tracking of the DC type or of its function in situ.
However, for tracking DC types in situ, signal intensity may be
limited depending on the strength of the driver promoter or on
the intensity of the fluorescent protein used; it may also vary
according to the DC activation state. These limitations can be
overcome by using the second type, indirect reporter mice. Here,
mice expressing the Cre recombinase under the control of a pro-
moter expressed specifically and early in the targeted DC lineage
are crossed to mice expressing an inducible fluorescent reporter
cassette under the control of a strong, ubiquitous promoter. In this
setting, all the targeted cells will express the same, strong level of
fluorescence, irrespective of the promoter of the Cre driver and
of the cell activation state. A comprehensive list of direct reporter
mouse strains available for tracking specific DC types and their
functions, such as cytokine or chemokine secretion, can be found
in Table 4, where we also point out technical details and possible
applications of the individual reporter models. To choose a Cre
driver mouse strain for indirect reporter strains, the reader should
refer to Table 3. For help in choosing a Rosa26-LSL-fluorescent
reporter strain, we recommend reading the paper by Liu et al.
[89] and consulting the list of strains listed in the MGI database.
Several points must be considered when deciding the suitability
of reporter mouse strains for answering a DC-related research
question. Possible methods include identification of the DC of
interest by flow cytometry analysis and sorting for recultivation
in vitro or adaptive transfer in vivo, as well as localization and
cellular interactions studied using static imaging or intravital
microscopy. The sensitivity of the reporter system depends on the
signal to noise ratio of the reporter fluorescence. While for static
imaging in confocal microscopy signal amplification strategies
using antibody stainings for the fluorescent protein are available,
dynamic intravital imaging depends on a bright fluorescence
with a reasonable signal-to-noise ratio. For several fluorescent
proteins, variants are now available with shorter folding times,
such as the Venus variant of YFP [90], that was used in the
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Figure 1. Using shield BM chimeric (SBMC) mice to inactivate genes specifically in cDC1 in vivo. (A) Design of a cDC1-less mouse strain, consti-
tutively and specifically devoid of cDC1. cDC1-less mice were designed as Xcr1iCre;Rosa26LSL-DTA. Xcr1 is expressed specifically and early on in the
cDC1 lineage, but it is strongly repressed in mature cDC1. (B) Design of a strategy using shield BM chimeric (SBMC) mice to engraft cDC1-less
recipient mice selectively with donor-derived cDC1, with only a minor contribution of donor-derived cells to the other hematopoietic lineages. To
generate SBMC mice, cDC1-less recipient mice undergo a partial irradiation restricted to their hind legs, while the other body parts are protected
by a lead shield, thus, preserving most of the hematopoietic system. Following this cDC1-less recipient mice are engrafted with the BM of donor
mice of a selected genotype. Under the conditions of strong competitive disadvantage against the much more numerous recipient BM cells, the
donor BM reconstitutes selectively the hematopoietic lineage specifically lacking in the recipient mice, here the cDC1. Hence, using Stat1–/– donor
BM allows the generation of Stat1�cDC1 SBMC mice that have a selective deficiency of Stat1 in cDC1, whereas the vast majority of the cells are WT
for all other cell types. (C) In contrast, in cDC1-less:Stat1–/– 1:1 classical mixed BM chimeric mice, 50% of all non-cDC1 hematopoietic cells would
be Stat1–/–, which could impact the biological process to study. WT SBMC and cDC1-less SBMC are used as immunocompetent and immunodefi-
cient controls, respectively. Another advantage of using SBMC mice is the ability to use existing syngeneic gene-targeted mice for potentially any
nonlethal genetic mutation, without the need for additional breeding. In contrast, for the Cre-/LoxP-dependent conditional genetic inactivation
strategy, floxed alleles are much less frequently available than conventional KO alleles and must be bred with Xcr1iCre mice, notwithstanding the
high level of germline recombination observed in several Xcr1Cre mouse strains.

Xcr1Venus reporter mouse strain for the tracking of cDC1 [91, 92].
In an alternative reporter mouse strain for the tracking of the
same DC type, the Xcr1mTFP1 reporter mouse [93], an optimized
CFP variant with high fluorescent brightness and photostability
was used, namely mTFP1 (monomeric teal fluorescent protein 1)
[94]. On the other hand, the half-life of the fluorescent reporter
has to be taken into consideration. While long half-lives can
allow for long-term tracking similar to fate mapping [95], short
half-lives are required for real-time assessment of the activation
of signalling pathways in the target cells and of the resulting
functions. Here, the addition of a degradation-inducing PEST
sequence has been successfully used to significantly reduce the
half-life of a fluorescent protein [96–98].

Reliability of real-time assessment of functional activities heav-
ily relies on faithfulness of the reporter fluorescence regarding
cellular specificity as well as the time course of fluorescence.

In essence, three types of reporter approaches exist: (i) Placing
a reporter cassette directly behind the start codon of the gene
of interest and disrupting the expression of the marker protein

itself. This approach can be used as transgene approach or as a
knock-in into the endogenous locus. For the latter, this results in
a deficiency in the marker gene expression in mice homozygous
for the reporter allele, which might impact the biological process
examined not only in homozygous reporter/KO mice but also
in heterozygous mice in case of a gene dosage effect. (ii) IRES-
driven bicistronic reporter constructs placed after the STOP codon
of the open reading frame within the marker gene locus, which
retains endogenous marker gene expression but uncouples the
translation of the marker versus the reporter genes. Therefore,
faithfulness of the reporter has to be assessed carefully. However,
an advantage of IRES-driven translation is that it might be helpful
in amplifying the signal when marker gene expression is rather
low. An example for this is the Ifnb1Eyfp reporter mouse [99],
where cells that have initiated IFN-β production can be tracked
after the cells have terminated expression of the Ifnb1 gene
cells due to the long half-live of YFP that can exceed 24 h [95,
100]. (iii) Stoichiometric amounts of the marker and fluorescent
reporter proteins can be achieved by using a self-cleaving viral
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2A peptide sequences, such as the one from thosea asigna virus
(T2A) [101], inserted before the STOP codon of the marker gene
followed by the fluorescent protein. This is critical when aiming
at monitoring real-time protein production under conditions
where transcription and translation are uncoupled, for example,
for certain chemokines for which mRNA is stored in effector cells
to allow very fast production upon stimulation as is the case in
NK or T lymphocytes for Ccl5 [102] or Xcl1 [59]. This strategy
has been used successfully, for example, in Ifnl2Egfp mice to report
IFN-λ2/3 production [103].

The Xcr1Cre and KarmaCre mice were recently reported to be
the most faithful indirect reporter strains allowing to track cDC1,
as assessed in a side-by-side comparison with the Clec9aCre strain,
both under steady state and inflammatory conditions [28]. The
spatiotemporal dynamics of cDC1 activation in vivo during MCMV
infection and its control by the Xcr1/Xcl1 signalling axis could
then be assessed upon a time course analysis of the microanatom-
ical location of cDC1 as compared to infected cells and NK
cells, comparing KarmaCre;Rosa26LSL-RFP mice on a WT or Xcr1-KO
genetic background [59]. KarmaCre;Rosa26LSL-RFP;Il12Eyfp were
also used to monitor IL-12 production over time and space by
cDC1. This study showed that, early after infection, the Xcr1/Xcl1
signalling axis attracts cDC1 to the sites of viral replication in the
spleen marginal zone, where a cross-talk with NK cells further pro-
motes mutual activation of these two cell types, leading to cDC1
licensing by NK cells for increased IL-12 production, CCR7 upreg-
ulation, and migration to the T-cell zone, in a manner accelerating
the downstream cross-priming of antiviral CD8+ T cells [59].

We would like to point out that there are alternatives to the
use of fluorescent proteins to track DC types or function in vivo.
Using a firefly luciferase reporter gene placed under the control of
the Ifnb1 promoter, the Ifnb1+/�β−luc mouse model enables visu-
alizing the kinetics of IFN-β expression in the mouse paralleling
the spread of pathogens through the organism under infectious
conditions, rather than IFN-β expression at the single-cell level
[104]. The same model allows to characterize the impact of IFN-
β production by a given cell type when the Ifnb1floxβ−luc/floxβ−luc

allelic composition is used and crossed to the respective Cre-driver
[105]. Here, the Ifnb1 coding sequence is flanked by loxP sites on
both alleles and can be deleted by an intercross with tissue- or
cell-specific Cre mice. A further alternative is the use of human
surface marker proteins, such as hCD2, that can be detected via
specific antibody staining. For example, EBF1-hCD2 reporter mice
together with IRF8-eGFP reporter mice were used to define B cell
and pDC differentiation potential in progenitor cell subsets [106].

Perspective: Enhancing specificity of the DC type
targeting through intersectional genetics

Very few genes are expressed specifically only in one cell type,
as mentioned before. This is especially the case for mononuclear
phagocytes, as well illustrated by the fact that most of the Cre
driver mice that have been generated so far to target DCs turned
out to fate-map other cell types beyond the intended target, with

only few notable exceptions, such as the Xcr1iCre mice, that are
highly specific for cDC1 (Table 3). Hence, novel approaches are
being developed to use an intersectional genetic strategy based
on the unique coexpression of two genes in the target cell type.
This approach should be especially interesting for cDC2 and pDCs
that have not been found to express any specific gene not shared
with other cell types, but which uniquely coexpress a number of
candidate gene pairs.

Application to cDC depletion

To achieve cDC depletion in vivo upon DT injection in a man-
ner overcoming the caveats observed with other models, a novel
approach was chosen in Csf1rCre;Zbtb46LSL-hDTR mice (Fig. 2A),
based on the fact that cDCs are the only cells that (i) are
fate-mapped for Csf1r expression and (ii) express Zbtb46. This
model was reported to achieve a much better specificity than in
CD11c-hDTR and Zbtb46-hDTRmice, while preserving a high pen-
etrance in cDCs [107]. Using a similar strategy based on inter-
sectional genetics, we recently succeeded in generating a novel
mutant mouse model to specifically identify pDC and track their
microanatomical location [108].

Application to Cre-mediated editing of target genes in cDCs

A strategy for conditional gene manipulation in organ-specific
blood vessels was recently achieved with a high efficacy and
specificity by controlling Cre activity in a manner dependent on
the expression of the Dre recombinase in the same cell [109].
Theoretically, conditional gene inactivation could be achieved
specifically in cDCs by adapting this strategy based on the same
intersectional genetics used for cDC depletion upon DT injection
as discussed above (Fig. 2B). The increasing generation of Dre
recombinase drivers is expected to rapidly improve accessibility
and popularity of this approach [110]. Alternate strategies
include the Split-Cre approach, whereby complementation-
competent NCre and CCre fragments are expressed from distinct
promoters that are coexpressed only in the target cell type,
although the resulting penetrance can be limiting [111].

Perspectives and outlook

A range of mouse models from molecular and cellular deficien-
cies to function and lineage tracking have served as integral tools
for many years to generate new findings on the functions of DC
types as coordinators of immune responses. Concurrently, caveats
were revealed, ranging from off-target effects affecting other cell
types than those targeted, to insufficient efficacy to cover the
target DC population. Hence, researchers must be aware of the
advantages and caveats of the different mutant mouse strains cur-
rently available to target DC types, to choose the ones best suited
to tackle their research question, and to ensure carefully control
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Figure 2. Use of “intersectional genetics” strategies for the specific depletion or genetic manipulation of cDC in vivo. (A) “Intersectional genetics”
strategy for the specific depletion of cDC in vivo upon diphtheria toxin injection according to Loschko et al. [107]. Cre is expressed under the
control of the Csf1r promoter. The human receptor for the diphtheria toxin is knocked-in the 3’-UTR of the Zbtb46 gene, but downstream of a
floxed transcriptional STOP (LSL) cassette. Hence, these Csf1rCre;Zbtb46LSL-hDTR mice, hDTR expression will be conditional to two events occurring
in the same cell: (i) Cre expression at some time point during the ontogeny of the cell to excise the genomic LSL cassette and (ii) expression of
the Zbtb46 gene in the targeted, differentiated cells. Excision of the LSL cassette will occur in all cells which express the Csfr1r gene, including
monocytes/macrophages, or whose progenitors expressed Csf1r (fate-mapping) including pDC and cDC. However, within the cells expressing or
fate-mapped for Csf1r, only those transcribing Zbtb46 will express hDTR and be depleted upon injection of diphtheria toxin, namely only cDC, in
theory. This strategy alleviates the issue of (lethal) depletion of endothelial or other cell types in addition to cDC in straight Zbtb46hDTR mice. (B)
Theoretical “intersectional genetics” strategy for the generation of cDC-Cre mice. This is based on the same “intersectional genetics” strategy as
shown for (A). Here, the Dre recombinase (instead of Cre) will be expressed under the control of the Csf1r promoter, whereas Cre is knocked-into the
3’-UTR of the Zbtb46 gene. However, Cre nuclear translocation (required for Cre activity) will be conditional to excision of a ERT2 sequence trapping
Cre within the cytosol, by the Dre recombinase (Csf1rDre;Zbtb46iCre-rox-ERT2-rox mice). Analogous to (A), Cre activity will be constitutively present only
in cDCs.

for potentially confounding effects before drawing definite con-
clusions. Previous studies on the overall contribution of DCs as
CD11c+ cells in various anti-infectious, antitumor, or autoinflam-
matory immune responses can, and should, now be revisited, by
using the currently available DC type-specific mouse models. In
this regard, it is also important to use different, complementary
mouse models or methodological approaches to address through
different angles the role of the DC types in the biological process
under investigation, to limit the risk of erroneous interpretation
and strengthen the conclusions drawn.

In addition, innovative approaches are being developed to
accelerate translation of the findings from mouse models into
the clinic. Preclinical models of humanized mice are develop-
ing rapidly and are very promising. On the one hand, single
human genes have been introduced as transgenes into the mouse
when the murine orthologue is missing. For example, this is the
case for human DC-SIGN, a receptor for pathogen-derived lig-
ands, such as Lewis-type glycans, serving at the same time as an
intercellular adhesion molecule [95]. A transgenic mouse strain,
where huDC-SIGN expression is driven in DCs by the CD11c-
promoter [112] proved a helpful model for testing vaccination

strategies implementing glycan modifications of the antigens to
specifically direct them to DCs [113]. With a similar aim, the
human cDC1-specific chemokine receptor XCR1 was expressed in
a mouse strain deficient for its orthologue. Here, coupling anti-
gens to human XCL1 proved efficient to address them specifically
to huXCR1-expressing DCs, leading to efficient cross-presentation
in vivo [114]. The human immune system (HIS) mouse models
allow the development and functions of human DCs to be dis-
sected in a more fully humanized in vivo setting, representing
a further step in bridging the gap between preclinical studies of
the murine immune system and the clinical implementation of
the findings. In essence, in these models, human hematopoietic
progenitors are transplanted into immunodeficient mice, geneti-
cally humanized for relevant growth factors to provide supportive
humanized BM niches, or engrafted with in vitro engineered cel-
lular niches. For example, these humanized mouse models allow
the direct assessment of the contribution of DCs to the etiology of
hematopoietic malignancies. Specific DC types can also be evalu-
ated as novel therapeutic targets in the treatment of leukemias or
of infections with viruses affecting humans. Progress in this field
has been reviewed recently by others [115, 116].
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With the advent of next-generation mutant mouse models that
can target DC types with increased specificity and versatility, such
as those based on SBMC mice or intersectional genetics, new ques-
tions can be addressed. At the same time, a revision of several pre-
vious findings is warranted to evaluate specific DC types and their
functions as potential clinical targets for DC-based immunother-
apies and vaccination strategies against cancer or infectious dis-
eases.
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