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REVIEWS I

Nucleic acid sensing at the interface
between innate and adaptive
Immunity in vaccination

Christophe J. Desmet' and Ken J. Ishii*3

Along with improved sanitary conditions and antibiotics,
vaccines undoubtedly are one of the greatest successes
of medicine against infectious diseases. However,
most current vaccines were developed rather empirically,
with limited knowledge of their immunological
mechanisms of action"?. These empirical approaches
are proving rather impractical for the development of
vaccines against many emerging diseases and current
pandemics, such as AIDS and malaria. Consequently,
there currently is a strong impetus towards improving
our understanding of the mechanisms of action of
existing vaccines. Indeed, this may hold the key to the
rational design of better vaccination strategies. The
demand is also high for the development of innovative,
rationally designed vaccine adjuvants. Although the
efficiency of vaccines is currently mainly evaluated
from their induction of neutralizing antibodies?,
T helper 1 (T,1) and CD8" T cell responses are
increasingly considered as essential (or desirable)
components of vaccine-elicited protection against
intracellular pathogens® Therefore, investigators are
looking for adjuvants that can also induce sustainable
cellular responses.

With research intensifying in the field of vaccine
immunology, a common theme has emerged as to
the mechanisms underlying all efficient vaccines.
This premise is that the triggering of innate immune
mechanisms is the initial event that crucially
determines the outcome of the adaptive immune
response"’. Vaccines are thought to use mainly two
types of immune triggers. First, they may contain

Abstract| The demand is currently high for new vaccination strategies, particularly to help
combat problematic intracellular pathogens, such as HIV and malarial parasites. In the past
decade, the identification of host receptors that recognize pathogen-derived nucleic acids has
revealed an essential role for nucleic acid sensing in the triggering of immunity to intracellular
pathogens. This Review first addresses our current understanding of the nucleic acid-sensing
immune machinery. We then explain how the study of nucleic acid-sensing mechanisms not
only has revealed their central role in driving the responses mediated by many current vaccines,
but s also revealing how they could be harnessed for the design of new vaccines.

pathogen-associated molecular patterns (PAMPs)
derived from the target pathogen (BOX 1). Second,
vaccine components (such as certain adjuvants)
may induce the release of endogenous damage-
associated molecular patterns (DAMPs), although this
mechanism is less well studied. PAMPs and DAMPs
can stimulate the innate immune system by activating
conserved receptors that are often referred to as
pattern-recognition receptors (PRRs). PRR-derived
signals are integrated directly or indirectly at the level
of antigen-presenting cells (APCs) and in this way
crucially condition the adaptive immune responses to
the vaccine! (FIG. 1).

Microbial nucleic acids are an important class of
PAMPs, especially in the recognition of pathogens
such as viruses that otherwise present few conserved
molecular patterns. Microbial nucleic acids are
discriminated from self nucleic acids based on different
parameters, such as their sequence, structure, molecular
modifications and localization®”. On the other hand,
mislocalized self nucleic acids — such as extranuclear
DNA or extracellular RNA — can be recognized as
DAMPs, probably because they are reliable indicators
of cellular damage®®.

Recent research is giving centre stage to the immune
sensing of nucleic acids as PAMPs and DAMPs in
current vaccination strategies and supports the
idea that nucleic acid sensors may be harnessed in
the design of new vaccines. In this Review, we first
provide an overview of the current understanding of
the nucleic acid-sensing machinery. We next focus on
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Box 1| PAMPs, DAMPs and PRRs as initial triggers of immunity

More than two decades ago, Charles Janeway Jr anticipated that the induction of
adaptive immune responses against pathogens requires not only antigen recognition
by the adaptive immune system, but also the sensing of ‘stranger’ signals associated
with the pathogen. He termed these signals pathogen-associated molecular patterns
(PAMPs), and proposed that they are detected by germline-encoded receptors of the
innate immune system, which were in turn named pattern-recognition receptors
(PRRs)'2. PAMPs were predicted to be conserved molecular structures present in
pathogens but absent from host cells. Several types of PAMP were subsequently
identified, all of which broadly fall into two categories: molecular structures
associated with microbial envelopes (such as bacterial lipopolysaccharide, flagellin
and lipoproteins); and microbial nucleic acids®. An alternative theory was later
proposed by Polly Matzinger, suggesting that the triggering of adaptive immunity
essentially depends on the sensing of endogenous ‘danger’ signals that indicate
damage to host cells and tissues'*. These signals were collectively termed
damage-associated molecular patterns (DAMPs). In theory, any host molecule that
becomes exposed or is altered following damage so that it becomes recognizable by
receptors of the innate immune system is potentially a DAMP. Identified DAMPs
include cleaved matrix proteins (such as low-molecular-weight hyaluronan), liberated
intracellular proteins (such as heat-shock proteins, histones and high-mobility group
box proteins) and extracellular host nucleic acids®. Although some DAMPs bind to
non-PRR receptors, most DAMPs were proposed to activate PRRs®. In the context of
infection and vaccination, parts of the ‘stranger’ and ‘danger’ models are probably
complementary, in that PRR-mediated detection of both PAMPs and DAMPs might
cooperate or synergize to activate innate and adaptive immune responses.

recent attempts at deconstructing the role of nucleic
acid-sensing PRRs in current vaccines — including
live attenuated vaccines, aluminium salt-adjuvanted
vaccines and DNA vaccines — and on the valuable
insights this is starting to offer into their mechanisms
of action. We finally illustrate how recent research is
harnessing nucleic acid-sensing PRRs in the rational

design of new vaccine adjuvants.

Nucleic acid-sensing PRRs: a growing family

With new components being regularly identified,
the study of nucleic acid-sensing PRRs and their
downstream effectors is revealing a rather complex
molecular machinery (FIG. 2). In this section, we
provide a snapshot of the known and emerging nucleic
acid-sensing PRRs, their ligands and their associated
downstream signalling pathways. Toll-like receptors
(TLRs) and RIG-I-like receptors (RLRs) have been
the subject of excellent recent reviews”’!! and will be

Conventional dendritic cells addressed only br ieﬂy.

(cDCs). Phagocytes that are
resident in lymphoid and
non-lymphoid tissues and are
specialized in the presentation
of antigens to T cells.

Plasmacytoid dendritic cells
(pDCs). A DC subtype
specialized in producing large
amounts of type | interferons in
response to nucleic acids from
pathogens.

RNase L

A ribonuclease that is induced
in response to type |
interferons and degrades all

the RNA within the cell. not pDCs.

Nucleic acid-sensing TLRs. Out of the ten human TLRs
and their twelve well-characterized mouse counterparts,
four TLRs (TLR3, TLR7, TLR8 and TLRY) are nucleic
acid sensors that recognize diverse pathogen-derived
nucleic acids and synthetic ligands® (TABLE 1). Expression
of the different TLRs is cell type-specific, resulting in
a partition of PAMP recognition among different
APCs'>*. TLR3 is expressed by conventional dendritic
cells (¢cDCs) and macrophages, but not by plasmacytoid
dendritic cells (pDCs). In humans, TLR7 and TLR9
expression is mostly restricted to pDCs and B cells,
whereas the expression pattern of TLR8 is much broader
and includes monocytes, macrophages and cDCs, but

TLR3, TLR7, TLR8 and TLRY are intracellular TLRs
and react to pathogen-derived nucleic acids that are
taken up by endocytosis or derived from autophagy and
transferred to the endolysosomal compartment’. This
compartmentalization of nucleic acid-sensing TLRs
seems to be essential to avoid cross-reactivity with host
nucleic acids™.

With the exception of TLR3, all nucleic acid-
sensing TLRs depend on the adaptor protein myeloid
differentiation primary-response protein 88 (MYD88)
for signalling. MYD88-dependent TLR signalling
results in the activation of the transcription factors
activator protein 1 (AP1), nuclear factor kB (NF-kB),
interferon-regulatory factor 1 (IRF1) and IRF5. This
leads to the subsequent expression of pro-inflammatory
cytokines that are essential for the recruitment and
activation of immune cells'. TLR3 signalling uniquely
depends on TIR-domain-containing adaptor protein
inducing IFNB (TRIF) and leads to the activation
of AP1 and NF-«B, with the subsequent expression of
pro-inflammatory cytokines. Through the activation
of TANK-binding kinase 1 (TBK1) and IkB kinase-¢
(IKKe), TRIF-dependent signalling also activates the
transcription factor IRF3, which induces the expression
of type I interferons (IFNs), which are essential in
inducing antiviral responses (BOX 2). Of note, pDCs have
an additional and unique wiring of MYD88 signalling,
which, following TLR7 and TLR9 activation, leads to
the IRF7-dependent expression of large quantities of
type I IFNs’.

RLRs and related helicases. RLRs — namely, retinoic
acid-inducible gene I (RIG-I; also known as DDX58),
melanoma differentiation-associated protein 5
(MDAS5; also known as IFIH1) and laboratory of
genetics and physiology 2 (LGP2; also known as
DHX58) — are members of the DExD/H-box helicase
superfamily that act as cytosolic RNA sensors”''. RLRs
are expressed broadly by immune and non-immune
cells in vivo.

The prototypical natural ligand of RIG-I is short
RNA with blunt-ended base pairing and an uncapped
5’ triphosphate end, although RIG-I has been shown
to bind to various double-stranded RNA (dsRNA)
and single-stranded RNA (ssRNA) ligands”'"**. RIG-I
may also be indirectly activated by cytosolic viral
and bacterial double-stranded DNA (dsDNA), as
pathogen AT-rich dsDNA can be transcribed by RNA
polymerase I1I to generate dsRNA with 5’ triphosphate
ends'®”’. MDA5 generally responds to long dsRNA
molecules'. Furthermore, RIG-I and MDA5 may be
activated by self RNAs that are cleaved by RNase L".
The function of LGP2 has been little studied so far,
but recent studies in LGP2-deficient mice indicate
that it may positively participate in RIG-I- and
MDAS5-dependent antiviral responses®?'.

As reviewed recently, MDAS5 and RIG-I are important
inducers of innate immunity to viruses''. In addition,
RIG-I and MDAS5 have been implicated in the sensing
of bacteria'”**%, suggesting that RLR function extends
beyond the roles of these receptors in antiviral immunity.
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Figure 1| Induction of adaptive immune responses to vaccines through PRR-mediated dendritic cell activation.
Vaccines may contain pathogen-associated molecular patterns (PAMPs) or may induce the local release of damage-
associated molecular patterns (DAMPs). These PAMPs and DAMPs are detected directly by pattern-recognition receptors
(PRRs) expressed by dendritic cells (DCs), leading to DC activation, maturation and migration to the lymph nodes.
Alternatively, PRR-mediated recognition of PAMPs and DAMPs by bystander cells may induce the release of tissue-derived
factors, such as cytokines, that may cooperate in the activation and orientation of the DC response. In the lymph nodes,
the activated DCs may present antigens to T cells, provide them with co-stimulatory signals and stimulate their
differentiation by providing a favourable cytokine milieu. Some cytokines — such as interleukin-4 (IL-4) and type |
interferons (IFNs) — may be provided by bystander cells. Depending on the cytokine milieu, CD4* T cells may differentiate
into various T helper (T,) cell subtypes. T , cells may also acquire a T follicular helper (T, ) cell phenotype and help in the
activation of cognate B cells, thereby promoting the entry of these B cells into the plasma cell pathway or the germinal
centre pathway. In addition, the cytokine expression profile of T, cells can dictate B cell isotype switching. Depending
on the balance between activating cytokines (and most often with the help of T 1 cell-derived IL-2), activated CD8*

T cells differentiate into effector and memory CD8* T cells. pDC, plasmacytoid dendritic cell; TCR, T cell receptor;

TGFB, transforming growth factor-.

FDA-CBER-2022-1614-1227768

NATURE REVIEWS | IMMUNOLOGY

VOLUME 12 [JULY 2012 | 481

© 2012 Macmillan Publishers Limited. All rights reserved




REVIEWS

Cytoplasm \ AN
\/ /DD DDX3
SR DNA
dsRNA QR
MDAS5 | [DDX41 Fl16 DHX36
ssRNA AZ\7/N A7\
NOD2 1 [ RIG-I

ER

Mitochondrion

(AM2) (RG] [LRRFIP1)

) '
ASC f-catenin TBK1-
Caspase 1

-

IRF3 NF-«xB IRF7
v \ v
Production of Production Production of pro- Production
mature IL-1p of type | IFNs inflammatory cytokines of type I IFNs
Endosome pDC endosome

ssRNA
AVAVAN

¥

Production
of type | IFNs

Production
of type I IFNs

Production of pro-
inflammatory cytokines

Production of pro-
inflammatory cytokines

Figure 2 | Overview of the nucleic acid-sensing machinery. Endosomal Toll-like receptor 7 (TLR7), TLR8 and TLR9 initiate
downstream signalling through the adaptor protein myeloid differentiation primary-response protein 88 (MYD88) in the
cytosol. This leads to the activation of mitogen-activated protein kinases (MAPKSs) and the kB kinase (IKK) complex and
subsequent activation of the transcription factors activator protein 1 (AP1) and nuclear factor-kB (NF-kB), promoting the
expression of pro-inflammatory cytokines. In plasmacytoid dendritic cells (pDCs), the activation of TLR7 and TLR9 also leads
to the expression of high levels of type | interferons (IFNs) by promoting the activation of interferon-regulatory factor 7 (IRF7)
via IKKa.. Endosomal TLR3 signals through TIR-domain-containing adaptor protein inducing IFN (TRIF), which in addition to
activating NF-kB and AP1 may activate IRF3 through TANK-binding kinase 1 (TBK1) and IKKe, leading to the expression of type |
IFNs. Various cytosolic receptors — including nucleotide-binding oligomerization domain protein 2 (NOD?2), the RIG-I-like
receptors (RLRs) retinoic acid-inducible gene | (RIG-1) and melanoma differentiation-associated protein 5 (MDAS5), and some
other DExD/H-box helicases — may induce the expression of pro-inflammatory cytokines and type | IFNs through the
IFNB-promoter stimulator 1 (IPS1)-mediated activation of TBK1 and IKKe or through the activation of the IKK complex. The
proposed cytosolic DNA receptors DDX41, IFNy-inducible protein 16 (IFI16) and possibly Z-DNA-binding protein 1 (ZBP1)
interact with stimulator of IFN genes (STING) to activate TBK1, IKKe and the IKK complex. ZBP1 was also shown to directly
interact with receptor-interacting protein 1 (RIP1) and RIP3 to induce NF-«B activation. The helicases DDX1, DDX21 and
DHX36 have been proposed to form a TRIF-interacting complex, and LRRFIP1 (leucine-rich repeat flightless-interacting
protein 1) was suggested to potentiate IRF3 transcriptional activity through p-catenin. In pDCs, DHX36 and DHX9 activate
TRIF-dependent and MYD88-dependent signalling, respectively. Finally, RIG-I and absent in melanoma 2 (AIM2) may induce
inflammasome formation and caspase 1 activation through the adaptor protein ASC, leading to the release of mature
interleukin-1p (IL-1p). dsSRNA, double-stranded RNA; ER, endoplasmic reticulum; ssRNA, single-stranded RNA.
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Inflammasome

A multiprotein signalling
complex, the activation and
assembly of which leads to the
recruitment and activation of
caspase 1, resulting in the
cleavage of pro-IL-1p and
pro-IL-18 into their biologically
active forms.

Polyl:C
(Polyinosinic—polycytidylic
acid). A substance that is used
as a mimic of viral
double-stranded RNA.

CpG-B and CpG-A
oligodeoxynucleotides
Synthetic
oligodeoxynucleotides that
contain immunostimulatory
unmethylated dinucleotide
CpG motifs. CpG-A
oligodeoxynucleotides are
based on a mixed
phosphodiester—
phosphorothioate backbone,
contain a single CpG motif
within a palindromic sequence
and have a 3" polyG tail,
whereas CpG-B
oligodeoxynucleotides are
based on a phosphorothioate
backbone and contain multiple
CpG motifs.

Table 1 | Nucleic acid-sensing PRRs: localization, sensed pathogens and agonists

PRR Localization  Sensed pathogens Natural agonists Synthetic agonists
TLR3 Endolysosomal  dsRNA viruses, ssRNA viruses,  dsRNA Polyl:C, polyU
compartment  dsDNA viruses
TLR7 Endolysosomal  ssRNA viruses, bacteria, fungi, ~ GU-rich ssRNA Imidazoquinolines
compartment protozoan parasites (R848, imiquimod,
3M001), guanosine
analogues
TLR8 Endolysosomal  ssRNA viruses, bacteria, fungi,  GU-rich ssRNA Imidazoquinolines
compartment  protozoan parasites (R848,3M002),
guanosine analogues
TLR9 Endolysosomal  dsDNA viruses, bacteria, DNA CpG ODNs
compartment  protozoan parasites
RIG-I Cytoplasm ssRNA viruses, DNA viruses, Short RNA with Short polyl:C
Flaviviridae, reovirus, bacteria  5'ppp and/or base
pairing
MDAS5 Cytoplasm Picornaviridae, vacciniavirus, ~ Long dsRNA Polyl:C
Flaviviridae, reovirus, bacteria
NOD2 Cytoplasm RNA viruses ssRNA -
DDX3 Cytoplasm RNA viruses RNA -
DDX1-DDX21-DHX36 Cytoplasm RNA viruses dsRNA Polyl:C
DDX60 Cytoplasm RNA viruses, DNA viruses ssRNA, dsRNA, -
dsDNA
DHX9 Cytoplasm DNA viruses, RNA viruses dsDNA, dsRNA CpG-B ODNs
DHX36 Cytoplasm DNA viruses dsDNA CpG-A ODNs
DDX41 Cytoplasm DNA viruses, bacteria DNA -
AIM2 Cytoplasm DNA viruses, bacteria DNA -
IFI16 Cytoplasmand  DNA viruses dsDNA -
nucleus
ZBP1 Cytoplasm DNA viruses, bacteria dsDNA -
LRRFIP1 Cytoplasm DNA viruses, bacteria dsDNA, dsRNA -
STING Cytoplasm Bacteria Cyclic di-GMP -

5'ppp, 5’ triphosphate end; AIM2, absent in melanoma 2; dsRNA, double-stranded RNA; IFI16, IFNy-inducible protein 16; LRRFIP1,
leucine-rich repeat flightless-interacting protein 1; MDAS, melanoma differentiation-associated protein 5; NOD2, nucleotide-binding
oligomerization domain protein 2; ODN, oligodeoxynucleotide; polyl:C, polyinosinic—polycytidylic acid; PRR, pattern-recognition
receptor; RIG-I, retinoic acid-inducible gene I; ssRNA, single-stranded RNA; STING, stimulator of IFN genes; TLR, Toll-like receptor;

ZBP1, Z-DNA-binding protein 1.

RLR signalling depends on the adaptor IFNB-
promoter stimulator 1 (IPS1; also known as MAVS,
CARDIF and VISA). Interactions between RLRs and
IPS1 lead to the activation of the transcription factors
IRF1, IRF3, IRF7 and NF-kB, resulting in the expression
of type I IFNs and pro-inflammatory cytokines”!'. In
addition, RIG-I may interact with the adaptor protein
ASC, resulting in inflammasome-dependent caspase 1
activation and the subsequent production of active
interleukin-1f (IL-1p)*. RIG-I, but not MDAS5, was
also shown to interact with stimulator of IFN genes
(STING; also known as MITA, MPYS and ERIS), which
is an adaptor protein that is encoded by Timem173 and is
predominantly found in the endoplasmic reticulum?®~.
This interaction potentiates RIG-I signalling through
TBK1 following RNA virus infection via as-yet-unclear
mechanisms that potentially involve IPS1.

In addition to RLRs, several other members of the
DExD/H-box helicase superfamily have recently been
proposed to participate in sensing pathogen-derived

nucleic acids. One report suggested that DDX3 might
directly bind to viral RNA and associate with RIG-I,
MDAS and IPS1 (REF. 27). In a different study, DDXI,
DDX21 and DHX36 were proposed to form a polyl:C-
binding complex that interacts with TRIF in a mouse
cDC cell line®. Silencing of DDX1, DDX21 or DHX36
expression reduced the production of type I IFNs by
cells stimulated with long or short forms of polyI:C as
well as during infection with RNA viruses. Another
study suggested that DDX60 binds to viral ssRNA,
dsRNA and dsDNA and associates with RIG-I, MDA5
and LGP2 (REF. 29). Silencing of DDX60 expression led
to reduced type I TFN secretion following infection with
RNA and DNA viruses, presumably owing to reduced
RLR signalling and IRF3 activation.

A role has also been proposed for DHX9 and
DHX36 as cytoplasmic sensors of CpG-B and CpG-A
oligodeoxynucleotides, respectively, in a human pDC
cell line*. Moreover, silencing of DHX9 or DHX36
expression in pDCs infected with a DNA virus led
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Box 2 | Type | interferons in adaptive immunity

Type | interferons (IFNs) are

a family of cytokines that comprises 12 IFNa subtypes,

IFNpB1, IFNg, IFNk and IFNw and has essential roles in the immune responses against
viruses and other intracellular pathogens'?. Type | IFNs are mostly known for their
capacity to generate an innate antiviral state by inducing the expression of

IFN-stimulated genes'?®

profoundly affect adaptive i
induction of T helper 1 (T 1)

. In addition to this essential function, type | IFNs may also

mmune responses, most often by contributing to the
-type responses'?. Indeed, type | IFNs may directly

favour the differentiation and modulate the effector function of T 1 cells.

Furthermore, type | IFNs pro
by conventional dendritic ¢
CD8" T cells. Finally, they ha
isotype switching in B cells.

mote the cross-presentation of antigens to CD8* T cells
ells and may directly stimulate the proliferation of
ve been shown to stimulate antibody production and

to decreased expression of tumour necrosis factor
(TNF) and IFNp1, respectively. It has been suggested
that DHX9 and DHX36 may bind directly to MYD88.
In keeping with this, silencing of DHX9 expression
reduces the nuclear translocation of NF-xB in
response to CpG-B-mediated stimulation, whereas
silencing of DHX36 expression reduces the nuclear
localization of IRF7 following CpG-A-mediated
stimulation. Together, these observations suggest that
DHX9 and DHX36 might trigger distinct MYD88-
dependent signalling pathways in pDCs. Intriguingly,
DHX9 and DHX36 do not appear to intervene in the
response of cDCs to dsDNA*', and this might point
towards a pDC-specific role of these proteins. By
contrast, DHX9 has been proposed to sense dsSRNA
in cDCs*.

Finally, DDX41 was shown to bind dsDNA and to
directly interact with STING and TBKI, but not IPS1
(REF. 31). Indeed, silencing of DDX41 expression led to
a marked inhibition of type I IFN production by DCs
following transfection with DNA or during infection
with DNA viruses or Listeria monocytogenes.

NLRs and ALRs. NOD-like receptors (NLRs) are a
family of cytosolic proteins with diverse functions in
the immune system*. Despite their denomination,
most NLRs actually seem to act as adaptor molecules
rather than as receptors per se, and only some NLRs
have been shown to directly bind PAMPs or DAMPs
so far. Nevertheless, a recent report suggests that
nucleotide-binding oligomerization domain protein 2
(NOD2) — which is already known as a receptor for
the bacterial envelope component muramyl dipeptide
— could also be implicated in the production of
type I IFNs in response to viral infection through the
sensing of ssSRNA*. The proposed pathway involves
signalling via IPS1 and subsequent activation of IRF3.
NLRP3 (NOD-, LRR- and pyrin domain-containing 3),
which is another NLR, is indirectly activated by viral
and synthetic ssRNA and dsRNA, resulting in ASC-
dependent inflammasome formation and the secretion
of biologically active IL-1B**. Very recently, NLRP3
was also shown to directly sense oxidized mitochondrial
DNA that is released into the cytosol during macrophage
apoptosis, leading to inflammasome-dependent IL-1f
production®.

AIM2-like receptors (ALRs) are a newly proposed
group of nucleic acid-sensing PRRs that comprises two
members of the pyrin and HIN domain-containing
protein family (PYHIN family): absent in melanoma 2
(AIM2) and IFNy-inducible protein 16 (IFI16)%*.
AIM2 has been shown to detect cytoplasmic dsDNA
and to induce the ASC-dependent formation of
inflammasomes, resulting in the activation of caspase 1
and the production of biologically active IL-13*-**. IFI16
was recently identified as a cytoplasmic protein able to
bind to an IFNB1-inducing fragment of the vaccinia virus
dsDNA genome in human monocytes®. Gene-silencing
experiments indicate that IFI16 promotes type I IFN
production in response to transfected DNA and DNA
virus infection. IFI16 signalling to induce type I IFNs
involves STING, TBK1 and IRF3. IFI16 was also proposed
to mediate the recognition of viral infection in the nucleus,
resulting in the activation of inflammasomes**. Whether
direct sensing of the viral nucleic acids is involved in this
particular situation currently remains unknown.

Other nucleic acid-sensing PRRs. ZBP1 (Z-DNA-binding
protein 1; also known as DAT and DLM1) is a type I IFN-
inducible DNA-binding protein of poorly understood
function. Silencing of ZBP1 expression in vitro decreases
type IIFN production in response to transfected DNA or
infection with a dsDNA virus*. ZBP1 may associate with
TBKI1 and IRF3 (REF. 45), and it has also been implicated
in the activation of NF-kB through receptor-interacting
protein 1 (RIP1) and RIP3 (REF. 46). However, ZBP1-
deficient mice still respond to DNA vaccination and
DNA virus infection in a similar manner to their wild-
type counterparts®. This apparent discrepancy between
in vitro and in vivo data has been attributed to a possible
redundancy of DNA-sensing receptors and to cell type-
specific effects. The contribution of ZBP1 to DNA
sensing in vivo thus remains to be established.

LRRFIP1 (leucine-rich repeat flightless-interacting
protein 1) is a leucine-rich motif-containing protein that
was identified in a gene-silencing screen in macrophages
as a cytosolic receptor involved in the production of
type I IFNs in response to transfected DNA or bacterial
infection*®. LRRFIP1 is thought to be able to directly
bind dsDNA and dsRNA, and to potentiate IRF3
transcriptional activity at the IFNBI promoter through
[-catenin-dependent signalling.

STING is mostly known as an important adaptor
protein downstream of many TBK1-activating PRRs.
However, STING was also recently shown to directly
bind to the bacterial nucleic acid signalling molecules
cyclic di-GMP and cyclic di-AMP*. This finding
indicates that STING could also be considered as a
nucleic acid-sensing PRR.

Deconstructing current vaccines

As is apparent from their respective downstream
effectors, nucleic acid-sensing PRRs can activate the
key pathways of the innate immune system and, as
such, may potentiate antigen-specific adaptive immune
responses. Recent studies are starting to highlight the
role of nucleic acids as ‘built-in’ adjuvants in important
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classes of vaccines, such as live attenuated vaccines and
DNA vaccines. Emerging evidence also supports the
concept that nucleic acids and their metabolites are
important endogenous mediators of the adjuvant effects
of aluminium salt-based adjuvants (commonly referred
to as alum), an important class of vaccine adjuvants. This
knowledge could provide useful hints for the design and
optimization of future vaccines.

Deconstructing live vaccines. Some live attenuated
vaccines are among the most efficient vaccines ever
developed. Although live attenuated vaccines cannot be
generated against all types of pathogen, deconstructing
the responses they induce may offer valuable clues for
the design of new vaccines that mimic their mechanisms
of action. Few studies have addressed this so far, but
the data are starting to point towards a central role
of nucleic acid-sensing PRRs in the response to live
attenuated vaccines.

The yellow fever vaccine YF-17D is one of the most
efficient antiviral vaccines ever developed, and it is able to
induce protective immunity that lasts for decades. Evidence
in mice indicates that YF-17D activates DCs through the
concomitant stimulation of several TLRs (namely, TLR2,
TLR7, TLR8 and TLRY), which results in the induction
of CD8" T cell responses and a mixed T ,1- and T 2-type
immune response®. Although TLR2 signalling, which
depends on MYD88, appears to downregulate the T ;1
and CD8" T cell responses elicited by the vaccine, MYD88-
dependent signalling is required for these responses.
Without ruling out a potential contribution of IL-1 and
related cytokines or other MYD88-dependent PRRs, these
results suggest an important role for nucleic acid-sensing
TLRs in the induction of adaptive T, 1-type responses to
YE-17D. In support of this assumption, DCs from mice
deficient for either TLR7 or TLRY secrete less IL-12 than
wild-type DCs following infection with YF-17D*. In
vaccinated humans, gene expression profiling indicates
that YF-17D activates a prominent type I IFN response
(which is probably controlled by IRF7) at the time the
primary adaptive immune response is established*"*.
Furthermore, YF-17D upregulates the expression of TLR7
(REF. 51) and activates RIG-I and MDAS5 (REF. 52), although
the contribution of these receptors to adaptive immune
responses in this context is currently unknown. Finally,
a recent study in humans indicates that YF-17D induces
innate immune gene expression profiles that functionally
overlap with those elicited by an experimental adjuvant
that is based on a modified polyI:C agonist of TLR3 and
MDAS5 (REF. 53).

Vaccinia virus is the attenuated virus that formed
the basis of the vaccine that allowed the eradication of
smallpox. It is now used as a vector in other vaccines.
Vaccinia virus may activate several APC-expressed
PRRs, including RIG-1, MDAS5, TLR2, TLR6, TLR9 and
NLRP3- and AIM2-dependent inflammasomes*"**%.
Studies in knock-out mice have revealed that the
activation of innate immune responses and the induction
of CD8* T cell population expansion and memory
formation in response to vaccinia virus crucially
depend on TLR2 (REF. 56), but also require type I IFN
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production®®*”. Moreover, a recent report suggests that,
in mice, type I IFN production following vaccinia virus
infection may result from TLR8-dependent activation
of pDCs, possibly through the recognition of AT-rich
DNA%., Whether this mechanism also occurs in humans,
whose pDCs do not express TLRS, is not yet certain.
In addition, cDCs may produce type I IFNs following
vaccinia virus infection in a TLR-independent manner,
probably through RLR-dependent signalling®-*.

In the case of influenza A virus, a variety of vaccine
compositions have been developed, including live
attenuated, killed whole-virion and subunit vaccines. The
influenza virus ssRNA genome has been shown to activate
pDCs through TLR7 (REFS 59,60) and cDCs and stromal
cells through RIG-I-dependent sensing®"*2. Influenza
virus RNA also indirectly triggers inflammasome
activation®**®. Subunit vaccines, which are devoid of
viral RNA, were shown to be ineffective at immunizing
naive mice owing to their inability to stimulate pDCs,
although they could still boost memory T cell responses®.
This evidence underscores the importance of viral nucleic
acid sensing in influenza vaccination. By contrast, live
attenuated and killed vaccines induce robust primary
adaptive immune responses through TLR7, a process that
requires the production of type I IFNs by pDCs in the case
of killed vaccines®.

Very few studies so far have investigated the role of
nucleic acid-sensing PRRs in live attenuated bacterial
vaccines. The immunogenicity of such vaccines — which
include the Mycobacterium bovis bacillus Calmette-
Guérin (BCG) vaccine — is usually attributed to the
innate recognition of bacterial cell wall components,
mostly by TLR2 and TLR4. However, live bacteria
may also activate APCs through nucleic acid-sensing
PRRs'7?»6%¢, Recent research indicates that nucleic
acid sensing could actually be key to the success of live
bacterial vaccines.

One possible explanation for the higher efficiency
of live attenuated bacterial vaccines over killed vaccines
could be that the immune system is able somehow to sense
general bacterial viability. This possibility has recently
received support from an elegant study that compared the
innate and adaptive immune responses induced by live
and killed non-replicating non-virulent bacteria®. Live
bacteria, but not killed bacteria, were shown to induce
pronounced expression of type I IFNs and the release
of mature IL-1p from infected macrophages and DCs.
The augmented response to live bacteria was shown to
depend on the sensing of bacterial mRNA, which is lost
following the killing of the bacteria and was therefore
termed a viability-associated PAMP (‘vita-PAMP’). The
cytosolic PRR responsible for vita-PAMP sensing in this
context has not been identified, but the induction of type I
IFNs by IRF3 and the generation of IL-1f by the NLRP3
inflammasome were impaired in TRIF-deficient cells. The
recognition of this vita-PAMP was proposed to depend
on the absence of 3’-polyadenylation in bacterial mRNA.
Consistent with the idea that vita-PAMP sensing may
boost adaptive immune responses, killed bacteria mixed
with bacterial mRNA were shown to induce humoral
responses similar to those induced by live bacteria in mice.
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Cross-presentation

A process by which certain
antigen-presenting cells may
take up and process
extracellular antigens and
present them on MHC class |
molecules to CD8* T cells.

Molecular mechanisms of DNA vaccination. DNA
vaccines are one example of vector-based vaccines that
are currently in development®. What is considered a
major advantage of DNA vaccines is their ability to
induce the local expression of target antigens and to
subsequently elicit T,,1 and CD8" T cell responses
along with T 1-biased antibody production. DNA
vaccines are currently used in veterinary medicine,
and attempts in humans indicate a good tolerability
and safety profile®”°. However, DNA vaccines tend
to display low immunogenicity in humans and this
has hindered their development, although different
approaches have been proposed to address this issue.
The reasons for this lower responsiveness of humans
compared with other mammals are currently unclear.
Possible explanations could involve lower expression
levels of certain components of the DNA-sensing
machinery, differing expression patterns of nucleic
acid-sensing PRRs or issues related to DNA delivery
and processing in different cell types®’°. It is likely
that a more accurate characterization of the cellular
and molecular mechanisms involved in nucleic acid
sensing during DNA vaccination would help us to
understand these issues and improve the design of
such vaccines.

The plasmids used in DNA vaccination may
contain CpG motifs, which would provide a built-in
adjuvant because these PAMPs activate TLRY.
However, TLR9 deficiency does not appear to affect
the cellular or humoral immune responses to repeated
DNA vaccination in mice*””"7?, although TLR9 could
participate in CD8* T cell induction following the
initial immunization”. Instead, T,;1 and CD8" T cell
responses, as well as antibody production, in response
to DNA vaccination in mice have been shown to
crucially depend on the induction of type I IFNs
through the STING-TBK1 axis*”. Although the PRR
implicated in DNA detection in this context remains to
be identified, this suggests that cytoplasmic receptors
for DNA have a more prominent role than intracellular
TLRs in mediating the effect of DNA vaccines. Given
that STING engagement may also lead to NF-xB
activation”, it could be worthwhile investigating
the potential contribution of this pathway in DNA
vaccination.

DNA vaccine administration may lead to the direct
transfection of APCs or to the transfection of other
tissue-resident cells, such as muscle cells. In the latter
case, antigens may be indirectly acquired by DCs for
presentation®. Bone marrow transfer experiments in
mice support the idea that antibody responses to DNA
vaccination require TBK1 activation in haematopoietic
cells (presumably DCs)*. By contrast, TBK1 activity in
non-haematopoietic cells (presumably stromal cells) is
essential for CD8* T cell activation. Finally, the activation
of antigen-specific CD4* T cells requires TBK1 activity
in both the haematopoietic and non-haematopoietic
compartments. Altogether, direct presentation, cross-
presentation and bystander cytokine production are all
likely to be essential for the adaptive immune response
to DNA vaccines (FIC. 3).

Nucleic tricks of an old adjuvant. Alum is the oldest but most
widely used of the few vaccine adjuvants that are licensed
for human use”. Alum mostly potentiates IgG1 and IgE
production through the promotion of T, 2 cell responses,
although the induction of CD8* T cells by alum has also been
reported’. For decades, little attention has been given to the
immunological mechanisms that drive the adjuvant activity
of alum”. Renewed interest was sparked by the discovery
that alum activates the NLRP3 inflammasome’®”*. However,
studies on the contribution of NLRP3 to the effects of alum
on adaptive immune responses have generated conflicting
results”®®, suggesting that the NLRP3 inflammasome
is not, in general, essential for the adjuvant activity
of alum and that additional mechanisms are involved.
Dead lysed cells have been repeatedly observed
at sites of alum injection®*, implying that alum may
induce the release of DAMPs. Research in mouse models
recently reported a role for two DAMPs, which were both
connected to nucleic acid biology, in the adjuvant activity
of alum®-*. Uric acid is the end product of the degradation
of purines, and may be rapidly released by injured cells
following DNA and RNA degradation. Alum induces the
accumulation of uric acid at sites of injection, and reducing
uric acid levels in vivo through treatment with uricase was
shown to inhibit T cell responses and the production of
IgG1 and IgE®*®. Uric acid has not been shown to form
crystals (its usual form for recognition as a DAMP?) at sites
of alum injection, and the signalling pathways activated
in this context remain to be identified. Alum also induces
the rapid release of host cell DNA at sites of injection®*°,
and the elimination of extracellular DNA using DNase I
treatment decreases alum-induced T cell responses and
the production of IgG1 and IgE®. Although the PRRs
(or PRR) triggered by host DNA in alum immunization
were not identified, IRF3 was shown to control the IgE
response. However, any contribution of TLRs, RLRs or
inflammasomes to this response was ruled out.

Harnessing nucleic acid sensors

With the increased recognition of the impact of nucleic
acid-sensing PRRs on APC function, research is well
underway to directly harness these PRRs using novel
adjuvants. Several candidates, mostly TLR agonists so
far, are now in the preclinical or early clinical stages of
development”.

TLR3 and RLR agonists. The activation of TLR3 in cDCs
induces the production of IL-12, type I IFNs and pro-
inflammatory cytokines by these cells and upregulates
their expression of MHC class II and co-stimulatory
molecules, as well as their cross-presentation activity**.
Of note, cDCs with strong cross-presentation activity
— such as CD8a* and CD103* ¢DCs in mice and
DNGR1'CD114'BDCA3* cDCs in humans — express
the highest levels of TLR3 (REFS 88-90).

In preclinical models, co-administration of TLR3
agonists with soluble or DC-targeted antigens was
shown to induce durable T, 1 cell”> and CD8" T cell®
responses, as well as augmented antibody responses”>,
which could confer protection against subsequent
intracellular pathogen infection®%.
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Figure 3 | Mechanisms of DNA vaccination. The plasmid

DNA used in DNA vaccination may directly transfect stromal

cells (such as muscle cells) or dendritic cells (DCs). In these cells, a cytosolic DNA receptor that has not yet been identified

induces the activation of TANK-binding kinase 1 (TBK1) and

IkB kinase-¢ (IKKe) through stimulator of IFN genes (STING),

leading to the activation of interferon-regulatory factor 3 (IRF3) and resulting in the production of type | interferons (IFNs).

The antigens encoded by the transfected plasmid DNA can
antigens may be directly processed and presented on MHC
may be indirectly acquired by DCs from stromal cells and th

also be expressed in stromal cells and DCs. In DCs, these
class I molecules to naive CD8' T cells. Alternatively, antigens
en cross-presented to CD8* T cells or presented to naive CD4*

T cells on MHC class Il molecules. Type | IFN expression by stromal cells and DCs seems to be important for promoting the
cross-presentation activity of DCs, as well as for the differentiation of T helper 1 (T 1) cells and the promotion of T, 1-type

isotype switching in B cells. BCR, B cell receptor; CD40L, CD40 ligand; TCR, T cell receptor; T,

Tfollicular helper.

FH’

Most TLR3 agonists, such as polyl:C, also acti-
vate MDA5 in DCs and stromal cells. Both TLR3 and
MDAS were proposed to participate in the induction
of type I IFN production®****, which is essential for
the development of polyl:C-induced T ;1 and CD8*
T cell responses®*®*. MDA5-dependent production
of type I IFNs by stromal cells seems to be especially
important for the generation of memory CD8* T cells
in such models®. Polyl:C-induced activation of MDAS5,
but not TLR3, was also shown to be essential for the
production of antibodies specific for a co-administered
antigen in alum®.

Even though the aforementioned immunization
studies were performed in mice and nonhuman
primates, data are emerging as to the potential adjuvant
effects of ligands for TLR3 and MDA5 in humans.
As mentioned above, a pilot systems biology study in
human subjects compared the innate immune response
induced by the YF-17D vaccine to that of an RNase-
resistant analogue of polyl:C (polyl:C stabilized with
poly-L-lysine and carboxymethylcellulose (polyICLC))>*.
The gene expression profile of blood cells from
polyICLC-treated subjects showed the induction of a
type ITFN response as well as signatures associated with
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NEF-«B signalling, inflammasomes and DC activation.
However, the response was faster than that observed with
YF-17D. TLR3 and MDA agonists are thus emerging as
promising adjuvants in the development of vaccines that
promote a T 1-type response against viruses and other
intracellular pathogens.

TLR7 and TLRS8 agonists. A preferred option to target
TLR7 and TLR8 are the small synthetic compounds
imidazoquinolines. Given that the expression patterns of
TLR7 and TLR8 differ between mice and humans, caution
should be exerted when extrapolating results obtained
with TLR7 and TLR8 agonists from mice to humans.

In human pDCs, which express TLR7, the activation
of this receptor leads to the expression of type I IFNs,
IL-12 and pro-inflammatory cytokines, as well as to the
upregulation of co-stimulatory molecules®*”. Human
cDCs express TLR8, and agonists of this TLR induce the
expression of IL-12 and pro-inflammatory cytokines and
the upregulation of co-stimulatory molecules®*®.

In mice, the administration of an antigen together with
a TLR7 or TLRS agonist promotes T ;1 and CD8" T cell
responses’ ! and antibody production®. Data from
mice and nonhuman primates indicate that conjugation
of the TLR7 or TLR8 agonist with the antigen and protein
aggregation may result in a more efficient induction of
T,1and CD8" T cell responses'*>'”*. In mice immunized
subcutaneously with an antigen-TLR7/8 agonist
conjugate, the improvement in these responses has been
attributed to more efficient antigen uptake by multiple DC
subsets'®. TLR7-dependent production of type I IFNs has
been implicated in this increased antigen uptake, as well
as in the promotion of DC migration to the lymph nodes.
Together with IL-12, type I IFNs appear to be required
for optimal T,;1 and CD8" T cell responses following the
administration of TLR7 and TLR8 agonists'*"'®. Thus,
TLR7 and TLRS8 agonists are emerging as promising
candidate adjuvants for promoting T, 1-type immune
responses, although the development of improved
formulation and delivery strategies is likely to be key for
their efficiency in humans.

TLR9Y agonists. TLRY agonists (mostly different types
of CpG oligodeoxynucleotides) are the most studied
and probably the most advanced nucleic acid-sensing
PRR agonists in development as potential immune
response-biasing vaccine adjuvants’'*. Again, it should
be kept in mind when interpreting rodent studies that
TLRY expression is restricted in humans, being highest
in pDCs and B cells, whereas mice have a broader
expression pattern'®.

In human pDCs, stimulation of TLR9 leads to strong
expression of type I IFNs, IL-12 and pro-inflammatory
cytokines, as well as to the upregulation of co-stimulatory
molecules®®. In B cells, TLR9 activation leads to the
expression of pro-inflammatory cytokines and, in
conjunction with CD40 engagement, synergistically
promotes the production of antibodies and IL-12,
which allows B cells to promote the differentiation of
T, 1 cells'. Concomitant stimulation of TLR9 in pDCs
may further promote B cell antibody production and

memory B cell differentiation in the absence of T cell
help through type I TEN production'”. In addition, TLR9
triggering synergizes with B cell receptor activation in
the induction of antigen-specific B cell responses and
promotes T, 1-biased isotype switching'®®. In mice,
TLR9 agonists very potently induce T ;1 and CD8" T cell
responses as well as T, 1-type B cell responses'®.

TLRY agonists have entered clinical trials as adjuvants
in hepatitis B, influenza and anthrax vaccines and have
been shown to boost and accelerate protective antibody
responses’>,

STING agonists. The discovery that STING may directly
respond to cyclic di-GMP supports the idea that it could
be targeted directly by novel adjuvant molecules. So far,
this potential can only be inferred from data on cyclic
di-GMP, which has immunostimulatory and adjuvant
activities that are being increasingly documented'”. For
instance, treatment with cyclic di-GMP may upregulate
the expression of MHC class Il molecules, co-stimulatory
molecules, pro-inflammatory cytokines and type I IFNs
by human and mouse cDCs"'*!!!. Furthermore, cyclic
di-GMP has adjuvant effects on adaptive responses to
soluble antigens in mice"*'"!. It remains to be determined
whether the adjuvant activity of cyclic di-GMP in vivo is
entirely due to STING activation or also a result of other
activities of this molecule. Either way, it is likely that
STING has an important role, given that mice with an
inactivating point mutation in the gene encoding STING
display impaired type I IFN responses to cyclic di-GMP'"%.

Combined adjuvants. In line with the observation
that efficient live attenuated vaccines target multiple
PRRs****, combining multiple PRR agonists appears
to be a promising rationale for the design of effective
new adjuvants. This approach is already being applied,
for instance in the clinically approved adjuvant AS04
(a combination of alum and a TLR4 ligand). Similar
strategies aim to couple the potential of nucleic acid-
sensing PRRs with that of other PRRs. To date, most
studies have combined TLR ligands.
MYD88-dependent and TRIF-dependent TLR ligands
synergistically activate cDCs. Thus, a combination of
these ligands strongly increases the secretion of IL-12,
type I IFNs and pro-inflammatory cytokines by ¢cDCs,
resulting in efficient activation of T ;1 cells and CD8*
T cells">!". A recent in vivo study in mice using such
a combined adjuvant strategy indicated that combining
aggregated TLR2-TLR6, TLR3 and TLRY ligands
could boost not only the number of antigen-specific
CD8* T cells, but also their avidity and functionality,
providing a qualitative advantage over combinations
of two agonists'”. This difference has been linked to
activation of the expression of IL-15 and IL-15 receptor
subunit-a (IL-15Ra) by cDCs in a type I IFN-dependent
manner'”. In another study, a TLR4 agonist and a
TLR7 agonist, which were combined in nanoparticles,
were shown to have synergistic effects in increasing the
levels of neutralizing antibodies and promoting the
generation of memory B cells and long-lived plasma
cells'*é. These effects were dependent on TLR triggering in
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both DCs and B cells, and also on T cell help. Experimental
immunizations using this combined adjuvant were
shown to protect mice from lethal influenza virus
infection and to boost neutralizing antibody responses
in nonhuman primates''®. Again, such studies highlight
the benefit of optimizing formulation and delivery
strategies in vaccines containing this type of adjuvant.

Conclusions and perspectives

Nucleic acid-sensing PRRs are taking centre stage in
the induction of adaptive immune responses to many
existing vaccines. Preclinical and clinical evidence
indicates that the triggering of these receptors by
selective agonists may suffice in mediating efficient
immunization against co-administered antigens. Even
though considerable progress has been made in the
past decade since the discovery of the first nucleic acid-
sensing PRR, much remains to be elucidated concerning
the role of these receptors in adaptive immunity in
general and in vaccination in particular.

A robust and comprehensive characterization of the
nucleic acid-sensing machinery is likely to be key not
only to a more complete understanding of antimicrobial
immunity, but also for elucidating the mechanisms
of action of many current vaccines. For instance, the
monopoly of TLR9 on DNA sensing has recently been
challenged by the discovery of cytosolic DNA-sensing
mechanisms. However, the PRRs that mediate the
response to nucleic acids in several important vaccination
strategies — including DNA vaccination and alum-
adjuvanted immunization — remain to be identified.
A few novel DNA- and RNA-sensing PRRs have been
proposed using in vitro approaches, and we expect that
mice (conditionally) deficient for individual nucleic
acid sensors should soon help to establish the respective
contributions of these PRRs to antimicrobial immunity and
vaccination. Moreover, a more advanced characterization
of the expression patterns of these receptors and of
their ligand-binding specificities could provide new
molecular targets for experimental adjuvants or help to
optimize delivery strategies. Notably, this could help us
to understand the origin of human hyporesponsiveness
to DNA vaccines, which deserves more scrutiny.

Another potentially important question is the extent
to which host nucleic acids contribute to vaccination,
in line with recent data suggesting a role for host DNA
and uric acid in mediating the adjuvant effects of alum.
In the context of alum-adjuvanted immunization, these
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two DAMPs induce T, 2-type responses independently
of type I IFNs*-%. This is in contrast to most nucleic acid
PAMPs, which induce T, 1-type responses that most often
require type I IFN signalling. As it increasingly appears
that PRR engagement may result in the active release of
host nucleic acids'"”, we propose that it may be worthwhile
studying the potential adjuvant or immunomodulatory
effects of host nucleic acids and their metabolites in
vaccination. This investigation would probably benefit
from the identification of the receptors for uric acid
and host DNA that are involved in alum-adjuvanted
immunization.

Finally, achieving a more precise understanding
of the APCs and the PRRs that are targeted by nucleic
acids in different vaccination strategies is likely to
be of utmost importance. Indeed, APCs, especially
cDCs, are highly heterogeneous, and multiple distinct
subsets are present at the various sites potentially used for
vaccination and in the lymphoid organs that drain such
sites''®. The improving characterization of the functional
specialization and plasticity of each DC subset provides
opportunities for tailoring vaccines to preferentially
target specific DC subsets'"®. Notably in this regard,
the expression patterns of intracellular TLRs indicate a
distinct distribution among DC subsets that correlates
with the functional specialization of each subset">*-. It
is likely that further characterization of the contribution
of pDCs to nucleic acid sensing will be of particular
importance. Being ‘professional’ type I IFN producers,
pDCs may at least be important bystander contributors
to the triggering of T 1-type immune responses by
nucleic acid sensing in vaccination®'?. Furthermore,
recent data suggest that pDCs could directly participate
in the activation of CD8" T cells in vivo'?, although this
notion remains controversial'*’. Determining the main
PRRs through which pDCs react to nucleic acids in
different settings could also provide valuable information.
Although most research to date has focused on TLRs,
there is evidence, for instance, that pDCs may respond
to immunostimulatory dsDNA via STING™. Emerging
mouse models that allow for the deletion of specific DC
subsets or of genes encoding nucleic acid-sensing PRRs
within these subsets are likely to help in deconstructing
the relative contributions of pDCs and other DC subsets
in the immune responses to different vaccines. This
knowledge could be key to refining the formulation and
delivery strategies for new vaccine adjuvants tailored to
elicit specific types of adaptive immune response.
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