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Abstract | The development of an effective vaccine that elicits a strong and durable
T cell response against intracellular pathogens and cancer is a challenge. One
strategy to enhance the effectiveness of vaccination is by targeting dendritic cells
(DCs). In this Opinion article, we discuss existing DC-targeting approaches that
induce adaptive immunity. We highlight the crucial issues that need to be
addressed to move the field forward and discuss whether targeting DCs could
be better than current vaccine approaches.

Historically, the earliest successful vaccines
used live attenuated pathogens, such as vac-
cinia virus, to induce protective immunity.
Subsequently, inactivated viruses, subunit
vaccines and protein—polysaccharide conjugate
vaccines — which all induce antibody-
mediated immunity — have been used to
protect against different viral and bacterial
infections'. However, there is currently no
effective vaccine for several diseases — such
as HIV, malaria and tuberculosis — in which
T cells can have a protective role in the pres-
ence or absence of antibodies. Researchers
now try to optimize both B cell and T cell
responses to broadly attack pathogens*™.
Dendritic cells (DCs) — which are the most
potent antigen-presenting cells — induce
the clonal expansion of T cells’, and are
therefore an important cell type to consider
targeting in the development of vaccines that
induce effective and durably protective T cell
immunity. In addition, such DC-targeting
vaccines could be used to treat other dis-
eases, such as cancer, that also require T cell
immunity.

The first attempts to use DCs to induce
adaptive immunity in humans involved
the adoptive transfer of in vitro-cultured
DCs loaded with antigens, which was
used as immunotherapy against cancer®.
Although data from >10 years of clinical
trials indicate that ex vivo antigen-loaded
DC-based vaccines are safe and can induce
tumour-specific CD4" T cells and cytotoxic
T lymphocytes (CTLs) in humans, durable
tumour regression has only been observed
in a few patients’. Instead, most patients
showed minimal adaptive immunity, dis-
played no clinical signs of tumour control
and did not have prolonged survival®.

Recently, investigators have used short-term
cultured DCs or naturally circulating DCs
to improve the function of these cells and
the clinical outcome of cancer therapy®'°.
Nevertheless, the use of ex vivo-cultured
DCs is labour-intensive, expensive and
needs to be individualized to each patient;
this approach will not be discussed further
here. In this Opinion article, we take a criti-
cal look at various DC-targeting approaches,
discuss their scope and give a perspective on
the steps that need to be taken to improve
the ability of protein-based vaccines to elicit
T cell immunity through DC activation.

Adjuvants for DC vaccines

An efficient way to activate T cells is
through the presentation of antigen by
DCs that simultaneously undergo innate
immune activation'"'>. Accordingly, T cells
primed by a complex pathogen often elicit
the most robust responses; for example,
viruses can efficiently prime CTL responses
by promoting synchronous activation of
and antigen presentation by DCs". Thus,
one option to mimic the efficiency of viral-
based vaccines is by linking proteins to
pattern recognition receptor (PRR) ligands to
create antigen-PRR-ligand conjugate vac-
cines, which ensures that antigen process-
ing and stimulation occur simultaneously
in the same DC.

Antigen-PRR-ligand conjugate vaccines.
When designing an antigen-PRR-ligand
conjugate vaccine, the choice of antigen is
determined by the pathogen, whereas the
selection of PRR ligands that could be used
as adjuvants is extensive*'® and depends on
the desired immune response (for example,
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a T helper 1 (T 1) cell, T ;2 cell or T ;17 cell
response) and the PRR expression profile of
the targeted DCs (TABLE 1). Thus, a specific
set or a wide range of DCs can be engaged
depending on the Toll-like receptor (TLR)
ligand that is used as an adjuvant.

The increased efficiency of antigen-TLR-
ligand conjugate vaccines to generate an
adaptive immune response compared with
free antigen and ligand was first demon-
strated in mouse immunization studies
using CpG (which is a TLR9 ligand) and
the ovalbumin (OVA) antigen's'®. The
conjugate vaccine elicited more potent
T, 1 cell and IgG2a antibody responses, and
cross-primed CTLs at lower doses com-
pared with the administration of OVA and
free CpG. However, the efficacy of TLR9
ligands might be limited in humans, as
the expression of TLR9 is more restricted
in the human DC subsets that are crucial
for antigen presentation than in the cor-
responding cells in mice (TABLE 1). By
contrast, TLR7 and TLR8 are expressed
across all human DC subsets; however, the
rapid dissolution of TLR7-TLR8 agonists
from the injection site limits their ability to
prime T cells in the draining lymph nodes,
thereby reducing their ability to induce pro-
tective adaptive immunity'’. Nevertheless,
studies in mice and non-human primates
(NHPs) showed that this rapid dissolution
could be prevented if the HIV Gag protein
was conjugated to a TLR7-TLRS8 agonist,
which enabled prolonged antigen presenta-
tion and innate immune stimulation in the
draining lymph nodes, and elicited potent
T cell responses?2!.

The efficacy of several antigen-TLR-
ligand conjugate vaccines has been tested
in mice and all of these elicited a stronger
immune response than simple mixtures of
antigen and adjuvant, but few of these
vaccines have advanced to studies in
NHPs or humans to evaluate their efficacy
(TABLE 2). Overall, the conjugation platform
enables multiple DC subsets with different
specialized functions to capture antigen and
become activated.

The immune system has evolved so
that DC subsets with different specialized
functions collaborate to induce a complex
pathogen-specific immune response and
therefore, engaging multiple DC subsets
may be superior to targeting only one DC
subset. This is important to consider for
vaccine development; is the engagement of
multiple DCs — by using a well-formulated
protein and adjuvant vaccine — or the tar-
geting of multiple DC receptors required
to optimize broad-based T cell immunity?
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Table 1 | Expression patterns of receptors in mouse and human DC subsets

Receptor Mouse DC subsets
CD11b* CD8a* or XCR1*

Innate receptor

TLR3 - +

TLR4 —/+* -

TLR7 - —

TLR9 + +

NLRP3 + -

NOD1 + -

Targeting receptor

XCR1 - +

CLEC9A - +

CLEC12A - +

CD205 - +

CD207 - —/+*

MHCII* + +

CDA40* + +

CD11c + +

FcyR + +

Human DC subsets

pDC BDCA1* BDCA3*or XCR1* pDC
_ _ + _
_ + _ _
+ + - +
+ - - +
_ + ? ?
_ + ? ?
_ _ + _
+ - + -
+ + + +
_ + + _
+ + + +
+ + + +
_ + + _
+ + + +

+, expressed; —, low or no expression; ?, expression level is unknown; BDCA, blood DC antigen; CLEC, C-type
lectin domain family member; DC, dendritic cell; FcyR, Fc receptor for IgG; MHCII, MHC class II;

NLRP3, NOD-, LRR- and pyrin domain-containing 3; NOD1, nucleotide-binding oligomerization
domain-containing protein 1; pDC, plasmacytoid DC; TLR, Toll-like receptor; XCR1, XC-chemokine
receptor 1. *Mouse strain dependent. *Activation dependent.

Targeting antigens to DCs

The most widely studied approach to acti-
vate T cells involves the selective targeting
of DC-specific endocytic receptors by link-
ing the relevant antigens to antibodies or
ligands. Following internalization by the tar-
geted DCs, the intracellular routing of these
complexes depends on the specific receptor,
and has important functional consequences
with regard to antigen presentation and

T cell stimulation (FIG. 1). As monoclonal
antibodies are now used in a large num-
ber of patients with a variety of diseases,
they offer the advantage of a safe, scalable
and standardized vaccine that targets DCs
within their natural environment in vivo. In
addition, targeting antigens to DC-specific
receptors may reduce the required vaccine
dose. Even more importantly, this reduces
the proportion of the vaccine dose that ends
up in non-target cells, and thus reduces
potential adverse effects. However, whether
avoiding antigen capture by non-target cells
has any functional relevance or negatively
affects the success of vaccination is still

not clear.

DC targeting can also be used to affect
the quality of the ensuing immune response.
To date, >100 DC-targeting studies have
been published (these are summarized in

TABLE 2 and Supplementary information S1
(table)). The first DC-targeting studies in
mice were aimed at Fcy receptors (FcyRs),
MHC class IT molecules and CD40

(REFS 22-24), and showed that antigen tar-
geting improves both humoral and cellular
adaptive immunity, with the former not
requiring the administration of additional
adjuvants. During the last decade, research
has focused on C-type lectins and, in par-
ticular, CD205 (also known as LY75) has
been extensively studied in mice, NHPs and
humans. Studies on CD205 have revealed
several important facts: targeting antigens
to CD205 in the absence of adjuvants was
shown to cause tolerance; the TLR3 ligand
poly I:C was the most effective adjuvant for
inducing potent CD4" T cell and low-level
CTL responses; and potent CTL responses
were observed using OVA combined with
adjuvants but, importantly, the magnitude
of the CD8" T cell response was far lower
with other antigens, such as HIV Gag.
Moreover, CD205 targeting induced only
low-level CTL responses in NHPs in studies
using the malaria circumsporozoite protein
or HIV Gag?®. Importantly, these low CTL
responses were markedly increased after

a heterologous boost with a viral vaccine
encoding HIV Gag. These data highlight the

importance of combining different vaccine
approaches for optimizing CTL responses,
as discussed below. With regard to CD4*

T cells, a non-DC-targeted HIV Gag
protein-based vaccine induced a similar
CD4' T cell response to the CD205-targeted
vaccine in NHPs, but led to the production
of higher quality antibodies (~10-fold
increased avidity). Although mouse stud-
ies suggest that CD205 targeting could be
effective at eliciting CD4" T cell responses,
studies in NHPs showed no difference in
T, 1 cell priming and antibody responses
when a more physiological antigen, such
as HIV Gag, was used (see Supplementary
information S1 (table)).

As mouse DCs that express CD8a are
superior at cross-presentation, targeting this
DC subset could theoretically be advanta-
geous for inducing CD8* T cell responses.
The human orthologue of this DC subset
lacks CD8a, but instead expresses C-type
lectin domain family 9 member A (CLEC9A;
also known as DNGR1), XC-chemokine
receptor 1 (XCR1) and blood DC antigen
3 (BDCA3; also known as CD141 and
thrombomodulin)?*-*. CLEC9A and XCR1
seem to be similarly specific for targeting
the CD8a" DC subset in mice, and could
be used to eradicate established melanomas
(R. A. Kroczek, personal communication)®.
Additionally, CLEC9A targeting can modu-
late the in vivo differentiation of CD4* T cells
into T,,1 cells, T 17 cells or regulatory T
cells using poly I:C, curdlan or adjuvant-
free immunization, respectively®'. Overall,
the ability of CLEC9A and XCR1 to target
CD8a* DCs in mice makes these receptors
perhaps the most promising candidates for
the induction of CTL responses. Hence, it
is crucial to test whether targeting to these
receptors can efficiently induce cross-priming
in NHPs and ultimately in humans.

Integrins that are highly expressed by
macrophages and DCs, such as CD11b
(also known as integrin-aM and ITGAM)
and CD11c (also known as integrin-aX
and ITGAX), have also been used for DC
targeting (see Supplementary information
S1 (table)). A detoxified version of the ade-
nylyl cyclase CyaA from Bordetella pertussis,
which binds to CD11b, has been extensively
studied and was shown to induce protective
immune responses against viral infections
and cancer (see Supplementary information
S1 (table)). Importantly, a CyaA construct
expressing the full-length HIV Tat protein
induced HIV Tat-specific CD4" T cell and
antibody responses in mice and in NHPs*>*.
Further investigation is required to determine
whether robust T cell responses can
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Table 2 | The efficacy of antigen-PRR-ligand conjugate vaccines

Targeted Organism Delivered antigen  Adjuvant Immune responses stimulated Efficacy test Refs
receptor

TLR9 Mouse OVA CpG CD8* T cells (in vivo) Tumour 16
TLR9 Mouse OVA CpG CD8* T cells (in vitro) NA 59
TLR9 Mouse Ambal CpG Antibodies and T, 1-type response (in vivo) Allergy 18
TLR9 Mouse gp120 CpG Antibodies, and CD4*and CD8* T cells (invivo) NA 60
TLR9 Mouse OVA CpG CD8* T cells (in vivo) Pathogen 61
TLR9 Mouse LLO and p60 CpG CD8* T cells (in vivo) Pathogen 62
TLR9 Mouse B-galactosidaseand ~ CpG Antibodies and CD8* T cells (in vivo) NA 17

gp120

TLR7-TLR8 Mouse HIV Gag 3M-012 and CpG  CD4* and CD8*T cells (in vivo) NA 19
TLR7-TLR8 NHP HIV Gag 3M-012 and CpG  Antibodies, and CD4*and CD8* T cells (invivo) NA 21
TLR7-TLR8 Mouse OVA 3M-012 CD4* and CD8* T cells (in vivo) Pathogen 20
TLRS Mouse OVA and LLO Flagellin Antibodies, and CD4*and CD8* T cells (invivo) ~ Pathogen 63
TLR2 Mouse ESAT-6 Rv1411c CDA4* T cells (in vivo) Pathogen 64
TLR2 Mouse Various peptides Pam2Cys Antibodies and CD4* T cells (in vivo) Tumour and 65

pathogen

ESAT-6, early secreted antigenic target of 6 kDa (also known as EsxA); LLO, listeriolysin O; NA, not applicable; NHP, non-human primate; OVA, ovalbumin;
p60, murein hydrolase; Pam2Cys, 5-[2,3-bis(palmitoyloxy)propyllcysteine; PRR, pattern recognition receptor; Rv1411c, a Mycobacterium tuberculosis lipoprotein
functioning as a TLR2 agonist; T 1, T helper 1; TLR, Toll-like receptor.

be induced by this approach and others
using targets such as mannose receptor 1
(also known as CD206) or DC-specific
ICAM3-grabbing non-integrin (DC-SIGN;
also known as CD209; see Supplementary
information S1 (table)).

Comparative studies of in vivo DC targeting
Several recent studies have directly
compared the efficiency of different
DC-targeting approaches (TABLE 3). These
studies are crucial, as they provide the neces-
sary benchmarking and rationale for trans-
lating these approaches into human trials*.
Studies in mice that compared antigen-
targeting to the DC receptors CD205,
CD207 (also known as CLEC4K), DC
inhibitory receptor (DCIR; also known as
CLEC4A), CLEC9A, TREML4 and DCIR2
(also known as CLEC4A4) revealed that
CD205, CD207 and CLEC9A were the most
potent targets for inducing CTL responses
against HIV Gag®. These findings were
independently confirmed and also compared
with CLEC12A, which proved less efficient?.
Together, these studies showed that in addi-
tion to targeting antigen to DCs, prolonged
antigen presentation correlated with the
strength of CTL responses.

In another study, CD205 targeting with
OVA was not superior to targeting MHC
class I, CD11c, CD40, TLR2, or FcyRII and
FcyRIII*. Moreover, when in vivo T cell
proliferation was used as a readout for T cell
priming, CD11c targeting was 3-4-fold

more efficient than CD205 targeting®. In
a follow-up mouse study, in vivo antibody
responses were compared for 13 different
targeting antibodies — including those spe-
cific for MHC class II, CD11a (also known
as ITGAL), CD11b, CD11c, CD205, DCIR2
and CD40 — and showed that CD11c¢ tar-
geting was the most potent*’. The authors
speculated that CD11c targeting triggers an
unknown adjuvant effect in vivo, because
the administration of CD11c-specific mono-
clonal antibodies without antigen enhanced
the humoral immune response that was
induced by other targeting monoclonal
antibodies. In summary, CD11c targeting
seems to be very efficient at inducing CTL
and antibody responses in mice. However,
the adjuvant effect needs to be discriminated
from the ability to deliver antigen to the DC,
and whether targeting CD11c is as efficient
when more physiologically relevant antigens
are used requires further investigation.
Many in vitro studies with human DCs
suggest that DC targeting can influence
both the extent and quality of the T cell
response. The efficiency of CTL cross-
priming depends on the intracellular rout-
ing of the receptor-antigen-antibody
complexes. A comparison of BDCA3*
DC-targeting in vitro — using peptides such
as those derived from influenza virus, cyto-
megalovirus and the cancer-testis antigen
NY-ESO-1 (also known as CTAG1) — via
CD205, mannose receptor 1, CD11c and
CD40 showed that targeting CD40 was

most efficient at activating CTLs (TABLE 3).
Routing of the internalized complex to early
endosomes led to slow antigen release, which
enabled prolonged antigen presentation and
T cell stimulation*'~*. Other studies analysed
CD4" T cell responses after DC-targeted
delivery of the antigens haemagglutinin 1

or prostate-specific antigen* to lectin-like
oxidized LDL receptor 1 (LOX1; also known
as OLR1), dectin 1 (also known as CLEC7A),
DC-SIGN and DC-asialoglycoprotein recep-
tor (DC-ASGPR; also known as CLEC10A,
MGL and CD301). These studies showed
that antigen targeting to DC-ASPGR
induced interleukin-10 (IL-10)-producing
CD4" T cells, whereas antigen targeting

to LOX1 induced an interferon-y (IFNy)
response*. Importantly, these results

were confirmed in NHPs, which showed
that antigen targeting either LOX1 or
DC-ASGPR led to the induction of an

IFNy and IL-10 response, respectively, and
the proliferation of antigen-specific CD4*

T cells. DC-ASGPR is a Ca**-dependent
type II transmembrane lectin that is local-
ized in early endosomes*. DC-ASGPR
targeting led to the activation of extracel-
lular signal-regulated kinase (ERK) in and
production of IL-10 by the targeted DCs;
this, in turn stimulated the differentiation of
CD4* T cells into IL-10-producing suppres-
sor cells*. These studies provide important
examples of how the inflammatory milieu
created by the targeting receptor itself alters
the ensuing immune response.
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Intracellular routing

Receptor that routes cargo to
early endosomes upon binding
to the targeted vaccine

Receptor that routes cargo to
late endolysosomes upon
binding to the targeted vaccine

Antigen linked to %ﬁ

targeting antibody —)

Late endosome

=/
,/

Early endosome

Receptor Early endosomal Late endosomal
compartment compartment

CD205 No Yes

CD207 Yes No

Mannose receptor 1 Yes No

DC-SIGN Yes (ligand dependent)  Yes (ligand dependent)
CLEC9A Yes No

DCIR2 No Yes

CLEC12A Not investigated Not investigated
DC-ASGPR No Yes

Dectin 1 No Yes

CD11c Not investigated Not investigated
CD11b Not investigated Not investigated
MHC class Il No Yes

CD40 Yes No

FcyR No Yes

XCR1 or XCL1 Not investigated Not investigated

Figure 1| Antigen presentation and intracellular routing. Targeting
antigens via surface receptors leads to internalization of the receptor
together with its cargo. The intracellular routing upon internalization
depends on the receptor and has important functional consequences with
regard to antigen presentation. Most receptors are routed to late endolys-
osomes in which antigen is quickly degraded and efficiently presented on
MHC class Il molecules to CD4* T cells. Some receptors route their cargo to
early endosomes in which antigen is slowly digested, leading to prolonged
MHC class | presentation to CD8* T cells*»***2. Thicker arrows indicate that a

MHC class | versus MHC class Il presentation

MHC class Il

Stimulates CD4* T cells

Stimulates CD8* T cells

Invitro Invivo Invitro Invivo
+ + + ++
+/— (human)
+ + + ++
+ + + +
+ + + +
+ + + ++
+ ++ + +
+ ++ + +/—
+ ++ + +/—
+ ++ + +
+ + + ++
+ ++ + +
+ + + +/—
++ (human) + ++ (human) +
+ + + +
+ + + ++

pathway of antigen presentation is more efficient. The table summarizes the
preferentialintracellular routing of receptors to early and late endosomal
compartments, and the stimulation of T cells in vitro and/or in vivo. Unless
otherwise indicated, the table refers to data from mice. +, intermediate
stimulation of T cells; ++, strong stimulation of T cells; +/—, low stimulation of
T cells; CLEC, C-type lectin domain family member; DC-ASGPR,
DC-asialoglycoprotein receptor; DCIR2, dendritic cell inhibitory receptor 2;
DC-SIGN, DC-specific ICAM3-grabbing non-integrin; FcyR, Fc receptor for
IgG; XCL1, XC-chemokine ligand 1; XCR1, XC-chemokine receptor 1.

A scope for DC targeting

DC targeting to induce humoral immunity.
Most currently approved vaccines consist of
a pathogen protein combined with an adju-
vant, and these vaccines primarily mediate
protection by raising antibodies against the
infectious agent. Thus, an important ques-
tion is whether DC-targeted approaches
can induce ‘better’ antibody responses than

current protein-based vaccines*® (TABLES 2,3)
(also see Supplementary information S1
(table)). Studies in mice have shown that
some DC-targeting approaches induce an
antibody response even in the absence of an
adjuvant (TABLE 3) (also see Supplementary
information S1 (table)). However, one poten-
tial caveat is that despite antibody induction,
the absence of an adjuvant might cause T cell

tolerance. Furthermore, linking an antigen
to an antibody by conjugation or express-
ing the antigen in a targeted antibody may
alter its conformation, which may impair the
induction of neutralizing antibodies by vac-
cines for which the structure of the immu-
nogen is crucial, such as HIV and universal
influenza vaccines. Thus, unless targeted
vaccines can alter the quality or duration
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Table 3 | Comparative studies of in vivo DC targeting

Targeted receptor

CD207 versus DCIR2 versus CD205 Mouse
CD205, mannose receptor 1 and Human
CD40

CD205, CLEC9A and CLEC12A Mouse
CD205 and DCIR (human) to target  Human
pDCs

Nanoparticles via CD205, BDCA2, Human
DCIR and CD32

BST2 versus CD205 versus Siglec-H ~ Mouse
(mouse and human)

CD11c,CD205, MHCII, CD40, Mouse
TLR2, FeyRIl and FeyRIll

CD11¢c,CD18, MHCII,CD11a, Mouse
CD11b,CD21,CD205 and CD40

DC-ASGPR (human), LOX1, NHP
DC-SIGN and dectin 1

CD205,CLEC9A and CD207 anda  Mouse
DCIR2-specific antibody

CD11b,CD11¢c, MHCII,DCIR,BST2  Mouse
and CD205

CD205,DCIR,CD207 and TREML4 Mouse
CD40 versus MHClI versus CD11c Mouse

Organism Delivered

Adjuvant Immune responses Efficacy  Refs
antigen stimulated test
OVA None CD4*and CD8* Tcells (invivo)  NA 35
Peptides (FluM1,  LPS CD4*and CD8* T cells (invitro) NA 42
CMV pp65 and
NY-ESO-1)
OVA LPS,CpGand poly :C  Antibodies,and CD4*and NA 38

CD8* T cells (in vivo)

KLH CpG-C and R-848 CD4* T cells (in vitro) NA 66
TT, gp100 and R-848 CD4*and CD8* T cells (invitro)  NA 67
BSA
OVA None CD4*and CD8* Tcells (invivo)  NA 68
OVA CDA40 agonist antibody CD4*and CD8 T cells (invivo) ~ NA 39
OVA Either none or IFA Antibodies (in vivo) NA 40
HA1 and PSA None CD4* T cells (in vivo) NA 44
HIV Gag CDA40 agonist antibody CD4*and CD8* T cells (invivo) ~ NA 36

andpoly I:C
ESAT-6 Poly I:C CD4*and CD8* T cells (invivo) ~ Pathogen 69
Peptide (MOG) None CD4* T cells (in vivo) EAE 37
Avidin None Antibodies NA 24

BDCAZ2, blood DC antigen 2 (also known as CLEC4C); BSA, bovine serum albumin; BST2, bone marrow stromal antigen 2; CLEC, C-type lectin domain family
member; CMV pp65, cytomegalovirus 65 kDa matrix phosphoprotein; DC, dendritic cell; DC-ASGPR, DC-asialoglycoprotein receptor; DCIR, DC inhibitory
receptor; DC-SIGN, DC-specific ICAM3-grabbing non-integrin; EAE, experimental autoimmune encephalomyelitis; ESAT-6, early secreted antigenic target of 6 kDa
(also known as EsxA); FcyR, Fc receptor for IgG; FluM1, influenza matrix protein 1; HA1, haemagglutinin 1; IFA, incomplete Freund’s adjuvant; KLH, keyhole limpet
haemocyanin; LOX1, lectin-like oxidized LDL receptor 1; LPS, lipopolysaccharide; MHCII, MHC class Il; MOG, myelin oligodendrocyte glycoprotein; NA, not
applicable; NHP, non-human primate; NY-ESO-1, cancer-testis antigen 1; OVA, ovalbumin; pDCs, plasmacytoid DCs; PSA, prostate-specific antigen; Siglec-H, sialic
acid-binding immunoglobulin-like lectin H; TLR, Toll-like receptor; TT, tetanus toxoid.

of an antibody response, it remains unclear
how DC-targeted vaccines will be superior
to current and more recently improved
formulations of protein-based vaccines.

DC targeting to prime T helper cell responses.
As mentioned above, CD205 is the most
widely studied DC target in mice, NHPs

and humans. CD205 targeting (using HIV
Gag with poly-ICLC) induced potent multi-
functional CD4" T cell cytokine responses in
NHPs, but was not superior to an untargeted
protein-based vaccine?. Although there are
other receptors on several DC subsets that can
induce potent T, 1 cell responses (TABLE 3) (also
see Supplementary information S1 (table)),
there is little data beyond mouse studies that
show any advantage over well-formulated
protein-based vaccines.

DC targeting to induce CTL responses. The
greatest challenge with non-live vaccine
approaches is to induce potent, durable
and protective CTL immunity. Even if
DC-targeted vaccines do not turn out to be

superior in terms of eliciting antibody and
CD4' T cell responses, CTL induction may
still be the major advantage of this approach.
Although the cell biological mechanisms of
antigen cross-presentation (which is required
for such a vaccine) are conserved between
mice and humans, this function is largely
restricted to the CD8a* DC subset in mice,
whereas it seems to be a general property

of many human DC subsets***$. However,
data confirming that multiple human DC
subsets can efficiently cross-present antigen
in vivo are still lacking. In addition, recent
single-cell RNA sequencing analysis sug-
gests that multiple functional states (rather
than pre-programmed functions) define
specific DC subsets®, and these functional
states may largely depend on the tissue
microenvironment. Consistent with this,
transcriptome-based network analysis of
human macrophage activation showed that
a simplistic dichotomous view (for example,
M1 versus M2 macrophages) is insufficient
to describe the multiple activation states of
these cells™. As targeting strategies are usually

aimed at surface receptors — the expression
of which is only loosely associated with DC
subsets and may change during activation —
we suggest that vaccines should be targeted
to receptors that possess a functional role in a
desired immune response. Such roles include
stimulating favourable signalling pathways
within the DC®', or introducing antigen into
the correct intracellular compartment for
antigen loading onto MHC class I or class II
molecules®***, as has been demonstrated for
the mannose receptor 1, CLEC9A and CD40
(REFS 42,52,53).

At present, there is little evidence that
DC-targeted or non-DC-targeted protein-
based vaccines will induce comparable or
better CTL responses than those achieved by
viral vaccines in humans. Nevertheless, the
potential of this approach may lie in a com-
bined heterologous prime-boost regimen,
in which a low level CTL response induced
by a non-live vaccine is strongly boosted by
a viral vector?. In addition, heterologous
prime-boost approaches with different
viral vaccines induce potent CTL immunity
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Glossary

Adjuvants
Agents that are mixed with an antigen to increase the
immune response to that antigen following immunization

Conjugate vaccines

Vaccines that consist of an antigen and an adjuvant that
are physically linked to allow for synchronous delivery of
both components.

Cross-presentation
MHC class | antigen presentation of antigens that are not
synthesized in the cytosol of a cell.

C-type lectins

Receptors that bind carbohydrates in a calcium-dependent
manner. They can be classified on the basis of their
signalling properties, which also influence the cellular
routing of the internalized receptor and subsequent antigen
presentation of the bound cargo.

Fcy receptors
(FcyRs). Receptors that specifically bind to the
crystallizable, non-antigen-binding part of 1gC

that could be further boosted by targeted

or non-targeted protein-based vaccines as
they circumvent neutralizing anti-vector
immunity. Moreover, for an immunotherapy
or vaccine to be effective against cancer,
additional treatments to limit ongoing
immunosuppressive mechanisms within the
patient may be necessary. Recent clinical
studies have shown promising results using
monoclonal antibodies to block the T cell
inhibitory molecules cytotoxic T lymphocyte
antigen 4 (CTLA4), and programmed cell
death protein 1 (PD1) and its ligand PDL1

in vivo, thereby preventing negative regula-
tion of the T cells***¢. Thus, combination
therapies to increase CTL activation, prevent
tumour-induced immunosuppression and
modulate the tumour vasculature to enhance
CTL infiltration” may be crucial for suc-
cessful cancer immunotherapy. Exactly

how these antibodies need to be combined
with DC-targeting approaches needs to be
addressed in the future.

Conclusions

In the past decade, >100 preclinical stud-
ies have analysed DC-targeting approaches
that induce T cell and antibody responses,
and most of these have been conducted

in vivo in mice or in vitro using human cells
(TABLES 2,3) (also see Supplementary infor-
mation S1 (table)). Mouse studies have been,
and will remain, crucial for gaining mecha-
nistic insights into T cell priming — owing
to the genetic manipulation and imaging
techniques that are available — and they are
therefore an important first step in vaccine
development.

antibodies. Binding via FcyRs typically leads to
internalization of the receptor and activation of the
cell, thus enhancing phagocytosis and pathogen
elimination.

Integrins

Transmembrane receptors that mediate attachments
between cells or between cells and their surroundings —
for example. the extracellular matrix or blood vessels

Pattern recognition receptor

(PRR). A protein that is expressed by innate immune cells
that detects molecules associated with microbial
pathogens or cellular stress.

Toll-like receptor

(TLR). An evolutionarily conserved pattern recognition
receptor. These molecules are located intracellularly and
also at the cell surface of macrophages, dendritic cells,

B cells and intestinal epithelial cells. Their natural ligands
are conserved molecular patterns — known as pathogen-
associated molecular patterns — which are found in
bacteria, viruses and fungi.

The crucial question at present is whether
targeting specific DC subsets is more efficient
than using well-formulated protein-based or
particle-based vaccines with potent TLR adju-
vants. Future studies need to compare these
approaches using antigens from infectious
pathogens or tumours, or combine them with
viral vaccines to elucidate their potency. Such
studies should use mouse models with more
physiological antigens and then advance to
NHPs for immunogenicity and ideally protec-
tion studies, as these provide greater predictive
value before advancing to human studies.

In summary, based on the crucial need
to improve T cell immunity, the elegant
research on DC-targeting vaccines has pro-
vided sufficient mechanistic insights and
encouraging functional evidence to vigor-
ously move the field forward and determine
whether DC targeting can fulfil its promise
in humans to improve protection against
infection and tumours.
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