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Summary

Dendritic cells (DCs) orchestrate a repertoire of immune responses that endow resistance to infection
and tolerance to self. DC plasticity and subsets are prominent determinants of the quality of elicited
immune responses. Different DC subsets display different receptors and surface molecules, and
express different sets of cytokines/chemokines, all of which lead to distinct immunological outcomes.
Recent findings on human DC subsets and their functional specialization have provided insights for
the design of novel human vaccines.

The challenges of protective immunity

Generating the right type of immune response can be a matter of life and death. In leprosy, for
instance, the tuberculoid form of the disease is characterized by a Type 1 response which keeps
the disease in check, while the lepromatous form induces an often fatal Type 2 response.!
Generating the “right” immune response requires the participation of both the innate and the
adaptive immune systems. DCs decode and integrate signals obtained from the innate immune
system, and ferry this information to the adaptive immune cells, i.e., T and B cells.? 3
Microbiologists, spearheaded by Louis Pasteur have devised ways to generate vaccines by
inactivating pathogens. Most if not all of these vaccines elicit protective humoral immune
responses. However, there are still many pathogens for which no efficient vaccines are
available, including HIV, Hepatitis C virus, malaria, and Mycobacteria. Most of these cause
chronic diseases, where strong cellular immunity in particular cytotoxic T cell response is
critical for the clearance of pathogens. Thus, a better understanding of the mechanisms leading
to strong cellular immunity is necessary for rational, rather than empirical, design of improved
vaccines. A better knowledge of human DCs will be essential to reach this goal.

Biology of Dendritic Cells

The initiation of T-cell immunity faces several challenges which include: low frequency of
microbe-specific T cells, limited number of specific peptide-MHC complexes presented by the
infected cells (one hundred or less per cell), and lack of co-stimulatory molecules expression
on the infected cells. These challenges, however, are overcome by DCs. DCs are viewed as
mobile sentinels that collect antigen from peripheral tissues and carry them to secondary
lymphoid organs to activate specific T cells. This is facilitated by their activation, i.e.,
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upregulation of co-stimulatory molecules and chemokine receptors in response to microbial
components and/or inflammatory cytokines secreted by cells in tissue environment. In addition,
as shown recently, soluble antigens can also directly reach lymph node-resident DCs by
diffusion through lymphatics and conduits.* DCs are also important in launching humoral
immunity partly due to their capacity to directly activate B cells.> ® There, myeloid DCs have
been shown to deliver captured antigens into non-degradable compartments and then present
unprocessed antigens to B cells.”+ 8

In addition to the ability to recognize and eliminate what is foreign or aberrant, the immune
system has built-in tolerance mechanisms to ignore components of “self”.% DCs appear to be
essential in maintenance of immunological tolerance both in the thymus and in the periphery.
10 Thus, alterations in DC biology trigger the development of autoimmune diseases, such as
systemic lupus erythematosus.1

Dendritic cell subsets

DC system consists of two main subsets: the myeloid DCs (mDCs) and the plasmacytoid DCs
(pDCs).

Human pDCs circulate in the blood and enter lymphoid organs through high endothelial
venules (HEV).12 They can be identified as lin"™9HLA-DR™ cells expressing high levels of
IL-3Ra chain (CD123). pDC also express some specific markers such as BDCA-2 and
ILT-7.13 They express a different set of toll-like receptors (TLRs) from mDCs.14 In particular,
pDC recognize viral components through TLR7 and TLR9, and secrete large amounts of Type
I IFN.12

mDCs consist of subsets with different functions. For example, two mDC subsets present in
mouse spleen induce different types of T cell responses. There, CD8a™ DCs induce Type 1
responses, while CD8a~ DCs induce Type 2 responses.1> 18 A recent study further
demonstrated that CD8a* DCs preferentially induce antigen-specific CD8* T cell immunity,
while CD8o~ DCs preferentially induce antigen-specific CD4* T cell immunity.17
Accordingly, CD8a* mDCs and CD8a~ mDCs were found to express preferential genes
involved in MHC Class I and Class Il presentation, respectively.l”

Human mDCs can be subcategorized into three components according to their localization: 1)
peripheral tissue-resident, 2) secondary lymphoid organ-resident, and 3) circulating blood
mDCs. Mouse studies have indicated that lymph node-resident DCs are involved in the
maintenance of tolerance in the steady state.* Upon microbial invasion, they rapidly capture
microbial antigens delivered through lymphatics and conduits, and induce the activation and
proliferation of antigen-specific T cells.* Whether these observations hold true to human lymph
node-resident DCs remains to be addressed.

DC subsets in human skin

At least three different mDC subsets localize in human skin. Langerhans cells (LCs) reside in
epidermis, while dermis displays CD1a* DCs and CD14* DCs (Figure 1).18 Epidermal LCs
and dermal CD14* DCs express different sets of molecules. In particular, CD14* DCs express
a large number of surface C-type lectins including DC-SIGN, DEC-205, LOX-1, CLEC-6,
Dectin-1 and DCIR. In contrast, LCs express the lectins Langerin and DCIR. Furthermore,
dermal CD14* DCs express variable TLRs recognizing bacterial PAMPs, such as TLR2, 4, 5,
6, 8, and 10.19: 20 Therefore, dermal CD14* DC may represent a DC subset specialized for
bacterial recognition in the skin. LCs have been reported to express TLR1, 2, 3, 6, and 10.1%
21 However, our own data using microarray of highly purified LCs failed to show much TLR
expression.22 Thus, additional studies will be necessary.
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The two mDC subsets can also be generated in vitro by culturing CD34*-hematopoietic
progenitor cells (HPCs), with GM-CSF and TNF-q. 23 While CD14* DCs, both in vitro-
generated and ex vivo-isolated, produce a large set of soluble factors including IL-1p, IL-6,
IL-8, IL-10, IL-12, GM-CSF, MCP and TGF-f in response to stimulation via CD40, LCs
produce only a few cytokines with a notable exception being the CD8* T cell- and NK cell-
enhancing cytokine IL-15 (Figure 2). The functional differences of these DC subsets in the
regulation of immune responses might be largely due to the difference in their cytokine
production profiles as discussed hereunder.

Dermal CD14* DCs: potent inducers of Tfh cells

More than a decade ago, CD34* HPCs-derived CD14" DCs were found to induce CD40-
activated naive B cells to produce large amounts of IgM via the secretion of IL-6 and
IL-12,2% while LCs lacked this capacity. We have recently shown that CD14* DCs induce naive
T cells to differentiate into cells with properties of T follicular helper cells (Tfh).25 Thus,
CD4* T cells primed by CD14* DCs, both in vitro-generated and ex vivo-isolated, are able to
induce naive B cells to produce much larger amounts of IgM than those primed with LCs. Most
remarkably, only CD4* T cells primed by CD14* DCs induce naive B cells to switch isotypes
towards 1gG and IgA. Furthermore, CD4* T cells primed by CD14* DCs secrete the chemokine
CXCL13, atypical chemokine secreted by Tfh cells. Taken together, we have proposed human

dermal CD14* DCs as a DC subset specialized for the development of humoral responses.10:
25

We have recently found that activated human DCs promote the differentiation of 1L-21-
producing Tfh-like cells through 1L-12.26 DCs activated with ligands of TLR 4, 5, and 7/8,
heat-inactivated bacteria, or CD40 ligand, efficiently induce naive CD4* T cells to become
IL-21-producers. Among DC-derived cytokines, IL-12 and to a minor extent IL-23 induced
activated naive CD4" T cells to secrete 1L-21. IL-12 is much more potent than IL-23 in this
context. Interestingly, these two cytokines induce 1L-21-producing CD4* T cells through
different pathways. While signal transducers and activator of transcription (STAT)4 is the
critical transcriptional factor in the development of 1L-21-producers by IL-12, STAT3 is more
critical in their development by IL-23 and IL-21.

Importantly, naive CD4* T cells polarized with IL-12 induce B cells to produce Ig in a manner
dependent on 1L-21 and inducible costimulator (ICOS).28 Conversely, blocking I1L-12 with
anti IL-12p70 mAb during DC-T coculture potently inhibited naive CD4* T cells from
becoming IL-21-producing CD4* T cells that provide B cell help. Furthermore, 1L-12 also
regulates 1L-21 secretion by memory CD4* T cells. Thus, taken together with the involvement
in the direct DC and B cell interaction,?* 1L-12 produced by activated DCs appears to be a key
cytokine for the optimal antibody responses (Figure 3).

The IL-12-1L-21 axis in human cells does not appear to be shared by mouse cells, inasmuch
as several studies showed that I1L-12 does not induce mouse naive CD4™ T cells to secrete
IL-21. In mice, the cytokines IL-6 and IL-21, as well as STAT3, have been reported as critical
factors in the generation of IL-21-producing CD4* T cells both in vitro and in vivo.2” Thus,
the distinct mechanism in the development of IL-21-producing CD4* T cells adds to the list
of differences between the human and mouse immune systems.28

LCs: potent activators of CD8* T cells

LCs, both in vitro-generated and ex vivo-isolated from human skin, induce more robust
proliferation of naive allogeneic CD4* and CD8* T cells compared to CD14* DCs.2°
Furthermore, tumor (MART-1, gp100, tyrosinase) or viral (HIV gag)-specific primary CD8*
T cell response are more efficiently induced by LCs than by CD14* DCs loaded with peptides.

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Banchereau et al.

Page 4

LCs are also more efficient in cross-presenting peptides from protein antigens to CD8* T cells.
CD8* T cells primed by different DC subsets differ in their quality as well. LCs prime high
avidity CD8" T cells when compared to CD14* DCs. Furthermore, naive CD8" T cells primed
by LCs express higher levels of cytotoxic molecules, such as granzymes and perforin, than
those primed by CD14* DCs. Collectively, CD8" T cells primed by LCs acquire more potent
cytotoxicity than those primed by CD14* DCs, and are able to efficiently kill target cells,
including tumor cell lines which express peptide/HLA complex only at low levels.2>

While CD14* DCs educate naive CD4* T cells to become Tfh-like cells, LCs polarize naive
CD4* T cells into cells secreting Type 2 cytokines such as IL-4, IL-5 and IL-13. This is
consistent with mouse studies showing the preferential induction of Th2 responses upon
delivery of an antigen to the LC-rich epidermis.2? IFN-y-secreting CD4" T cells are induced
by human LCs and CD14*DCs at a similar level. However, further studies are necessary in
order to determine whether these IFN-y-secreting CD4" T cells share similar characteristics.
CD4* T cells induced by LCs might be powerful helpers for the development of CTLs.

Our attempts to identify the molecular mechanisms by which LCs induce potent CTL responses
have thus far only been partly conclusive. LCs, but not CD14* DCs, express IL-15, which is
known to enhance CD8* T cell responses.39 However, none of the tested IL-15 mAbs could
convincingly inhibit LCs to prime CD8* T cells, although some of the antibodies did inhibit
the function of recombinant IL-15 (Klechevsky et al. unpublished data). IL-15 added to the
cultures, however, could enhance the ability of CD14* DCs to prime naive CD8* T cells,
suggesting the possible involvement of I1L-15 in potent priming by LCs.

Alternatively, CD14* DCs may express molecules inhibiting effective CD8* T cell priming.
As discussed earlier, CD14* DCs produce 1L-10 in response to CD40-ligation. Addition of
IL-10 to coculture of LC naive CD8* T cell, inhibited induction of effector cytotoxic granules
by the primed T cells (Klechevsky; unpublished data). However, blocking IL-10 appears to be
insufficient for CD14* DCs to induce potent effector CD8* T cells.

For many years, LCs have been viewed as a paradigm population in DC biology. Induction of
potent CTL response by LCs is observed in mouse studies by subcutaneous injections of
peptide-loaded epidermal LCs.31 Another recent mouse study showed that LCs actually cross
present antigens to CD8" T cells in vivo.32 In contrast, several mouse studies, for example
models using herpes simplex virus (HSV), have questioned the contribution of LCs to the
induction of antigen-specific responses in vivo. These studies attribute the HSV-specific
immunity to CD8a™ DCs, rather than to LCs.33: 34 However, this observation might be due to
the apoptosis of LCs exposed to HSV.3> Whether the differences with regard to the function
of LCs between mice and humans derive from the differences in the immune systems remains
to be concluded.

Humoral vs. Cellular immunity regulated by two mDC subsets

Collectively, we hypothesize that two different adaptive immunity arms, i.e., humoral and
cellular arm, are preferentially regulated by different mDC subsets. Thus, while humoral
immunity is preferentially regulated by CD14* dermal DCs, cellular immunity is preferentially
regulated by LCs (Figure 4). Our hypothesis is also supported by mouse study showing that
dermal DCs upon activation migrate into the outer paracortex just beneath the B cell follicles,
whereas LCs migrate into the T cell rich inner paracortex.36 Another human skin DC subset,
dermal CD1a* DCs are functionally intermediate between LCs and CD14* DCs in our hands.
Whether this DC subset shows a unique asset in the regulation of immune responses remains
to be addressed.
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Functional specializations of Dendritic cell subsets - from bench to bedside

Translating the accumulating knowledge on DC subsets and their unique functional
specializations into designs of novel vaccines is an emerging topic in the vaccine field. DC-
based vaccines include two main approaches: ex-vivo generated DC vaccines, and DC
targeting. Clinical trials with ex-vivo generated DC vaccines have been performed primarily
in cancer. The discussion about this approach is omitted in this review, as this topic is discussed
in detail in another review in the same issue (Palucka et al). Another approach is delivering
antigens directly to in vivo DCs using a chimeric proteins composed of an anti-DC receptor
antibody and an antigen (DC targeting).3’ Our studies with human skin DC subsets 2° suggest
that targeting LCs for antigen delivery will be optimal for the induction of potent antigen-
specific CTL response. There, LC-specific molecule, such as Langerin, can be used as a target
DC receptor.38 Dermal CD14* DCs might be a good target for the induction of potent humoral
response. There, LOX-1 or DC-SIGN expressed by the subset will serve as target DC receptors.
In a DC-targeting approach, selection of a right adjuvant is also a critical parameter for the
induction of the immunity of the desired type. For example, although TLR-ligands are widely
considered to promote an immunity against infectious agents, a recent report has shown that
TLR2-ligand indeed promotes the induction of Tregs rather than Th1 or Th17 cells.3°

DCs originating from a specific tissue have the unique capacity to instruct T cells to home back
to that tissue.*? Similarly, different DC subsets might also guide T cells to migrate to different
sites. Furthermore, DCs activated by different adjuvants might induce T cells with different
migration property. Addressing this aspect is critical for the design of vaccines, where the
desired T cell migration sites are different according to diseases. For example, while vaccines
against melanoma are expected to induce T cells that migrate into tumor sites including skin,
vaccines against influenza virus are desired to induce T cells to migrate into airway mucosal
surfaces.

Therefore, multiple parameters need to be considered for the development of DC targeting
vaccines. These include: 1) biological function of target DC subsets, 2) effect of activation
signals on DCs delivered through the targeted DC receptor, and 3) local and systemic effect
of adjuvant. Thus, establishing biological aspects of human DC subsets will be a key to the
success of the generation of novel DC-based vaccines.

Concluding remarks

Studies performed in the last decade have highlighted the commonalities and uniqueness of
the various DC subsets. This new knowledge represents a fertile ground to work on to design
better strategies for intervening in numerous clinical situations. The capacity of LCs and
CD14* DCs to preferentially prime cellular immunity and humoral immunity respectively has
significant implications, most particularly in the context of novel human vaccines. The
effective vaccines developed against a variety of infectious agents, including polio, measles
and Hepatitis B, certainly represent major achievements in medicine. Yet these vaccines are
all specific for acute infections and their protective capacity arises largely from their induction
of humoral immune responses.*! Given both the methods by which these vaccines are delivered
and the data discussed here, it is likely that they principally deliver antigen to and activate
CD14" DCs and possibly CD1a* DCs but not LCs. Therefore, targeting LCs will be important
for the design of vaccines that aim at eliciting strong cellular immunity. Such vaccines might
be particularly useful at preventing, and perhaps even treating, chronic diseases including viral
(HIV, Hepatitis C Virus), bacterial (mycobacteria) and parasitic (malaria) diseases, as well as
cancer.*2 The most efficient vaccines might actually be those that will target both CD14* DCs
and LCs, thereby allowing the maximal stimulation of both humoral and cellular immune
responses (Figure 4). In this regard it is intriguing to consider that one of the most effective
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vaccines, smallpox vaccine,*? acts through a combination of strong cellular and humoral
immunity and requires scarification of the skin, a procedure that injures both epidermis and
dermis and that is likely to mobilize and activate LCs as well as dermal DCs. Likewise, one of
the most potent vaccines ever generated against Yellow Fever (YF17D) activate multiple
dendritic cell subsets 44 and leads to integrated immune response that include both humoral
and cellular immunity.4>

We foresee that the translation of this new knowledge on how DCs regulate the immune system
into medicine will result in a wealth of new treatments that target DCs to improve the quality
of life of many patients. We foresee that the improved vaccines that target DCs will permit us
to treat and prevent many chronic diseases, and likewise, manipulation of DCs will also permit
to dampen overly enhanced immune responses as occurs in allergy and autoimmunity possibly
by turning on regulatory mechanisms.
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CD1a

Figure 1. Human skin mDC subsets

Epidermal- and dermal-resident DCs were allowed to migrate from their respective tissues and
were harvested after 2 days. The cells were enriched with a Ficoll-diatrizoate gradient, stained
with CD1a and CD14 mAbs and analyzed by flow cytometry. Epidermal sheets yielded
CD1aMCD14™ cells. Dermis yielded two distinct populations: CD1a CD14* cells (dermal
CD14* DCs) and CD1a%™CD14" cells (dermal CD1a* DCs).
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Figure 2. Skin DC subsets different sets of cytokines
Isolated skin DC subsets were stimulated with CD40L for 24 h, and the secreted cytokine/
chemokines were measured.
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Figure 3. IL-12, a key cytokine for the development of human humoral responses

When DCs form the “ménage a trois” complex with T cells and B cells, 1L-12 derived from
activated DCs directly acts on naive B cells to induce their differentiation into plasma cells,
while IL-12 from DCs also induces CD4* T cells to secrete IL-21 that promotes plasma cell
differentiation.
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Figure 4. Understanding human myeloid dendritic cell subsets for the rational design of novel DC-
targeting vaccines

Novel vaccines that will prevent and treat chronic diseases such as HIV rely on rational
immunological approaches and aim at activating both the cellular and the humoral arm. We
envision that targeting antigens and activation of distinct mDC subsets, with different
specializations, will result in the generation of a broad and long lived immune protection. Thus,
the most efficient vaccines might be those that will target both LCs and dermal CD14* DCs
thereby allowing the maximal stimulation of cellular and humoral immune responses and the
generation of long-term memory protection.
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