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Abstract

Skin-resident dendritic cells (DC) play a crucial role in initiation of adaptive
immune responses against cutaneous pathogens as well as in the maintenance
of peripheral tolerance. However, the immune response induced by skin DC
against foreign antigen in the absence of adjuvants has not been addressed.
Here we report that, using anti-huLangerin/ muLangerin antibodies, we could
specifically target antigens to LC or CD103+ dermal DC. Targeting foreign
peptide 2W1S by either LC or CD103+ dDC was sufficient for expansion of naïve
CD4+ T cells and induction of T follicular helper cell (Tfh) differentiation. The
expansion of Tfh specific to foreign peptide was accompanied by activation and
expansion of antigen-specific B cells and the development of a robust antibody
response that provided systemic protection against influenza infection. Using
huLang LC MHC-II mice, we showed that CD4+ T cell proliferation was intact
Δ

despite the MHC II deficiency on LC after targeting antigen to LC. We found that
antigen targeted LC handed over antigen to CD11b+ dDC and DN dDC. We also
showed MHC II deficient LC acquired MHC II in the lymph node through crossdressing. This study reveals a major unappreciated function of skin DC in
humoral response, and the communication between DC subsets, which provides
insight into DC-targeted vaccine design.
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Chapter 1
Introduction and background
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Introduction

A proper functioning immune system ensures survival of organisms by fighting a
wide variety of pathogens, and tolerating benign self and environmental antigens.
This is demonstrated by the success of vaccination, and the diseases caused by
immunodeficiency (1) (2). The immune system can be divided into innate
immunity, and adaptive immunity. The innate immunity is evolutionarily
conserved, and present in most organisms, including bacteria and archaea (3).
The innate immune system responds fast to pathogen invasion, usually within
hours (4). It protects the host against a broad range of pathogens in a nonspecific manner. However, the innate immune response does not form memory.
In Mammalia, the innate immune system utilizes physical barriers, chemical
barriers, and normal microbiota in preventing pathogen infection (5). It also
includes myeloid cells that can secrete inflammatory cytokines, phagocytose the
pathogens, or kill the pathogens in an unspecific manner. The adaptive immune
response, on the other hand, is unique to vertebrates. It usually initiates several
days after pathogen invasion. It recognizes pathogen epitopes through specific
antigen recognition receptors. Since adaptive immunity forms memory, it
responds much faster and stronger upon re-encounter of the same pathogen. B
cells and T cells are the main components of the adaptive immune system. In
Mammalia, B cells develop in the bone marrow and secrete antibodies upon
activation. T cells develop in the thymus. Two main subsets of T cells have been
2

described. CD4+ T cells are also called helper T cells. They modulate immune
response through secretion of different cytokines. The main function of CD8+ T
cells, also called cytotoxic T cells, is to kill infected or malfunctioning cells, as
indicated by their name (6). Though innate immunity differs from adaptive
immunity, there is intensive cross talk between these two system.

Despite the extensive studies on the function and mechanism of humoral and
cellular immune responses, the initiation of adaptive immune response was not
understood until the discovery of dendritic cells (DC) (7). In 1973, Ralph
Steinman discovered a new cell type when he looked at splenocytes under the
microscope (8, 9). The most distinguishing morphological feature of these cells
was the probing dendrites, which lead to their name -- dendritic cells. Later
studies showed that DC expressed high levels of MHCII, and were unique in
initiating naive T cell response compared to B cells and macrophages (10) (11)
(12) (13) (14, 15). In 1989 Charles Janeway Jr. proposed that conserved
microbial products would induce co-stimulatory signals on antigen presenting
cells (APC), which was required for lymphocytes. In the mid-90s, pathogen
recognition receptors (PRRs) that recognize pathogen-associated molecular
patterns (PAMPs) were discovered (16) (17). It became clear that APCs,
especially DC acted as the bridge that linked the innate immune response with
the adaptive immune response by incorporating the environmental clues and
directing T cell differentiation. DC are located in secondary lymphoid organs as
3

well as peripheral tissues. The current paradigm holds that during steady state
without inflammation, DC presented self-antigens to T cells and induced
tolerance. In the presence of pathogens, DC are activated by PAMPs. They upregulate co-stimulatory signals as well as MHC-II. These DC will activate T cells
through signal 1-- peptides and MHC complex, signal 2-- co-stimulation
molecules, and signal 3-- cytokines (18).

Skin DC subsets

Skin is the biggest barrier that protects us from environmental insults. The rich
network of cutaneous DC plays an important role in maintaining skin
homeostasis, and fighting cutaneous pathogens. At least four subsets of skin DC
have been characterized based on their location, surface markers, ontogeny, and
programming transcriptional factors (Figure 1-1). Langerhans cell (LC) are the
only MHC II positive cell in the epidermis in steady state. In the dermis, there are
Langerin+ dermal DC (dDC), CD11b+ dDC, and CD103- and CD11b- double
negative (DN) DC.

4

Figure 1-1 DC subsets in the skin

LC were the first APC subset found in the skin (19). Murine LCs are CD11b+
F4/80+ and CD013 negative (20). They express the C-type lectin receptor (CLR)
Langerin, which is important for the formation of Birbeck’s granules (21) (22). LC
also express DEC205, another CLR that is involved in antigen uptake (23) (24).
LC also express epithelial cell adhesion molecule (EpCam) which anchors LC to
neighboring keratinocytes (25). Disruption of EpCam promotes LC migration
(26).

LC differs from the other DC subsets in ontogeny and homeostatic properties, as
they are more closely related to macrophages (27). LC development requires
signaling of macrophage colony stimulating factor (M-CSF, also known as CSF5

1) receptor by CSF-1 or IL-34 (28) ( 29). During development, LC precursors
from the yolk-sac and fetal liver seed the epidermis (30). In steady state, LC will
self-renew and remain of host origin after bone marrow transplantation (31). This
is similar to other macrophage such as microglia, and alveolar macrophage (32)
(33). Under strong inflammation, LC can be replenished by Gr-1hi monocytes (34)
(35). LC require the transcription factors inhibitor of DNA protein 2 (ID2), runtrelated transcription factor 3 (RUNX3), and PU.1 for their differentiation (36) (37)
(38). Besides, autocrine/ paracrine TGF-β is needed for their epidermal
maintenance and homeostasis(39, 40). While LCs are developmentally related to
macrophages, Langerhans cells are functionally related to DC, as activated LC
migrate to the lymph node, and drive T cell responses (41).

All dermal DCs are classical DC (cDC). cDCs requires fms-like tyrosine kinase-3
(FLT3) signal by cytokine FLT3 ligand (Flt3L) (42). cDCs develop from a
hematopoietic precursor, and require the zinc finger transcription factor zDC
(Zbtb46, Btbd4) for development (43) (44) (45).

Langerin+ dDC was discovered through mouse models used to study LC (46)
(47) (48). Langerin+ dDC also express Langerin. In muLangerin-DTR mice,
muLangerin expressing cell, LC and Langerin+ dDC, were depleted upon
injection of diphtheria toxin (DT). Since turnover time of Langerin+ dDC was
much shorter compared to LC, Langerin+ dDC replenished quicker than LC in the
6

dermis (46) (47). In huLangerin-DTA mice, the huLangerin was expressed under
the human Langerin promoter, and only LC were depleted, but not Langerin+
dDC in the dermis (48). These observations lead to the conclusion that Langerin+
dDC were a distinct population of DC from LC. Indeed, Langerin+ dDC express a
unique set of surface makers. Langerin+ dDC express XCR1, which is a
chemokine receptor for XCL1, expressed on CD8 T cells (49, 50). Most
Langerin+ dDC expess CD103, which is an integrin that binds E-cadherin
expressed by epithelial cells. DEC205 and Clec9a are CLRs expressed by
Langerin+ dDC. They also express CD24, and lack CD11b, CD301b, and CD115
(27). Langerin+ dDC require the transcription factor Basic leucine zipper
transcription factor ATF-like (BATF3), interferon regulatory factor 8 (IRF8), and
ID2 for development (51).

The majority of DC in the dermis are CD11b+ dDC (52). They express CD11b
and CD301b, and lack CD103 and CD207 on their surface (20) (53). To
distinguish CD11b+ dDC from macrophages, the absence of FcγRI (CD64) and
MerTK was needed (54). Like all classical DC, CD11b+ dDC require Zbtb46 for
their development. In addition, transcription factor interferon regulatory factor 4
(IRF4) was required for migration into the skin draining lymph node, as illustrated
in CD11ccrexIRF4fl mice {Bajana:2012gm}(55).

The DN dDC is a minor population of migratory cells in mouse dermis (52). They
7

lack Langerin, CD103, and CD11b on their surface, and express CCR2 and
CX3C-chemokine receptor 1 (CX3CR1) (54). Flt3L administration expanded the
DN dDC (56). Kruppel-like factor 4 (klf4) is required for the development of DN
dDC, as CD11ccre Klf4fl mice showed reduced number of DN dDC in the dermis
and skin draining lymph nodes (57).

Cutaneous DC function in CD4+ T cell differentiation

As the professional APC, the main function of DC is to induce T cell responses.
Early studies isolated DC from skin, and examined their function by co-culturing
them with T cells in vitro, and checking T cell proliferation. However, studies
showed that epidermal LC changed their phenotype when cultured in vitro for a
few days (58). This makes in vitro assay unable to represent the precise function
of different subsets of skin DC under distinct inflammatory conditions.
Transcriptome analysis was used to indentify differentially expressed genes
related to skin DC subset function. Also, with the development of mouse models
that permanently or acutely deplete one subset of DC, in vivo studies revealed
precise functions of skin DC subsets.

To determine the fate of naïve T cells, DC delivers signal 1, signal2, and signal 3.
Signal 1 is delivered through TCR by peptide and MHC complex. Signal 2 is costimulation, including activating signals through CD28 and CD80/CD86 as well as
inhibitory signals. Signal 3 is cytokines secreted by DC, which induce T cell
8

differentiation into effector T cells (18). Many types of CD4+ T helper (Th) cells
have been identified (59). Th1 is critical for viral infection, and intracellular
bacterial infection. They express the master transcriptional factor T-bet, and
secret signature cytokines IL-12 (60). IL-2, IL-12 and IL-27 polarize Th1
differentiation (61). Th2 is required for repulsion of parasite infection, by secreting
IL4, IL5, and IL13. GATA3 is the master transcription factor for Th2 (62). Th17
provide immunity against extracellular pathogens, including fungi and
extracellular bacteria. Th17 secret IL17, and express RORgt (63). Polarization of
Th17 cells require TGF-β, IL-1, IL-6 and IL-23 (59). Follicular helper T cells are
critical for humoral immune response. BCL6 is required for their differentiation
(64) (65). Also regulatory T cells (Treg) are needed to keep immune balance.
Treg require FOXP3 for their differentiation (66).

The in vivo function of LC was first studied using contact hypersensitivity (CHS)
assays in LC-deficient mouse models (67) (68) (69),. In huLangerin-DTA mice,
LC suppressed CHS through IL-10 secretion (69-71). In muLangerin-DTR mice,
injection of DT depleted both LC and Langerin+ dDC. One study showed
decreased CHS in the absence of LC, and the other showed no difference (67)
(68). Since Langerin+ dDC repopulated faster than LC, the time difference may
explain the discrepancy. As heptane specifc T cells are hard to study, the exact
role of LC in CHS is hard to determine. During Candida albicans epicutaneous
skin infection, constitutive and conditional depletion of LCs lead to significantly
9

decreased Th17 cells (72) (73). Engagement of TLR2 and Dectin-1 on LC by C.
albicans induces the secretion of IL-6 by LC, which was necessary for Th17 cell
differentiation (74) (73). Th17 cells induced by LC protected mice against
secondary skin infections (72) (73). LC were also required for the induction of
protective antibody responses after epicutaneous patch immunization(75). During
Leishmania major infection, LC were required for Treg expansion (76).

Lagnerin+ dDC are absent in Batf3-/- mice. Using these mice, studies showed
that mice lacking Lagnerin+ dDC had a defect in CD8+ T cell responses during
subcutaneous infection with West Nile virus, and epicutaneous infection with C.
albicans (72) (77). Lagnerin+ dDC are superior in cross-presentation due to their
high expression of MHC I and XCR1 (78) (49). Also Lagnerin+ dDC expressed
antigen-presentation machinery regulated by the transcription faxtor XBP-1 (79).
During epicutaneous C. albicans infection, Lagnerin+ dDC were required for Th1
development, which protected mice from systemic re-challenge (72, 73). In
mouse model of intradermal infection of Leishmania major, Lagnerin+ dDC were
the major producer of IL-12, and drove Th1 response to clear parasite infection
(80).

CD11b+ dDC can be depleted using Mgl2-DTR mice (81). Using Mgl2-DTR mice,
studies showed that these DCs have a in Th2 differentiation. In the absence of
CD11b+ dDC, antigen specific Th2 cells were blunted in response to papain
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immunization and Nippostrongylus brasiliensis infection (81). This was supported
by studies showing that DBP induced TSLP up-regulates STAT5, CCR7 on
CD11b+ dDC and induced CCL17 production (82, 83). Also, CD11c-Cre IRF4floxed mice had defective Th2 responses to papain and N. brasiliensis. In those
mice CD11b+ dDC and DN dDC migration to the LN is impaired (84). In the lung,
CD11b+ DC were required for Th17 generation against bacterial and fungal
infection. (85). CD11b+ dermal DC were able to induce Th17 differentiation given
proper stimulation. However, they are not required for Th17 generation againt C.
albicans infection due to the inaccessibility of filamentous Dectin-1 ligands (73).

Recently, studies showed that DN dDC depend on KLF4, as CD11c-cre Klf4floxed mice had a significant loss in DN dDC (57). Mice that lack DN dDC have a
defect in Th2 responses to Schistosoma mansoni and house dust mites (57). DN
dDC also express IRF4, but the contribution of DN dDC in CD11c-Cre Irf4 flox
mice was hard to determine, as CD11b+ dDCs also express IRF4 (57). One
interesting perspective of studying DN dDC is that they can be induced by
treatment with certain cytokines. In response to recombinant TSLP injection, the
number of migratory DN DCs was preferentially increased in lymph nodes. This
lead to a higher STAT5 phosphorylation, suggesting they maybe involved in Th2
resposne (86). DN dDC was also highly responsive to Flt3L (56). Transcriptional
analysis showed that they share immune-suppressing gene expression and
regulatory pathways (56).
11

DC subset depletion models are very useful in studying cutaneous DC function.
However, they also have limitations. First, depletion models do not answer what
DC is sufficient to initiate T cell responses due to possible functional redundancy
among different DC subsets. Second, some of the depletion models deplete
more than one subset of DC, which makes interpretation of the results imprecise.
Third, constitutive depletion of one DC subset may affect homeostasis of other
cell types. Four, constant DT injection in certain mouse model may induce
neutralizing antibodies against DT, and complicate data interpretation (50).

Targeting dendritic cells through CLRs

Targeting relative antigen to dendritic cells through monoclonal antibodies
against specific endocytic receptors is an effective way to induce T cell
responses. Following internalization of antigen by targeted DC, antigens are
processed, and presented on the surface of dendritic cells (87). Targeting
antigen to different DCs can be achieved by targeting various C-type lectin
receptors (CLRs). This concept is extensively explored and aimed at improving
cellular immunity. But studies showed that targeting antigen to DC boosts both
CD4+ and CD8+ T cell responses. Targeted antigen can be processed in late
endosomes, presented on MHC II molecules, and then induce CD4 T cell
responses. Targeting other receptors, antigens will be routed to early endosomes,
and presented on MHC I molecules to induce CD8+ T cell responses (88, 89).
12

The first generation of DC targeting was focused on Fcγ receptors (FcγRs), MHC
class II molecules and CD40, and showed enhanced humoral and cellular
immunity without adjuvants (90) (91) (92). With the discovery of C-type lectin
receptors on the surface of DC, CLRs became the new focus for antigen
targeting (24). CLRs contain an extracellular domain that binds carbohydrates, a
trans-membrane domain, and an intracellular tail. The cytoplasmic motif of some
CLRs contain an immunoreceptor tyrosine-based activation motif (ITAM) or hemi
ITAM. Engagement of those CLRs will lead to signaling pathways that activate
myeloid cells. Those CLRs inclue Dectin-1/2, CLEC-2, DNGR-1, Mincle, and
SIGN-R3. Other CLRs contain an immunoreceptor tyrosine-based ihibition motif
(ITIM), which negatively regulate signaling through kinase-associated receptors.
Dcir1, Dcir2, MICL, and Ly49Q belong to this group. There are also CLRs that
signal without ITAM or ITIM domains, including DEC-205, DC-SIGN, SIGNR1,
Langerin, Mgl1, Mgl2, and LOX-1 (93).

DEC205 was the first CLR identified on DC (24). It is expressed on most DC
subsets except CD11b+ DC in secondary lymphoid organs and peripheral tissues.
It is also expressed by B cells. Early studies showed that targeting antigen
through DEC205 induced both CD8+ T cell response and CD4+ T cells response
(94, 95) (96). Targeting antigen to DC was more efficient than protein
immunization, and peptides pulsed DC (97). Using a transgenic T cell adoptive
transfer system, targeting OVA to DEC205+ DC lead to OVA specific T cell
13

deletion, and unresponsiveness upon re-challenge (98) (95). Targeting HIV gag
p24 through DEC205 induced Th1 and CD8+ T cells response (99). Targeting
self antigen MOG through DEC205, initiated antigen-specific transgenic Treg
differentiation and provided subsequent protection from EAE (100). Combined
with DEC205-/- bone marrow chimeric mice, this study suggests that LC and
Langerin+ dDC promote tolerance through Treg expansion and is consistent with
earlier studies.

Langerin is expressed by LC, Langerin+ dDC, and CD8+ DC in LN and spleen.
Langerin could bind to HIV, and mediated endocytosis of the virus (101).
Targeting antigen through Langerin resulted in efficient MHCI and MHC II antigen
presentation (102) (103). Th1 and CD8+ T cells response was induced when HIV
gag p24 was targeted through Langerin (99). During C.albicans infection, antigen
targeted to LC through huLangerin could induce Th17. Langerin+ DCs, LC and
Langerin+ dDC, generated Treg when MOG was targeted to Langerin (100).

Clec9A/DNGR1 binds damaged cells through exposed actin filaments (104).
Batf3 dependent DC express Clec9A, and targeting through Clec9A resulted in
efficient cross-presentation (105) (99). Targeting antigen through Clec9A induced
Th1 in the presence of poly I: C, and Th17 in response to curdlan (106). One
interesting observation was that targeting antigen through Clec9A induced a
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humoral response through induction of Tfh in steady state (107) (108) (109). Tfh
formed memory and were capable of robust recall (110).

Many other CLRs were explored for targeting to achieve different immune
responses. Targeting of self and foreign antigen via DC-ASGPR induced potent
induction of human IL-10 producing FoxP3-CD4+ T cells in vitro (111). Targeting
through LOX-1 promotes dendritic cell mediated class switched B cell response
(112). By comparing targeting antigen to different CLRs, type of CLRs, antigen
dose, antibody affinity, and isotope may all play a role in determine T cell
response (99) (109) (113)

Targeting antigen via CLRs offers a safe and efficient method for vaccine.
However, several questions remain about this method. First, as CLRs are not
restricted to one subset of DC, it is hard to decipher the function of one subset of
DC. Second, whether the DC targeted with antigen directly presents antigen to T
cells or whether they could transfer antigen to other DC is not known. Isotype
control and CLR-/- mice were used to show the specificity of DC targeting, as
immune response was diminished without successful targeting. But once antigen
was concentrated on DC through targeting, the route of antigen presentation
could vary.

15

Intercellular antigen transfer between DCs

DC present antigen generated within the cell, such as self-antigen, and viral
antigen after infection (114). DC can also acquire extracellular antigen through
receptor-mediated endocytosis, phagocytosis, and macropinocytosis (115). This
is referred to as cross-presentation for MHCI presentation, and the most common
way of antigen presentation on MHCII. A less common route for DC to acquire
antigen is direct transfer of membrane peptide-MHC complexes, referred to as
“cross-dressing” (114) (Figure 1-2).

Figure 1-2 Cross-presentation vs. Cross-dressing
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Intact antigen transfer can be achieved by apoptotic body uptake, and
cytoplasmic content exchange through gap junction, tunneling nanotubes,
exosome (116) (117) (118) (119). These belong to cross-presentation. Crossdressing mediated antigen transfer involves direct peptide-MHC complexes
exchange (120). Mechanisms of cross-dressing include trogocytosis, exosome,
and tunneling nanotubes (121). Both MHCI and MHC II can be transferred, and
the exchange is a bidirectional process (122).

As APCs are located at different places and DC subsets have distinct function,
antigen transfer make immune responses more efficient, especially when antigen
is limited. During viral infection, peripheral migratory DC transferred antigen to
lymph node CD8+/ XCR1+ DC and induced potent antiviral immune responses in
skin, intestine, and lung (116) (123) (124) (125). This is mediated by both picking
up apoptotic body, and cross-dressing. Studies also showed that cross-dressed
dendritic cells drive memory CD8+ T-cell activation after viral infection (126). In
the thymus, antigen transfer between radioresistant epithelial cells and thymic
DCs through membrane exchange enhanced the efficacy of tolerance induction
by spreading self antigens within the thymic microenvironment (127) (128) (129).
In the intestine, CX3CR1+ macrophages transfer fed antigen to CD103+ dendritic
cells through gap junctions and induced oral tolerance (130). During
transplantation, cross-dressing by donor dendritic cells contributes to the
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formation of the immunological synapse and maximizes responses to indirectly
presented antigen, which may contribute to rejection (131).

Many questions remain to be answered relating antigen transfer between APCs.
How often does antigen transfer occur in vivo? What cell types are involved?
What factors regulate the efficiency of antigen transfer? Understanding those
question will help us design novel DC-based vaccines, and prevent unwanted
immune responses.

Statement of thesis

The contribution of individual subsets of dendritic cells (DC) to the generation of
adaptive immunity is central to understanding immune homeostasis and
protective immune responses. We sought to define functions for cutaneous DC
subsets under different inflammatory conditions. Herein we developed an
approach in which we restrict antigen presentation to individual DC subsets in the
skin and monitor the effects on endogenous antigen-specific CD4+ T responses.
We hypothesized that LC were specialized in inducing Th17, Langerin+ dDC
were specialized to induce Th1. We found that targeting foreign antigen to LC
and Langerin+ dDC in the absence of exogenous adjuvant led to a large
expansion of T follicular helper cells (Tfh). This was accompanied by B cell
activation, germinal center formation and protective antibody responses against
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influenza. We hypothesized that targeting antigen to LC induced T cell responses
were MHC II dependent. However, we found that endogenous CD4+ T cells
proliferated in huLang LC MHC-II mice. We hypothesized that LC can transfer
Δ

antigen to other APCs. We found that CD11b+ dDC and DN dDC acquired
antigen from LC. We also found that MHC II-/- LC could acquire MHC II through
cross-dressing in lymph nodes. This study reveals a major unappreciated
function of skin DC in humoral responses, and the communication between DC
subsets, which provides insight into DC-targeted vaccine design.
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Chapter 2
Skin dendritic cells induce follicular
helper T cells and protective humoral
immune responses
Reprinted with permission from Journal of Allergy and Clinical Immunology
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Introduction
The dendritic cell (DC) paradigm states that after a pathogen encounter DC
become activated and migrate to the secondary lymphoid organs where they
initiate expansion and differentiation of pathogen-specific T cell responses(53). In
the steady-state, DC at barrier sites acquire self and benign environmental
antigens. Antigen presentation by immature DC results in T cell tolerance either
by activation-induced cell death or by induction of anergic/regulatory T cells
(132). This is believed to be the mechanism for the maintenance of peripheral
tolerance and been hypothesized to be a targetable pathway to induce immune
tolerance for the treatment of autoimmune disease.

In mouse skin there are two distinct populations of DC that express C-type lectin
Langerin, Langerhans cells (LC) that reside in the epidermis and CD103+ DC in
the dermis(53). We have previously demonstrated that LC and CD103+ DC
induced opposing Th responses against C. albicans. As such LC were necessary
and sufficient for in vivo induction of Th17 responses, while CD103+ DC were
required for cross presentation to CD8 T cells and Th1 responses(72). The role
of CD103+ DC in cross-presentation has been supported by other studies using
different models and also antigen targeting(52, 72, 133). In the setting of contact
hypersensitivity the function of LC and CD103+ remains controversial (134). 2,4dinitrocholrobenzene (DNCB)-induced tolerance was dependent on LC-induced
Treg expansion(135). In addition, LC have been reported to promote deletion of
21

antigen-specific CD4+ T cells after CFA-peptide immunization (136) and
expansion of Treg during Leishmania infection (76). LC are also required for the
induction of protective antibody responses after epicutaneous patch
immunization(75).

The function of Langerin-expressing cells in the steady-state can be examined by
using i.p. injection of low amounts of anti-Langerin mAb/antigen conjugates.
Since ligation of Langerin does not activate LC and CD103+ DC, this technique
assays the effect of antigen presentation of Langerin+ DC in the absence of
exogenous adjuvants. Anti-mouse Langerin/MOG conjugates induced expansion
of antigen-specific transgenic Tregs and provided subsequent protection from
EAE(100). This finding suggests that Langerin-expressing DC (LC and CD103+
DC) promote tolerance through Treg expansion and is consistent with earlier
studies using DEC-205 mAb to target antigen to other DC subsets under
homeostatic conditions(98).

The contribution of individual subsets of dendritic cells to the generation of
adaptive immunity is central to understanding immune homeostasis and
protective immune responses. To date, DC function has been studied either in
vitro or using adoptive transfer of TCR transgenic T cells. To determine the
functional consequence of foreign antigen presentation without adjuvants
exclusively by LC or CD103+ DC we developed an approach in which we restrict
22

antigen presentation to these individual DC subsets and monitor the effects on
endogenous antigen-specific CD4+ T cells responses using MHC-II tetramers
(137). We also developed a novel system for concomitant analysis of
endogenous B cell responses. Using these techniques we defined new functions
for LC and CD103+ DC, in Tfh induction and humoral immune responses.

Materials and Methods
Mice
HuLangerin(70), huLangerin-Cre-I-Aβfl(71), Batf3-/-(51) mice have been
previously described. CD90.1 congenic TEa Rag1-/- Cd4 TCR-transgenic to IEα52-68 on the C57BL/6 background(138) were obtained from M. Jenkins
(University of Minnesota), µMT and CD11c-Cre-MHCII from K. Hogquist
(University of Minnesota), and IFNAR-/- from M. Mescher (University of
Minnesota). IL-6-/- mice on C57BL/6 background were purchased from The
Jackson Laboratory. All experiments were performed with 6- to 12-week-old
female mice. Mice were housed in microisolator cages and fed irradiated food
and acidified water. The University of Minnesota institutional care and use
committee approved all mouse protocols.
Antibodies and Reagents
Fluorochrome-conjugated antibodies to CD4, CD11b, CD11c, CD40, B220,
CD44, CD86, CD90.1, CD90.2, CD103, Gr-1, F4/80 and I-A/I-E were purchased
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from BioLegend (San Diego, CA). Antibodies to Foxp3, T-bet, PD-1, CXCR5, Bcl6, Gata-3, RORγt and Live/Dead dye were acquired from eBioscience (San
Diego, CA). Anti-Langerin (929F3) was from Dendritics (Lyon, France). Antihuman/anti-mouse Langerin mAb and conjugates (2G3-Eα, 2G3-2W1S, 4C72W1S and 2G3-FluHA1) were generated in house as previously described(72,
139). Eα: I-Eα52-68 well-characterized immune-dominant T cell epitope recognized
by transgenic TEα cells in the context of I-Ab(138). The 2W1S is a variant of
peptide 52-68 from the I-E alpha chain(137). 2W1S binds to the I-Ab MHCII
molecule expressed in C57BL/6 (B6) mice and is immunogenic in this strain.
FluHA-1: hemagglutinin HA [Influenza A virus (A/Puerto Rico/8/34(H1N1))]
residues 18–331(139).
Adoptive T Cell Transfer
T cells were adoptively transferred as previously described(72). Briefly, skindraining lymph nodes, spleen and mesenteric lymph node of TEα TCR
transgenic mice were disrupted through a cell strainer and washed with sterile
HBSS and labeled with CFSE (Invitrogen, Carlsbad, CA) in accordance with the
manufacturer's instructions. The cells were re-suspended in sterile PBS at a
concentration of 1×106 cell/ml and 300 µl (3×105 cells) and injected i.v. into
different mouse strains.
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LC and CD103+ DC Targeting with Anti-Langerin Antibody by
Intraperitoneal Injection
Cohorts of mice were injected with either 10 µg of 2G3-AF647 or 10 µg of 4C7AF647. Mice were sacrificed 16 hours later and the presence of the AF647 signal
was analyzed by flow cytometry in cells isolated from the epidermis, lymph node
and spleen as described(72). In separate experiments, cohorts of mice were
adoptively transferred with 3x105 TEα cells. Twenty-four hours later mice were
immunized by intraperitoneal injection of 1 µg of 2G3-Eα and skin draining lymph
nodes harvested at day 4. To define endogenous T cell responses, cohort of
mice were injected with either 1 µg of 2G3-2W1S or 1 µg of 4C7-2W1S. Six skindraining LNs and spleen were harvested at the indicated time points and
analyzed by flow cytometry.
Topical Application of Antigen
The back skin of the mice was wet-shaved under anesthesia using razorblades.
Hundred microgram of 2W1S or MOG35-55 (GenScript, Piscataway, NJ) diluted in
100 µl of endotoxin-free PBS was smeared on the top of the skin. Separate
cohort of mice was painted with 1µg of 2G3-2W1S.
Flow Cytometry
Single-cell suspensions were obtained and stained as previously described(72).
All the flow cytometry plots presented in this manuscript were pre-gated on live
(using live/dead stain) and singlet events. The intracellular transcription factor
staining was performed with BD Bioscience Cytofix/Cytoperm kit (BD
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Biosciences, San Jose, CA) in accordance with the manufacturer's instructions.
Samples were analyzed on LSR-II flow cytometers (BD Biosciences). Data were
analyzed with FlowJo software (TreeStar, Ashland, OR). Boolean gating was
used to identify single transcription factor expressing cells, and the data is
displayed as percentage of total in a pie graph.
2W1S Tetramer Enrichment
Single-cell suspensions of LNs and spleen were stained for 1 hour at room
temperature with 2W1S:I-Ab-streptavidin-APC tetramers (generous gift of M.
Jenkins). Samples were then enriched for bead-bound cells on magnetized
columns as previously described(137).
Endogenous B cell Responses
Single-cell suspension of LNs from MD4, naïve and 2G3-immunized WT and
huLangerin+ mice were incubated ex vivo with AF647 conjugated 2G3 on ice for
30 minutes. After washing the cells were stained for live/dead, CD11c, CD90.2,
CD45.2, Gr-1, MHC-II, B220, GL-7 and CD38 markers and analyzed on flow
cytometer.
Assessment of Humoral Responses
WT and huLangerin mice were injected i.p. with 1 µg of 2G3 at day 0 and day 14.
LC-/- mice were treated in similar way but using 4C7. Serum samples were
obtained prior and 21 days post immunization using BD Mictrotainer SST tubes
(BD, Franklin Lakes, NJ) and stored at −80°C. To determine Ag-specific antibody
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titers, ELISA plates were coated with 0.25 µg hIgG4 protein. Serial dilutions of
serum in blocking buffer (TBS; Pierce, Rockford, IL) were incubated in the wells
overnight at 4°C. After washing, plates were incubated with HRP-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA) in blocking
solution for 2 hours at 37°C, then washed and developed with HRP substrate and
read at 405 nm. Ab titer data are plotted on log scales. Assays for isotyping Agspecific Abs in the serum used biotinylated goat anti-mouse IgG1, IgG2b, IgG3
and IgA polyclonal reagents and biotinylated anti-mouse IgE monoclonal 23G3
(SouthernBiotech, Birmingham, AL) as detecting reagents, followed by
development with NeutrAvidin HRP (Pierce, Rockford, IL).
Intranasal Influenza Infection
WT and huLangerin were injected i.p. with 1 µg of 2G3-FluHA1 at day 0 and day
14. On day 21 the mice were infected intranasally with 2X104 PFU PR8 influenza
virus. Body weights and survival curves were obtained. Mice that lost 25% of
their original weight were sacrificed.
Quantitative RT-PCR for Viral Load
Lung samples were collected 9 days post influenza infection, and the viral load
was assessed using standard quantitative RT-PCR protocol. Briefly, total RNA
from lung samples were extracted using RNeasy mini kit (Qiagen, Valencia, CA)
according to manufacturer protocol. The reverse transcription was performed
using Invitrogen Superscript III kit (Invitrogen, Carlsbad, CA), and the RT-PCR
reaction with SYBR-green (Applied Biosystems, Grand Island, NY). For
27

amplification PR8 NP-specific primers (ACGGCTGGTCTGACTCACAT and
TCCATTCCGGTGCGAACAAG) were used. The data was normalized to GAPDH
and expressed as fold change of the relative expression.
Statistical Analysis
Differences between two data sets were analyzed by two-tailed Student’s t test
and ANOVA using Prism (Graphpad) software. *p<0.05, **p<0.005, ***p<0.0005,
****p<0.0001.

Results
Selective Antigen Targeting to Immature LC and CD103+ DC
Targeting antigen to LC using anti-mouse Langerin mAb delivers antigen to LC
as well as to CD103+ DC(100, 102, 140). To target antigen to LC only, we used
recombinant fusion protein of a humanized mAb specific for the ectodomain of
human Langerin (clone 2G3) and peptide epitopes derived from I-E52-68 and
2W1S (2G3-Ag)(72, 139). The humanized 2G3 mAb does not cross-react with
mouse Langerin, and showed no unspecific binding to mouse Fc-receptors (72,
139). HuLangerin-DTR BAC transgenic mice were previously generated to
inducible ablate LC by administration of diphtheria toxin (DT)(70). In these mice,
transgenic human Langerin is efficiently expressed by LC but not by other DC
expressing mouse Langerin(70). Since we are using these mice as huLangerin
transgenic mice and not ablating LC using DT, they will henceforth be referred to
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as huLangerin mice. To confirm the specificity of targeting LC, huLangerin and
WT littermate control mice were injected with 10 µg i.p. of 2G3 that had been
conjugated to AF647. LC isolated from the epidermis had efficiently acquired
2G3-AF647 (Sup Figure 2-1A). Keratinocytes (KC), dendritic epidermal T cells
(DETCs), and LC from littermate control mice did not acquire the antibody (Sup
Figure 2-1A). Similarly, 2G3-AF647 could only be detected in LC in lymph nodes
harvested from huLangerin and not control mice (Sup Figure 2-1B). No staining
was detected in the spleen (Sup Figure 2-1C). Importantly, targeting LC with
2G3 did not result in the activation of LC, as determined by measuring the
surface expression of CD40, CD86 or MHC-II (Sup Figure 2-2A-B). Expression
of cytokines and chemokines indicative of DC activation were also unaltered by
2G3 targering. (Sup Figure 2-2C). Thus, anti-huLangerin (2G3)-peptides fusion
proteins efficiently and selectively target LC without activating LC, and therefore
mimic Langerin-mediated acquisition of antigen during steady-state conditions.
To selectively target antigen to CD103+ DC we injected huLangerin-DTA mice
(LC-/-) that lack LC(69) with anti-muLangerin antibody conjugated to AF647
(4C7)(139). HuLangerin-DTA mice, unlike muLangerin-DTR mice that deplete
both LC and CD103+ DC, only have selective absence of epidermal LC(69). As
shown on Sup Figure 2-1D, in the absence of LC only CD103+ DC were
targeted and no labeling was observed in the spleen (Sup Figure 2-1E). Thus,
4C7 antibody can be used in LC-/- mice to deliver antigen to CD103+ DC.
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Steady-State Langerhans Cells and CD103+ Dendritic Cells expand Naïve
CD4+ T Cells
To determine the specificity of antigen targeting to LC, we adoptively transferred
CD90.1 CFSE-labeled TEα cells into huLangerin and littermate control (WT).
Mice were given 1 µg 2G3-Eα i.p. On day 4, TEα cells had expanded
approximately 6-fold (Figure 2-1A) in huLangerin mice and had completely
diluted their CFSE (Sup Figure 2-3A). TEα cells failed to expand in control mice
that lack huLangerin expression. HuLangerin-Cre I-Aβfl mice have a LC-specific
ablation of MHC-II but do not express huLangerin since the insertion of Cre into
the langerin gene in the human BAC disrupted the open reading frame(39, 71).
To test whether LC directly present antigen to TEα cells, we generated
huLangerin x huLangerin-Cre I-Aβfl (from now on LC MHC-II) mice. 2G3-Ag was
Δ

efficiently targeted to LC in these mice (data not shown) but TEα failed to expand
(Figure 2-1A) indicating that steady-state LC induce CD4+ T cell proliferation
through direct, cognate interaction.
It has recently been demonstrated that TCR transgenic CD4+ T cells represent
the responses of individual TCR clones and are not necessary indicative of the
endogenous T cell response(141). Thus, rather than using adoptive transfer of
TCR transgenic T cells to analyze Th differentiation, we examined the response
of endogenous CD4+ T cells using an I-Ab:2W1S tetramer/pull-down
technique(137). We immunized WT and huLangerin mice with 1 µg 2G3-2W1S
i.p. and examined the expansion of 2W1S-specific CD4+ T cells using an I30

Ab:2W1S tetramer. 2W1S-specific CD4+ T cells expanded approximately 10-fold
in huLangerin mice, but failed to proliferate in WT mice (Figure 2-1B and Sup
Figure 2-3B).
HuLangerin is expressed as a transgene in huLangerin mice(70). To confirm that
targeting endogenous murine Langerin in LC would promote similar CD4+ T cell
responses as huLangerin, we immunized Batf3-/- mice with 4C7-2W1S. Since
these mice lack CD103+ DC(51), only LC would be targeted by anti-muLangerin
(4C7) antibody. We found no significant differences in T cell expansions by
targeting endogenous murine Langerin or huLangerin (Figure 2-1B).
To define the T cell responses induced by steady-state CD103+ DC we injected
WT, CD11c-Cre-MHC-IIfl/fl (CD11c MHC-II) and LC-/- mice with 1 µg 4C7-2W1S i.p.
Δ

and examined the expansion of 2W1S-specific CD4+ T cells using an I-Ab:2W1S
tetramer at day 7 post injection. We observed a robust expansion of 2W1Sspecific CD4+ T cells by CD103+ DC (Figure 2-1C) that did not differ
significantly of the responses induced by the joint effort of LC and CD103+ DC
(Figure 2-1C). In CD11c MHC-II mice, where DC were not able to present antigen
Δ

to CD4+ T cells we observed a minimal expansion of 2W1S-specific T cells
(Figure 2-1C). Thus, direct presentation of targeted antigen by DC is required for
optimal T cell responses, and CD103+ DC play a dominant role in induction of
CD4 proliferation when both LC and CD103+ DC are targeted.
To determine the kinetics of CD4+ T cell responses initiated by LC and CD103+
DC we immunized huLangerin mice with 1 µg 2G3-2W1S i.p. and LC-/- mice with
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1 µg 4C7-2W1S i.p. The mice were sacrificed at the indicated time points and the
I-Ab:2W1S tetramer+ cells enumerated by flow cytometry. T cell responses
induced by both LC and CD103+ DC peaked at day seven (Figure 2-1D-E). The
initial peak was followed by a contraction with no signs of deletion. Thus, steadystate skin DC promote long-lasting CD4+ T cell responses.
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Figure 2-1 Steady-state LC and CD103+DC promote long lasting CD4+ T
cells responses through cognate interactions.
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(A) Total number of TEα cells after 2G3-Eα immunization is shown. (B-D) The
total number of 2W1S-specific CD4+ T cells is shown after 2G3-2W1S or 4C72W1S immunization. Pooled data of two independent experiments is shown.

Steady-state LC and CD103+ DC promote differentiation of T follicular
helper cells
We next examined the phenotype of 2W1S cells expanded by LC or CD103+ DC,
based on expression of PD-1 and CXCR5. We found that 15-30% of the
responding CD4+ T cells expanded by both DC co-expressed PD-1 and CXCR5,
identifying them as Tfh (Figure 2-2A). To further characterize the Th-phenotype,
we performed intracellular stains for Bcl-6 (Tfh), T-bet (Th1), FoxP3 (Treg), Gata3 (Th2) and RORγt (Th17) (E 2-Figure 4). We found that around half of the
CXCR5 positive cells also expressed Bcl-6 which is considered a specific marker
of germinal center Tfh cells(142, 143). We noted no change in the percentage of
Treg between naïve and immunized mice (p>0.05). Around 10-15 % of the cells
expressed T-bet, and 3-5% were GATA-3 positive. No sizable population of
RORγt expressing cells was detected (Figure 2-2B). No significant differences
were detected between Th phenotypes induced by LC and CD103+ DC (p>0.05
for all subsets). Thus, antigen presentation by LC and CD103+ DC in the
absence of inflammation leads to the generation of a mixed Th cell phenotype
dominated by Tfh cells.
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Recently it has been shown that antigen dose can influence Tfh cell
differentiation(141). To determine whether induction of cells with Tfh-phenotype
by LC depends on Ag dose, we immunized huLangerin mice with increasing
amount of 2G3-2W1S ranging from 10 ng up to 10 µg. The cell expansion
(Figure 2-2C) was determined as described above. At the lowest dose (10 ng)
we observed a minimal expansion (≤2 fold) of the 2W1S-specific CD4+ T cells.
The optimal dose was between 100ng and 1 µg with 12-15 fold expansion. At the
highest dose measured (10 µg) the expansion started to drop significantly. To
test whether the antigen dose affected the Tfh differentiation we stained the cells
for CXCR5/PD-1 and Bcl-6. We observed Tfh cell induction by LC with different
efficiencies at all the doses tested (Figure 2-2D). These data support the idea
that LC-induced Tfh is not due to high antigen dose.
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Figure 2-2 Steady-state LC and CD103+ DC induce formation of Tfh cells in
the endogenous antigen-specific CD4+ T cells.
(A) 2W1S-specific cells stained for PD-1 and CXCR5. (B) Th phenotype of
2W1S-specific cells. (C) Dose response in huLangerin mice. (D) Cells from (C)
were stained for the indicated markers. Results are pooled data from three
independent experiments.
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LC also promote Tfh cell generation in inflammatory conditions
Previously we reported that targeting 2G3-Eα to LC during C. albicans infection
resulted in expansion of Th17(72). To test whether LC also induce Tfh cells
beside Th17, we immunized huLangerin mice with 1 µg 2G3-2W1S i.p. and
infected the skin with WT C. albicans. Seven days later the CD4+ T cell
responses were assessed as described above. C. albicans infection combined
with targeting induced a more robust T cell response than the targeting alone
(Figure 2-3A). C. albicans infection also had a significant effect on the Th
phenotype. Comparing to targeting alone, C. albicans induced RORγt expression
in naïve CD4+ T cells (p<0.05) and a more robust Tfh response (>50%, p<0.005)
(Figure 2-3B). CD103+ DC also induced Tfh during C. albicans infection (Sup
Figure 2-5) Thus, LC and CD103+ DC can promote Tfh cell responses during
inflammatory conditions, and the Th phenotype is dependent on adjuvant.
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Figure 2-3 Tfh induction by skin DC is not unique to steady-state targeting,
but is limited to foreign antigen.
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(A-D) The total number of 2W1S-specific T cells or their Th phenotype is shown
in different conditions. (E) Total 2W1S and MOG-specific T cell numbers and
their Th-phenotype (F) is shown. Results are pooled data from three independent
experiments.

Tfh cell induction by LC is not unique to targeting
To determine whether Tfh induction by LC occurs only with Langerin-targeted
antigen, we applied 2W1S peptide or 2G3-2W1S topically on the skin of wetshaved WT and huLangerin mice, respectively. Topical application of 2G3-2W1S
specifically targets epidermal LC and not LN LC (Sup Figure 2-6). We found that
topical application of 2W1S and 2G3-2W1S promoted comparable T cell
responses as i.p. targeting (Figure 2-3C). We also observed robust Tfh induction
with topical application of the antigen, and unlike with i.p. targeting minimal T-bet
expression and a sizable Gata-3 population (p<0.05; Figure 2-3D). Thus, these
data suggest that Tfh induction by skin DC is not unique to targeting, and the Tbet expressing cells seen with i.p. injection might have been induced by LN LC.
Skin DC do not promote Tfh responses against MOG
Targeting self, MOG peptide to Langerin+ DC resulted in induction of FoxP3 in
the adoptively transferred MOG-specific transgenic CD4+ T cells and provided
resistance to development of EAE(100). It was thus unexpected that targeting
foreign antigen to skin DC using a similar technique yielded Tfh cells and no
significant expansion of Treg in our system. To reconcile this obvious
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discrepancy, we topically applied on wet-shaved WT mice either 2W1S (foreign)
or MOG (self) peptide. Seven days later we assessed the endogenous T cell
responses using 2W1S and MOG-specific tetramers. We found that 2W1Sspecific CD4+ T cells expanded approximately 10 fold over naïve numbers, while
the MOG-specific T cells 2-3 fold (Figure 2-3E). Painting of 2W1S showed the
already documented phenotype, with robust Tfh induction. However, presentation
of MOG by skin DC did not induce Tfh, rather selectively expanded the FoxP3+
Treg population (Figure 2-3F).
Bcl-6+ Tfh are B cell dependent but independent of IL-6 and type I
interferon
The differentiation of Tfh cells is B cell dependent and relies on the presence of
inflammatory cytokines such as IL-6 and type I interferon29. The requirements of
Tfh-induction in the absence of adjuvants have never been addressed. To test
the role of B cells, IL-6 and type I interferon in generation of Tfh cells in
homeostatic conditions, we immunized µMT, IL-6-/- and IFNAR-/- mice with 1 µg
4C7-2W1S i.p. and analyzed the T cell responses as presented above. We found
that the overall expansion of 2W1S-specific CD4+ T cell was not affected by the
absence of IL-6 and IFNAR, but B cell deficiency led to an exaggerated T cell
expansion (Sup Figure 2-7A). The overall percentage of Tfh cells defined by PD1 and CXCR5 expression was unchanged along the different mouse lines (Sup
Figure 2-7B). Interestingly, the percentage of Bcl-6+ CXCR5+ Tfh was
significantly decreased mice lacking B cells, but not in IL-6-/- and IFNAR-/- mice
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(Sup Figure 2-7C). Thus, DC are sufficient to expand CXCR5+ Tfh through an
IL-6 and IFNAR independent mechanism, but B cells are required for sustained
Bcl6+ expression.
Antigen presentation by LC promote B cell responses
The generation of Tfh by antigen presentation of skin DC prompted us to
characterize the B cell responses. To define the endogenous B cell responses
initiated by LC, we developed a novel technique. We took advantage of the fact
that our targeting antibodies are fully humanized. As such, endogenous B cells
specific to human epitopes should be present. To test this we incubated cell
suspension generated from LN of MD4 (with BCR specific to HEL), naïve, 2G3immunized WT and huLangerin mice with 2G3-AF647 ex vivo. We found that in a
naïve mouse around 0.05% of total B cells bound specifically to 2G3-AF647. No
binding to MD4 cells was observed. In immunized huLangerin mice we observed
a 10 fold expansion of the 2G3-specific B cells, and no response in WT mice
(Figure 2-4A-B). The B cell responses peaked around day 14 followed by a
contraction (Figure 2-4B). Antigen presentation by LC also led to a robust GC B
cell response (Figure 2-4C), which followed similar kinetics as the whole B cell
response (Figure 2-4D). Thus, these data suggest that antigen presentation by
LC is necessary for initiation of B cell responses.
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Figure 2-4 LC promote B cell responses.
(A) LN cell suspension from MD4, naïve, 2G3-immunized WT and huLangerin
mice were incubated ex-vivo with AF647 labeled 2G3 and analyzed on flow
cytometer. (B) 2G3-specific B cell responses in WT (black square) and
huLangerin (triangle) mice (B-D). (C) The phenotype of 2G3-specific B cells.
Pooled data from three independent experiments.

Langerhans Cells and CD103+ DC Promote Humoral Immune Responses
Since Tfh are critical for humoral immunity, including the generation of long-lived,
high affinity plasma cells and memory cells(142) we next examined the humoral
immune responses induced by steady-state LC. To confirm the development of a
humoral immune response upon antigen targeting to LC, huLangerin, LC MHC-II
Δ

and WT mice were immunized with 1 µg of 2G3 i.p. and boosted with the same
dose 14 days later. A strong anti-2G3 titer was observed in the serum of
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huLangerin mice, but not in LC MHC-II and WT, 21 days post immunization (Figure
Δ

2-5A). LC promoted an IgG response that was dominated by IgG1. Other
isotypes such as IgG3, IgE and IgA, except IgG2b, were near the level of
detection (Figure 2-5B). Thus steady-state LC promote IgG1 humoral immune
responses through cognate interaction with CD4+ T cells
To compare humoral immune responses induced by epidermal LC vs. LN LC, we
immunized huLangerin mice by either topical application of 2G3 or i.p. injection.
To assess the humoral immune responses triggered by targeting hu vs.
muLangerin, we injected Batf3-/- mice with 4C7. We found similar antibody
responses in all three cases (Figure 2-5C). Thus, epidermal and LN LC promote
comparable humoral immune responses independent of the nature of Langerin
targeted.
To define the antibody responses initiated by CD103+ DC we immunized LC-/with 4C7. We found that CD103+ DC also promoted humoral immune responses,
but were less efficient than LC (Figure 2-5C). Consistent with the lower antibody
levels, CD103+ DC induced significantly less GC B cells (Figure 2-5D). CD103+
DC promoted similar antibody isotypes as LC (data not shown). Thus steadystate LC and CD103+ DC promote similar humoral immune responses, but LC
are more efficient than CD103+ DC.
Langerhans Cells Promote Protective Humoral Immune Responses
The hallmark of humoral immune responses that involve Tfh cells is the presence
of long-lived protective antibodies(142). Therefore, we sought to determine
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whether steady-state LC-promoted humoral immune responses could confer
systemic protection against a viral infection. LC, unlike CD103+ DC do not crosspresent the targeting construct to CD8 T cells(72), and such the role of
antibodies in protection can be directly assessed. We decided to assess the
efficiency of humoral immune response induced by LC in an influenza PR8
(H1N1) infection model. For this purpose we immunized huLangerin and WT
mice with 1 µg of 2G3-FluHA1 i.p. Fourteen days later the mice were boosted
and seven days later the mice were challenged intranasally with 2x104 live, PR8
influenza virus. Naïve and WT mice immunized with 2G3-FluHA1 lost ~25% of
their weight during the course of the first week post infection (Figure 2-5E). In
contrast, the immunized huLangerin mice did not lose weight (Figure 2-5E).
Consistent with the failure to lose weight, immunized huLangerin mice had an
undetectable viral load (Figure 2-5F). Thus, antigen presentation by LC induces
the production of an effective humoral immune response that can confer
systemic protection.
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Figure 2-5 Skin DC induce humoral immune responses.
(A) Total 2G3-specific IgG in serum samples from WT, LC MHC-II and huLangerin
Δ

mice were determined by ELISA. (B) Serum samples from (A) were analyzed for
isotypes. (C) Total IgG at 1:100 dilution is depicted. (D) Percent of 2G3-specific
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GC B cells. (E) The weight loss and viral load (F) is shown. Pooled data from two
independent experiments.

Discussion
Herein we have demonstrated that antigen presentation by LC and CD103+ DC
under steady-state conditions promoted a robust expansion of endogenous
antigen-specific CD4+ T cells. Antigen targeted using anti-Langerin antibodyantigen conjugates and topical application of peptide or protein efficiently induced
Tfh differentiation. Tfh expansion was further increased by a concomitant C.
albicans skin infection. Contrary to our expectation, significant FoxP3+ Treg
expansion was not detected to a foreign peptide (2W1S) but the self-peptide
(MOG35-55) did expand a population of Treg. We also found that skin DC were
sufficient to expand CXCR5+ Tfh through an IL-6 and IFNAR independent
mechanism, but B cells were required for sustained Bcl6+ expression. The
expansion of Tfh cells by LC was accompanied by activation and expansion of
antigen-specific B cells and the development of a robust antibody response that
provided systemic protection against influenza infection. Despite inducing more
robust CD4+ T cell responses than LC, the CD103+ DC were less effective in
induction of GC B cells and humoral immune responses.
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Antigen presentation by LC has been suggested to result in suppressive T cells
responses and to promote peripheral tolerance(76, 136). Targeting MOG antigen
to Langerin expressing cells resulted in a large expansion of MOG-specific
FoxP3+ Treg cells and provided resistance to development of EAE(100). It was
thus unexpected that targeting antigen selectively to either LC or CD103+ DC
using a similar technique failed to yield increased Treg in our system. In a sideby-side comparison we found that skin DC promoted Tfh responses against
2W1S but not MOG. This likely reflects differences in the endogenous T cell
repertoire to a foreign (2W1S) vs. self (MOG) antigen.

Langerin is an antigen uptake receptor that binds a wide variety of ligands and
can mediate uptake of numerous pathogens including HIV(101). We found that
targeting Langerin with antibody did not induce activation of Langerin-expressing
cells. We also showed that targeting antigen through transgenically expressed
huLangerin and endogenous murine Langerin promoted similar Th-responses in
LC. Notably, the topical application of foreign antigen without targeting led to Tfh
induction by skin DC, arguing that Tfh induction to skin antigens appears
independent of Langerin targeting.

The differentiation of Tfh cells in infectious models depends on availability of
inflammatory cytokines such as IL-6 and type I interferons(142, 143). Little is
known about the requirements of Tfh differentiation in the absence of
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inflammatory signals. How Langerin-expressing skin DC and splenic DC(144)
promote Tfh remains to be determined. We did not observe maturation of skin
DC upon targeting measured by co-stimulatory markers and cytokine expression,
suggesting that these factors might not be required for Tfh induction in
homeostatic conditions. We also noted that the absence of IL-6, IFNAR or cohousing with conventional mice (data not shown) does not affect induction of Tfh
cells in our system. Thus, it is tempting to hypothesize that Tfh induction by
steady-state DC reflects a default pathway that is initiated against foreign
antigens, which can be further augmented by the presence of inflammatory
cytokines.

Presentation of antigen acquired by B cells was initially thought to be the key
event driving differentiation of naïve CD4+ T cells towards the Tfh lineage(142).
More recently, however, Tfh induction has also been shown to depend on
antigen presentation by DC as well(145). In our model, Tfh expansion and
humoral immune responses were absent in control mice lacking expression of
huLangerin and in huLangerin+ mice in which LC lacked expression of MHC-II. In
these mice antigen-specific B cells had access to the antigen through direct
binding to BCR, but they were not sufficient to initiate Tfh-differentiation, which is
in accordance with a recently published data 36. However, targeting antigen to
skin DC in µMt mice resulted in significant decrease of Bcl6+ Tfh, supporting the
role of B cells in terminal differentiation of Tfh cells. Thus, while B cells may
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sustain Bcl6+ expression, antigen presentation by skin DC to naïve T cells is
sufficient for initiation of Tfh differentiation. Whether direct antigen acquisition
through BCR and/or antigen transport/presentation by DC contribute to B cell
responses remains to be determined. Topical application of antigen triggered
comparable humoral responses as i.p. targeting. With topical application the
antigen availability is limited to DC in the skin. As such, active antigen transport,
presentation and possible activation of B cells by DC should take place. These
data therefore support a model where DC beside inducing Tfh cells, they also
regulate humoral immune responses by transporting and presenting antigen to B
cells.

LC and CD103+ DC promote opposing Th responses against C. albicans (72),
and different antibody isotypes in a gene gun immunization model (146). Here we
report that selective antigen targeting to LC or CD103+ DC in steady-state
induced comparable Th phenotypes and antibody isotypes. However, it is also
worth noting that CD103+ DC promoted a more robust CD4+ T cell response,
than LC, but were less effective in inducing antibody production. Consistent with
this CD103+ DC also promoted a very weak GC B cell response in comparison to
LC. Why these two DC induce different B cell responses remains to be
determined. Multiple things could contribute, such as differences in numbers,
localization, antigen storage etc. These data therefore suggest that DC, beside

49

promoting Th-responses play a direct and an important role in B cell responses,
and that should be taken in consideration at vaccine design.

The ability of LC to promote both Tfh induction and humoral immune responses
raises the possibility that these cells may be specialized to generate antibody
responses specific for cutaneous antigens such as commensal microorganisms
and/or skin pathogens and their products. We further speculate that LC may
participate in the pathogenesis of antibody-mediated cutaneous diseases such
as pemphigus and allergic dermatitis. The skin is a common site for immunization
and DC vaccination using anti-lectin/Ag conjugates is emerging as a powerful
new vaccination strategy (147). Importantly, our model employs targeting of
antigen using anti-human Langerin antibody/antigen conjugates in a human
Langerin transgenic mouse. This is a pre-clinical model for anti-human Langerin
targeting that is currently undergoing testing in non-human primates with the
same reagent in anticipation of upcoming clinical trials. Thus, in addition to
revealing an unexpected biology of dendritic cells, our findings suggest that
targeting antigen to skin DC either by systemic or topical immunization without
adjuvants will be an efficient approach to generate vaccines in which the
generation of neutralizing antibodies are protective.
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Supplementary Figure 2-1 Antigen targeting to LC and CD103+ DC is
specific.
The gating strategies are shown on the Supplementary Figures (upstream gate:
live/singlets). Shaded represent WT and black line huLangerin mice treated with
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2G3-AF647 (A-C). In D and E LC-/- mice left untreated (shade) or injected (black
line) with 4C7-AF647. One representative experiment out of three is shown.
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Supplementary Figure 2-2 Targeting LC through Langerin does not induce
maturation or alter cytokine profile.
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(A-B) WT (black line) and huLangerin (dashed line) mice. Shaded lines indicate
isotype controls. (C) As in (A), except that LC were sorted from LNs of WT (open
bar) and huLangerin (black bar) mice and cytokine profile tested. (D) Cytokine
profile of LC sorted from C. albicans infected mice.
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Supplementary Figure 2-3 Antigen targeting to LC and CD103+ DC induce
antigen-specific T cell proliferation.
(A) TEa proliferation profile in WT and huLang mice immunized with 2G3-Ea. (B)
Endogenous 2W1S-specific T cell expansion induced by LC or CD103+ DC.
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Supplementary Figure 2-4 Transcription profile of LC-expanded 2W1Sspecific cells.
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Supplementary Figure 2-5 CD103+ DC induce Tfh in the context of C.
albicans infection.
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Supplementary Figure 2-6 Epidermal application of 2G3-AF647 targets LC
in the epidermis, but not LN LC.
(A) Mice were left untreated (grey shaded), painted with 2G3-AF647 (dashed
line) or injected i.p. with 2G3-AF647 (black line). Skin and LN were harvested 18
hours after treatment and the AF647-signal assessed in LC.
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Supplementary Figure 2-7 B cells are required for Bcl-6 expression by Tfh
cells, but not IL-6 and type I interferon signaling.
µmMT, IL-6-/- and IFNAR-/- mice were treated with 4C7-2W1S. Seven days later
the expansion of 2W1S-specific cells (A) and phenotype (B-C) were determined
by flow cytometry. One representative experiment out of two is shown.
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Chapter 3
Cross-dressing and antigen transfer
after DC targeting induce robust T
cell response

60

Introduction
Skin is the biggest barrier that protects us from environmental insults. The rich
network of cutaneous dendritic cell (DC) plays an important role in maintaining
homeostasis, and fighting cutaneous pathogens. At least four subsets of skin DC
have been characterized of based on their location, surface markers, ontogeny,
and programming transcriptional factors. Langerhans cell (LC) the only MHC-II
positive cell in the epidermis in steady state (19). In the dermis, there are
Langerin+ dermal DC (dDC), CD11b+ dDC, and CD103- and CD11b- double
negative (DN) DC (27). Studies have shown that different skin DC subsets had
distinct function. During Candida albicans infection, LC were required for T helper
(Th) 17 differentiation, and Langerin+ dDC were important for Th1 generation
(72, 73). Studies also showed that CD 11b+ dDC and DN dDC were involved in
Th2 generation (81) (84) (57). Cutaneous DC also located at different places in
the lymph nodes after migration from skin. LC and Lagnerin+ dDC migrate into
the deep paracortex of the LN, while CD11b+ dDCs migrate into the peripheral
paracortex (41). However, the interaction and cooperation between cutaneous
DC subsets has not been well studied.

Antigen transfer occurs between antigen presenting cells (APC). DC present
intracellular antigen, as well as extracellular antigen (114). Intact antigen transfer
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can be achieved by apoptotic body uptake, and cytoplasmic content exchange
through gap junction, tunneling nanotubes, exosome {Fleeton:2004kc} (116)
(117) (118) (119). APCs can also exchange antigens through direct transfer of
membrane peptide-MHC complexes, referred to as “cross-dressing” (114).
Mechanisms of cross-dressing include trogocytosis, exosome, and tunneling
nanotubes (121). Both MHCI and MHC-II can be transferred, and the exchange
is a bidirectional process (122).

During viral infection, peripheral migratory DC transferred antigen to lymph node
CD8+/ XCR1+ DC and induced potent antiviral immune response in skin,
intestine, and lung (116) {Fleeton:2004kc} (123) (124) (125). This mediated by
both picking up apoptotic body, and cross-dressing. Studies also showed that
cross-dressed dendritic cells drove memory CD8+ T-cell activation after viral
infection (126). In the thymus, antigen transfer between radioresistant epithelial
cells and thymic DCs through membrane exchange enhanced the efficacy of
tolerance induction by spreading self antigens within the thymic
microenvironment (127) (128) (129). In the intestine, CX3CR1+ macrophages
transfer fed antigen to CD103+ dendritic cells through gap junction and induced
oral tolerance (130). In the skin, whether antigen is exchanged between different
DC subsets is not known.
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Targeting antigen to DC via C-type lectin receptors (CLR) offers an efficient
method to induce desired immune response. It’s possible to direct the type of
immune response, since different DC subsets express distinct CLRs. Studies
showed that targeting through DEC205 induced more CD8+ T cell response,
while targeting through DCIR2 was skewed to CD4+ T cell response (78). Given
different adjuvants, targeting through the same CLR induced different immune
response (106) (148). To demonstrate the specificity of targeting, isotype control
that did not bind to CLRs was used (144) (100). Others have used mice that lack
the expression of CLR to prove the specificity of targeting (149) (148). However,
after antigen is concentrated on DC through targeting, whether the DC targeted
with antigen directly present antigen to T cells or they could transfer antigen to
other DC has not been studied.

In this study, we investigated whether LC directly presented targeted antigen
using huLang LC MHC-II mice. Transgenic CD4+ T cell response was blunted in
Δ

the absence of MHC-II on LC. But to our surprise, endogenous polyclonal CD4+
T proliferation was not affected by MHC-II deficiency in LC. We found that LC
handed over antigen to CD11b+ dDC and DN dDC. At the same, MHC-II
deficient LC acquired MHC-II in the lymph node through cross-dressing. We
demonstrated unexpected collaboration between cutaneous DC subsets.
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Materials and Methods
Mice
HuLangerin(70), huLangerin-Cre-I-Aβfl(71), mice have been previously
described. CD90.1 congenic TEa Rag1-/- Cd4 TCR-transgenic, CD90.1 congenic
OT-II Rag1-/- Cd4 TCR-transgenic, and I-Aβ KO mice were obtained from M.
Jenkins (University of Minnesota). All experiments were performed with 6- to 12week-old age and sex matched mice. Mice were housed in microisolator cages
and fed irradiated food and acidified water. The University of Minnesota, and
University of Pittsburgh institutional care and use committee approved all mouse
protocols.
Antibodies and Reagents
Fluorochrome-conjugated antibodies to CD4 (RM4-5), CD11b (M1/70), CD11c
(N418), B220 (RA3-6B2), CD44 (IM7), CD90.1 (), CD90.2(), CD103 (), F4/80
(BM8) and I-A/I-E () were purchased from BioLegend (San Diego, CA).
Antibodies to Foxp3 (FJK-16s), T-bet (4B10), PD-1 (J43) , RORγt (Q31-378),
CD207(4C7) and Live/Dead dye were acquired from eBioscience (San Diego,
CA). CXCR5 (2G3), Bcl-6 (K112-91), Gata-3(L50-823) , were acquired from (BD
Biosciences (San Jose, CA).Anti-Langerin (929F3) was from Dendritics (Lyon,
France). Anti-human/anti-mouse Langerin mAb and conjugates (2G3-Eα, 2G32W1S, and 2G3- OVA 323-339) were generated as previously described(72). Eα: IEα52-68 well-characterized immune-dominant T cell epitope recognized by
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transgenic TEα cells in the context of I-Ab18 (138). The 2W1S is a variant of
peptide 52-68 from the I-E alpha chain (137). 2W1S binds to the I-Ab MHCII
molecule expressed in C57BL/6 (B6) mice and is immunogenic in this strain.
OVA 323-339 bond to the I-Ab MHCII can be recognized by transgenic OT-II T cell
(150).
Adoptive T Cell Transfer
T cells were adoptively transferred as previously described(72). Briefly, skindraining lymph nodes, spleen and mesenteric lymph node of TEα/ OT-II TCR
transgenic mice were disrupted through a cell strainer and washed with sterile
HBSS and labeled with CFSE (Invitrogen, Carlsbad, CA) in accordance with the
manufacturer's instructions. The cells were re-suspended in sterile PBS at a
concentration of 1×106 cell/ml and 300 µl (3×105 cells) and injected i.v. into
different mouse strains.
LC Targeting with Anti-Langerin Antibody by Intraperitoneal Injection
LC is targeted with 2G3 as previously described (148). Cohorts of mice were
adoptively transferred with 3x105 TEα cells. Twenty-four hours later mice were
immunized by intraperitoneal injection of 1 µg of 2G3-Eα and skin draining lymph
nodes harvested at day 4. To check OT-II response, 2G3- OVA 323-339 was used
for targeting. To define endogenous T cell responses, cohorts of mice were
injected with either 1 µg of 2G3-2W1S. Six skin-draining LNs and spleen were
harvested at the indicated time points and analyzed by flow cytometry.
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OT-II T cell in vitro proliferation
Cohorts of mice were injected with either 10 µg of 2G3- OVA 323-339. Mice were
sacrificed 3 days later and the skin draining LNs were harvested. Single-cell
suspensions were obtained and stained as previously described(72) Different
subsets of DCs and B cell were sorted. 5,000 DC were co-cultured with 20,000
CFSE labeled OT-II T cells, with 1ug/ml LPS (Invivogen, San Diego, CA) and
1ug/ml Pam3CSK4 (Invivogen). 84-96 hours later OT-II cells were analyzed for
proliferation.
Flow Cytometry, and Amnis Image Stream
Single-cell suspensions were obtained and stained as previously described(72).
The intracellular cytokine staining was performed with BD Bioscience
Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA) in accordance with the
manufacturer's instructions, and transcription factor staining were performed with
Foxp3/ Transcription Factor Stining Buffer Set (eBioscience). Samples were
analyzed on LSR-II flow cytometers (BD Biosciences). Data were analyzed with
FlowJo software (TreeStar, Ashland, OR). For initial quantitative imaging flow
cytometry experiments, samples were acquired on Amnis Image Stream (Amnis,
EMD Millipore, Seattle, WA), 500–10,000 events per sample. Magnification of
×40 was used for all images shown. Data were analyzed with IDEAS software
(Amnis).
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Tetramer Enrichment
Single-cell suspensions of LNs and spleen were stained for 1 hour at room
temperature with 2W1S:I-Ab-streptavidin-APC tetramers (generous gift of M.
Jenkins). Samples were then enriched for bead-bound cells on magnetized
columns as previously described(137).
Statistical Analysis
Differences between two data sets were analyzed by two-tailed Student’s t test
and ANOVA using Prism (Graphpad) software. *p<0.05, **p<0.005, ***p<0.0005,
****p<0.0001.

Results
Endogenous polyclonal 2W1S:I-Ab specific T cell proliferation differs from
TEα transgenic T cell in huLang MHCIIΔLC mice
To target antigen specifically to LC, α-huLangerin was injected into huLangerin
mice, in which only LC express huLangerin (139) (148). To check the specificity
of antigen targeting to LC, CD90.1+ CFSE-labeled TEα T cells were adoptively
transferred into huLangerin and littermate control (WT) mice, followed by 1 µg αhuLang-Eα intraperitoneal injection (Figure 3-1A). We studied the kinetics of
TEα cells response by harvesting mice at indicated time point (Sup Figure 31A). The response peaked on day 4 and followed by a contraction/ deletion
around day 14. We therefore studied TEα cells response at day4. TEα cells
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expanded approximately 6-fold (Figure 3-1B) in huLangerin on day 4. In
contrast, TEα cells didn’t proliferate in WT littermate control. To test whether
targeted LC directly induces CD4+ T cells proliferation, we crossed huLangerin
mice to huLangerin-Cre I-Aβfl mice, and generated huLang LC MHC-II mice. In
Δ

those mice, LCs express huLangerin, but lack MHCII; hence they can be
targeted by α-huLangerin, but can’t present antigen directly to CD4+ T cells. TEα
cells failed to proliferate in huLang LC MHC-II mice (Figure 3-1B).
Δ

Several studies proved that TCR transgenic T cells behave differently compared
to endogenous CD4+T cells due to intraclonal competition (151) (152) (141).
Thus, we studied 2W1S:I-Ab-specific polyclonal T cells response using a flow
cytometry based enrichment method (137). We intraperitoneally injected 1 µg αhuLang-2W1S into WT, huLangerin, and huLang LC MHC-II mice (Figure 3-1C),
Δ

and used 2W1S:I-Ab tetramer to analyze T cell response. The kinetics of 2W1S:IAb specific T cells differs from TEα, as it peaks on day 7, followed by a
contraction but no deletion(Sup Figure 3-1B). On day seven, 2W1S:I-Ab-specific
T cells expanded 10-folds in huLangerin mice, but not in WT mice (Figure 3-1D).
However, unlike TEα cells, which didn’t proliferate in huLang LC MHC-II mice,
Δ

2W1S:I-Ab-specific T cells expanded 10-fold despite the MHCII deficiency on LC
(Figure 3-1D).
Since high precursor number inhibits transgenic T cells proliferation (153) (154),
we checked if lowering the TEα cells transfer number will solve the discrepancy
between TEα cells and 2W1S:I-Ab-specific T cells. With 10-15% parking rate,
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3,000 TEα cells transfer will lead to ~300 parked in a mouse, which is similar to
the precursor number of 2W1S:I-Ab-specific T cells (152) (155). TEα cells still
failed to proliferate in huLang LC MHC-II mice (Sup Figure 3-1C,D). We then
Δ

checked if lowering antigen dose would reduce 2W1S:I-Ab-specific T cells
proliferation in huLang LC MHC-II mice with 0.1ug α-huLang-2W1S immunization.
Δ

In hulangerin and huLang LC MHC-II mice, ten fold less antigen didn’t affect
Δ

2W1S:I-Ab-specific T cells proliferation (Figure 3-1E). To determine if the nonproliferation of CD4+ T cells initiated by MHCII deficient LC was restricted to
TEα. We adeptly transferred mice with 300,000 OT-II transgenic T cells, which
could be stimulated by MHCII presented OVA323-339 (Sup Figure 3-1G,H). We
then immunized mice with 1 µg α-huLang-OVA323-339. On day 4, OT-II cells
proliferated in both hulangerin and huLang LC MHC-II mice.
Δ

Previously we characterized the phonotype of 2W1S:I-Ab-specific T cells using
surfacing staining of CXCR5, and PD-1 (Tfh) (64), as well as intracellular staining
of Bcl-6 (GC Tfh) (64) (65) (156), T-bet (Th1) (60), FoxP3 (Treg) (66), Gata-3
(Th2) (62) and RORγt (Th17) (63) (148). Here we compared the phenotype of
2W1S:I-Ab-specific T cells generated in hulangerin and huLang LC MHC-II mice.
Δ

We found that in both mice, 15-30% of the responding CD4+ T cells were Tfh
(CXCR5+, and PD-1+), and within those cells half of them were Bcl6+ (Figure 31F,G). About 10-15% of the cells were Foxp3+. The percentage of Rorgt+, and
Gata3+ cells was around zero. In huLangerin mice, around 10-15 % of the cells
expressed T-bet; while 20-30% of the cells were T-bet+ in huLang LC MHC-II mice.
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Generally, the phenotype of 2W1S:I-Ab-specific T cells was not different whether
LC express MHC II or not.

Figure 3-1 Transgenic TEα T cells responded differently from endogenous
2W1S:I-Ab-specific T cells in huLang MHCIIΔLC mice.
(A, B) 300,000 CFSE-labeled TEα T cells were adoptively transferred into
huLangerin, huLang MHCIIΔLC and littermate control mice. One day later, 1ug of
α-huLang-Eα was injected intraperitoneally (i.p.). Skin draining lymph nodes and
spleen were harvested, and the number of TEα cells was analyzed on day four.
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(C, D) 1ug of α-huLang-2W1S was i.p. injected into huLangerin, huLang
MHCIIΔLC and littermate control mice. The number of 2W1S:I-Ab-specific T cells
was analyzed after enrichment with p:I-Ab tetramer. (E) The number of 2W1S:IAb-specific T cells after immunization with 0.1, or 1ug of α-huLang-Eα in
huLangerin and huLang MHCIIΔLC mice. (F, G) Th phenotype of 2W1S-specific
cells in huLangerin and huLang MHCIIΔLC mice.

MHCII depletion on LCs in huLang MHCIIΔLC is complete
We suspected the MHC II depletion on LCs is not complete, since both 2W1S:IAb-specific T cells and OTII T cells proliferated in huLang LC MHC-II mice, and
Δ

there was no difference in the phenotype of 2W1S:I-Ab-specific T cells. We first
used flow cytometer to check MHC II expression on epidermal LC (Figure 3-2A).
LC were gated on muLangerin, and CD11b double positive. LCs from WT mice
were MHC II positive, and huLangerin negative. HuLangerin LC were MHCII and
huLangerin double positive. LC in huLang LC MHC-II mice were huLangerin
Δ

positive, and lacked MHC II expression. This was confirmed by
immunofluorescence staining of ear epidermal sheet with α-hulangerin, and αMHC II (Figure 3-2B). We also compared MHCII expression level on epidermal
LC from MHC II-/- and huLang LC MHC-II mice (Figure 3-2C). The amount of
Δ

MHCII expression on LC was the same in MHC II-/- and huLang LC MHC-II mice.
Δ

And the percentage of MHC II+ LC in MHC II-/- and huLang LC MHC-II mice is zero
Δ

(Figure 3-2D).
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To make sure LC from huLang LC MHC-II mice is indeed MHC II deficient, we
Δ

checked the function of MHC II. LC were sorted from epidermal sheet were
loaded with OVA323-339 peptides, and cultured with CFSE labeled OT-II T cells.
On day 4, we checked the CFSE dilution of OT-II T cells (Figure 3-2E). Around
80% of OT-II cells were CF diluted SE diluted that co-cultured with WT LC. LC
from MHC II-/- and huLang LC MHC-II mice didn’t induce CFSE dilution on OT-II T
Δ

cells. We then targeted sorted LCs from hulangerin and huLang LC MHC-II mice
Δ

with 1 µg α-huLang-OVA323-339 (Figure 3-2F), and co-cultured with CFSE labeled
OT-II T cells. 4 days later, LC form hulangerin mice initiated OT-II T cell
proliferation, indicated by CFSE dilution, and LC form huLang LC MHC-II mice
Δ

failed to induce OT-II T cell proliferation.

Figure 3-2 MHC-II depletion on LCs in huLang MHCIIΔLC is complete.
72

(A) Flow plots showing MHC-II on epidermal LC in WT, huLangerin and huLang
LCDMHC-II mice. (B) Immunofluorescent staining of ear epidermal sheet. (C)
MFI of epidermal LC from WT, MHC-II -/-, and huLang LCDMHC-II mice. (D)
Percentage of epidermal LC that are MHC-II +. (E) Epidermal LC from WT, MHCII -/-, and huLang LCDMHC-II mice were sorted, loaded with OVA323-339
peptides, and co-cultured with CFSE labeled OT-II T cells. CFSE dilution was
checked on day 4. (F) Sorted epidermal LC from huLangerin and huLang
LCDMHC-II mice were targeted with α-huLang-OVA323-339 for one hour,
washed and co-cultured with CFSE labeled OT-II T cells. CFSE dilution was
checked on day 4.
LC transfer antigen to CD11b+ DC and DN DC
Studies have showed that one subset of APCs can transfer antigen to another
(130) {Fleeton:2004kc} (126). We hypothesized that LC can hand over antigen to
other APCs after targeting, as MHCII deficient LC can still induce T cell
proliferation. To identify the subset of APC get antigen from targeted LC, we
immunized huLangerin mice with 10µg α-huLang-OVA323-339. Three days later,
different subsets of APC were sorted form skin draining lymph nodes, and cocultured with CFSE labeled OT-II T cells. More than 95% of OT-II T cells cocultured with LC were divided. Migratory DC also induced potent OT-II T cell
proliferation. In contrast, resident DC and B cells failed to induce OT-II T cell
proliferation (Figure 3-3A). We further sorted migratory DC into CD103+ dDC,
CD11b+ dDC, and double negative (DN) dDC, and checked the presence of
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antigen on them. CD103+ dDC didn’t induce OT-II T cell proliferation; while both
CD11b+ dDC, and DN dDC lead to OT-II T cell proliferation, suggesting LC hand
over antigen to them (Figure 3-3B, C). Post sort was done to make sure there
was no contamination from LC in CD11b+ dDC, and DN dDC (Figure 3-3D). To
rule out the possibility that resident DC, B cells, and CD103+dDC had defects in
inducing OT-II T cell proliferation, we loaded these APCs with OVA323-339
peptides, co-cultured with OT-II T cell, and checked CFSE dilution. All of these
APCs were able to initiate OT-II T cell proliferation (Sup Figure 3-2A). We
confirmed the results in huLang LC MHC-II mice, since only CD11b+ dDC, and DN
Δ

dDC sorted from α-huLang-OVA323-339 immunized mice induced OT-II T cell
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proliferation (Figure 3-3E, F).

Figure 3-3 LC transfer antigen to CD11b+ DC and DN DC
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(A,B) LN APCs from huLangerin mice immunized with 10ug α-huLang-OVA323-339
for three days were sorted, washed and co-cultured with CFSE labeled OT-II T
cells. CFSE dilution was checked on day 4. (C) Percentage of proliferated OT-II
T cells co-cultured with APCs from huLangerin mice. (D) Flow plot of post-sort of
APCs from immunized huLangerin mice. (E) LN APCs from huLang LC MHC-II
Δ

mice were treated the same as in A, and B. (F) Percentage of OT-II T cells
proliferation co-cultured with APCs from huLang LC MHC-II mice.
Δ

MHCII deficient LCs acquired MHCII in the LNs
When we examined the presence of antigen in different subsets of APCs in
huLang LC MHC-II mice, one surprising result was that LC from huLang LC MHC-II
Δ

Δ

mice can also induce OT-II T cell proliferation (Figure 3-4A, B). As we proved
that epidermal LC in huLang LC MHC-II mice indeed do not express MHC II on their
Δ

surface (Figure 3-2), we were concerned that LN LC acquire MHCII during in
vitro process due to the presence of other MHCII+ cells. To exclude this
possibility, we incubated MHC deficient epidermal LC with WT LN cells, loaded
with OVA323-339 peptides after sorting, and co-cultured with OT-II T cells.
Epidermal LCs from huLang LC MHC-II mice didn’t induce OT-II T cell proliferation,
Δ

indicating LN LC acquired MHC II in vivo (Figure 3-4C, D). MFI of LN LC from
huLang LC MHC-II mice was indeed higher compared epidermal LC (Figure 3-4E).
Δ

Studies have showed transfer of surface of MHC II between different APCs,
termed as cross-dressing (128) (126) (131). We therefore checked the distribution
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pattern of MHC II on LC from huLang LC MHC-II mice. MHC II was homogeneously
Δ

distributed on epidermal and LN LC in huLangerin mice. In huLang LC MHC-II
Δ

mice, LC in the epidermis did not express MHC II, and MHC II on LN LC was not
evenly distributed by forming “patches” (Figure 3-4F).
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Figure 3-4 MHCII deficient LCs acquired MHCII in the LNs.
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(A) Flow plot of OT-II T cells proliferation co-cultured with LN LC from
huLangerin and huLang LC MHC-II mice immunized with 10ug α-huLang-OVA323-339
Δ

for three days. (B) Percentage of OT-II T cells proliferation from A. (C) Epidermal
LC from huLang LC MHC-II mice were incubated with LN cell from WT mice, were
Δ

sorted, loaded with OVA323-339 peptides and co-cultured with CFSE labeled OT-II
T cells. CFSE dilution was checked on day 4. Epidermal LC from huLangerin and
huLang LC MHC-II mice were used as control. (D) Percentage of OT-II T cells
Δ

proliferation from C. (E) MFI of epidermal LC and LN LC from huLangerin and
huLang LC MHC-II mice. (F) Imagestream showing MHCII distribution of epidermal
Δ

LC and LN LC from huLangerin and huLang LC MHC-II mice.
Δ

Discussion
In this study, we have showed that in huLang LC MHC-II mice endogenous
Δ

polyclonal 2W1S:I-Ab specific T cells response was more sensitive than TEα
transgenic T cells, and this was not due the difference of precursor number. We
demonstrated that MHC-II depletion on LC in huLang LC MHC-II mice was
Δ

complete. We identified antigen targeted LC handed over antigen to CD11b+
dDC and DN dDC. We also showed MHC-II deficient LC acquired MHC-II in the
lymph node through cross-dressing.
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TEα transgenic T cells didn’t proliferate in huLang LC MHC-II mice after targeting
Δ

Eα to LC, while 2W1S:I-Ab-specific T cells proliferated in huLang LC MHC-II mice
Δ

the same as huLangerin mice. This suggested endogenous polyclonal CD4+ T
cells responded more sensitively than transgenic T cells when antigen is limited.
For the first, we showed that the difference between transgenic T cell response
and endogenous T cell response could be “on or off”. Studies showed that
adoptive transfer of transgenic T cells proliferated poorly due to clonal
competition (151) (154). However, reducing the TEα transfer number didn’t
change the phenotype, arguing that intraclonal competition was not the reason
for lack of TEα proliferation. Indeed, adoptively transferred OT-II cells proliferated
in huLang LC MHC-II mice after targeting antigen to LC. This suggests that the
Δ

TCR of TEα cells may have intrinsic defect leading to their insensitivity. Using
transgenic T cell, early studies showed that targeting antigen to DEC205 lead to
tolerance, as antigen specific T cells expanded followed by depletion (94). Our
kinetic data showed that the expansion of TEα transgenic T cells peaked at day
4, and were gone by day 10, while the response of 2W1S:I-Ab-specific T cells
lasted for more than a month. This is consistent with reports that transgenic T
cells had a defect in memory formation (154) (152).

Previously, we’ve showed that human Langerin promoter is specific and efficient,
as huLangerin-DTA mice don’t have any LC in the epidermis (39, 48, 69). In
huLangerin-cre ×MHC-II flox mice, the MHCII depletion was complete (71). In
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those mice, cre inserted into the exon of huLangerin gene, and disrupted
huLangerin expression. To be able to target antigen to MHC-II deficient LC, we
crossed huLangerin-cre ×MHC-II flox mice to huLangerin mice, refereed to as
huLang LC MHC-II mice. Using flow-cytometry and immunofluorescent staining, we
Δ

showed that MHC-II expression on LC from huLang LC MHC-II mice was the same
Δ

as MHC-II-/- mice. Those LC also failed to induce OT-II T cell proliferation after
pulsed with OVA323-339 peptides, suggesting huLangerin promoter mediated Cre
expression was very efficient.

In the skin, migratory DC transfer antigen to LN resident CD8+/XCR1+ DC during
viral infection (116) (125). Here we showed that LC transferred antigen to
CD11b+ dDC and DN dDC but not other APCs. This is very surprising. As
targeting antigen to LC could induce robust humoral rsposne, we hypothesized
that LC handed over antigen to B cells(148). B cells from targeted mice failed to
induce OT-II T cell proliferation. This is inconsistent with the study that B cell
acquired antigen from antigen-loaded DC (157). The discrepancy may due to low
number of antigen specific B cells in our mice compared to an adoptive transfer
system. CD8+/XCR1+ resident DC, and CD103+ dDC are superior in crosspresentation compared to other DCs (53, 158). After migration, LC and CD103+
dDC located the deep paracortex of the LN, while CD11b+ dDCs located at the
peripheral paracortex (41). The fact CD8+/XCR1+ resident DC, and CD103+
dDC didn’t get antigen form LC is also surprising. The location of antigen transfer
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from LC to CD11b+ dDC and DN dDC is not known. It’s possible that antigen
handover happened during LC migration.

The mechanism of antigen transfer includes apoptotic body uptake, and
cytoplasmic content exchange through gap junction, tunneling nanotubes,
exosome (116) (117) (118) (119). During viral infection, peripheral migratory DC
transferred antigen to lymph node CD8+/ XCR1+ DC and induced potent antiviral
immune response in skin, intestine, and lung (116) {Fleeton:2004kc} (123) (124)
(125). This mediated by both picking up apoptotic body, and cross-dressing. Due
to the expression of CLEC9A, CD8+/XCR1+ resident DC, and CD103+ dDC can
bind to damaged cells through exposed actin filaments (104). As resident DC and
CD103+ dDC failed to induce OT-II T cell proliferation, antigen transfer is unlikely
through apoptotic body pickup. In the thymus, antigen transfer between
radioresistant epithelial cells and thymic DCs through membrane exchange
enhanced the efficacy of tolerance induction by spreading self antigens within the
thymic microenvironment (127) (128) (129). In the intestine, CX3CR1+
macrophages transfer fed antigen to CD103+ dendritic cells through gap junction
and induced oral tolerance (130). The exact mechanism that LC transfer antigen
to CD11b+ dDC and DN dDC remains to be solved. LC localized at the epidermis,
and extended their dendrites cross tight-junction to sample antigen (75). LC
induced Th17 during C. albicans infection, while CD 11b+ dDC and DN dDC
were required for Th2 generation during papain protein immunization and
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Nippostrongylus brasiliensis infection (72, 73). (81) (84) (57). It is possible that
transfer of antigen from LC to other DC can induce broad protective immune
response against cutaneous pathogen.

We observed that MHC-II deficient LC was corss-dressed with MHC-II in the LN.
The crossing dressing was functional as those LC cloud induced proliferation of
OT-II cells. During transplantation, cross-dressing by donor dendritic cells
contributes to formation of the immunological synapse and maximizes responses
to indirectly presented antigen (131). It worth noticing that using TEα transgenic
T cells in vitro proliferation essay, the cross-dressed recipient was unable to
induce TEα T cell proliferation. This may be due to the TCR signaling on TEα
cells was weak when antigen was low, and unable to induce proliferation.

Cross-dressing can happen through trogocytosis, exosome, and tunneling
nanotubes (121). Trogocytosis is fast, cell-to-cell contact dependent uptake of
membranes and associated molecules (120). As MHC-II on LC deficient LC was
not distributed homogenously, and formed patches, trogocytosis is the most likely
mechanism that LC was cross-dressed. Previously we’ve shown that LC
suppressed contact hypersensitivity via cognate CD4 interaction (71). We also
showed that direct antigen presentation by LCs was required for Th17 cell
development during candida infection (72). It’s possible that the effect of crossdressing is only obvious when antigen concentration was high during targeting
83

antigen to LC. The function of cross-dressing during infection, and the factors
that regulate cross-dressing worth further studying.

As different DC subsets express distinct CLRs, targeting antigen to DC via Ctype lectin receptors (CLR) is a promising method to induce desired immune
response. To show targeting through CLRs was specific, isotype control
antibodies that didn’t recognize the CLR immunization failed to induce antigen
specific T cell proliferation (94) (144) (100). Fluorochrome conjugated antibody
was also injected to show that DC lack CLR expression failed to be labeled (100)
(148). Mice that lack the expression of CLR were also used to prove the
specificity of targeting (149) (148). Here we show that LC concentrated with
antigen through targeting can transfer antigen to other DCs. We don’t know if this
is restricted to Langerin targeting or targeting through CLR as general. Targeting
CLEC9A induced Th1 with Poly (I:C), and Th17 with curdlan as adjuvants (106).
The ability of CLEC9A+ DC to induce Th17 has not been documented. It is
possible that CLEC9A+ DC can transfer antigen to DCs that are potent in Th17
induction.

In conclusion, we revealed an unknown phenomenon that LC targeted through
Langerin transferred antigen to CD11b+ dDC and DN dDC, and LC itself could
be crossed dressed with MHCII-peptide complex. This work offers a mechanism
of DC cooperation, and provides insight to DC-targeted vaccine design.
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Supplementary Figure 3-1 Endogenous CD4+ T cell response lasted longer than TEα
T cells, and the difference was not due to precursor number.
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(A) Kinetic of TEα T cells response in huLangerin mice immunized with 1ug of αhuLang-Eα. (B) Kinetic of 2W1S:I-Ab-specific T cells response in huLangerin
mice immunized with 1ug of α-huLang-2W1S. (C, D) 300,000 CFSE-labeled TEα
T cells were adoptively transferred into huLangerin, huLang LC MHC-II and
Δ

littermate control mice. One day later, 1ug of α-huLang-Eα was injected
intraperitoneally (i.p.). Skin draining lymph nodes and spleen were harvested,
and the number of TEα cells was analyzed on day seven. (E, F) 3,000 CFSElabeled TEα T cells were adoptively transferred, analyzed as in C, D. (G, H)
300,000 CFSE-labeled OT-II T cells were adoptively transferred. Mice were
immunized with 1ug α-huLang-OVA323-339, and analyzed as on day four.
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Supplementary Figure 3-2 Resident DC, CD103+dC, and B cells pulsed with
OVA peptide induced OT-II T cells proliferation.
(A) LN APCs from huLangerin mice were sorted, loaded with OVA323-339 peptides
and co-cultured with CFSE labeled OT-II T cells. CFSE dilution was checked on
day 4.
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Chapter 4
Conclusion

88

In my thesis research, I studied the function of cutaneous DC function in CD4+ T
cell differentiation by targeting antigen to LC and CD103+ dDC. We
demonstrated that targeting antigen to LC and CD103+ DC under steady-state
conditions promoted a robust expansion of endogenous antigen-specific CD4+ T
cells. Antigen targeted using anti-Langerin antibody-antigen conjugates and
topical application of peptide or protein efficiently induced Tfh differentiation. Tfh
expansion was further increased by a concomitant C. albicans skin infection.
Contrary to our expectation, significant FoxP3+ Treg expansion was not detected
to a foreign peptide (2W1S) but the self-peptide (MOG35-55) did expand a
population of Treg. We also found that skin DC were sufficient to expand
CXCR5+ Tfh through an IL-6 and IFNAR independent mechanism, but B cells
were required for sustained Bcl6+ expression. The expansion of Tfh cells by LC
was accompanied by activation and expansion of antigen-specific B cells and the
development of a robust antibody response that provided systemic protection
against influenza infection. Despite inducing more robust CD4+ T cell responses
than LC, the CD103+ DC were less effective in induction of GC B cells and
humoral immune responses.

In addition, we found that the T cell proliferation induced by targeting LC was
independent of MHC II expression, as in huLang LC MHC-II mice endogenous
Δ

polyclonal 2W1S:I-Ab specific T cells also proliferated. Endogenous polyclonal
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CD4+ T response was more sensitive than TEα transgenic T cells, and this was
not due the difference of precursor number. We demonstrated that MHC-II
depletion on LC in huLang LC MHC-II mice was complete. We identified antigen
Δ

targeted LC handed over antigen to CD11b+ dDC and DN dDC. We also showed
MHC-II deficient LC acquired MHC-II in the lymph node through cross-dressing.

The ability of LC to promote both Tfh induction and humoral immune responses
raises the possibility that these cells may be specialized to generate antibody
responses specific for cutaneous antigens such as commensal microorganisms
and/or skin pathogens and their products. We further speculate that LC may
participate in the pathogenesis of antibody-mediated cutaneous diseases such
as pemphigus and allergic dermatitis. The skin is a common site for immunization
and DC vaccination using anti-lectin/Ag conjugates is emerging as a powerful
new vaccination strategy (147). Importantly, our model employs targeting of
antigen using anti-human Langerin antibody/antigen conjugates in a human
Langerin transgenic mouse. This is a pre-clinical model for anti-human Langerin
targeting that is currently undergoing testing in non-human primates with the
same reagent in anticipation of upcoming clinical trials. Thus, in addition to
revealing an unexpected biology of dendritic cells, our findings suggest that
targeting antigen to skin DC either by systemic or topical immunization without
adjuvants will be an efficient approach to generate vaccines in which the
generation of neutralizing antibodies are protective.
90

The fact that antigens were transferred between different subsets of cutaneous
DCs, suggests that besides functional specialization, DCs also communicate and
collaborate with each other. Studies have shown that different skin DC subsets
had distinct function. During Candida albicans infection, LC were required for T
helper (Th) 17 differentiation, and Langerin+ dDC were important for Th1
generation (72, 73). CD 11b+ dDC and DN dDC were involved in Th2 generation
(81) (84) (57). Besides, cutaneous DC also located at different places in the
lymph nodes after migration from skin. LC and Lagnerin+ dDC migrate into the
deep paracortex of the LN, while CD11b+ dDCs migrate into the peripheral
paracortex (41). It is possible that transfer of antigen between DCs ensures
broad protective immune response against cutaneous pathogen. Targeting
antigen to DC via C-type lectin receptors (CLR) is a promising method to induce
desired immune response, as different DC subsets express distinct CLRs. Our
study argues that adjuvants, and the intrinsic properties of the targeting CLR may
also play an important role the immune response generated after targeting.

In summary, we found that targeting antigen to LC and CD103+ DC under
steady-state conditions promoted a robust differentiation of endogenous antigenspecific CD4+ T cells to Tfh, and systemic protective humoral response. We also
revealed an unknown phenomenon that LC targeted through Langerin
transferred antigen to CD11b+ dDC and DN dDC, and LC itself could be crossed
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dressed with MHCII-peptide complex. This work offers a mechanism of DC
cooperation, and provides insight to DC-targeted vaccine design.
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