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General introduction
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Chapter 1

The immune system

General introduction

T cells
CD4+ and CD8+ T cells are the two main subsets of T cells. CD8+ cytotoxic T cells are

The immune system exists to protect us from infections with external pathogens.

equipped to kill virus-infected cells and tumor cells and are therefore the focus

In addition, it is involved in clearance of cellular debris, induction of tolerance,

of many immune therapies against cancer [4]. CD4+ T cells provide help for the

wound healing, metabolic homeostasis, exercise and senescence to maintain the

activation of B cell responses and can activate other cell types such as macrophages

internal environment of the body [1-3]. An innate arm and an adaptive arm together

and DCs. In addition, they help CD8+ T cell responses and are essential for the

encompass the immune system. The innate part responds rapidly to pathogen or

induction of memory CD8+ T cell responses [5, 6]. CD4+ T cells can be divided into

danger associated molecular patterns expressed by invading pathogens or damaged

different subsets that require differential activation and exhibit different functions.

cells. These signals can be recognized by pattern recognition receptors (PRRs) that

These helper T cell subsets include Th1, Th2, Th17, follicular helper T cells and

are expressed by multiple cell types including phagocytic cells such as macrophages,

regulatory T cells. T follicular helper cells provide help to B cell responses. Th1 cells

neutrophils and dendritic cells (DCs). Stimulation of PRRs on phagocytic cells results

are characterized by IFNγ production and are most important in case of intracellular

in activation, cytokine production, and/or phagocytosis of pathogens and damaged

infections. Th2 cells are characterized by interleukin-4 (IL-4) production and are

cells. Another subset of innate immune cells, the natural killer cells (NK cells) are able

involved in immunity against extracellular parasites such as helminths, while Th17

to recognize and kill damaged host cells, such as tumor cells or virus-infected cells.

cells are characterized by IL-17 production and are involved in immune responses
against extra cellular bacteria and fungi. Regulatory T cells are important in the

The adaptive immune system

maintenance of immunologic tolerance.

The adaptive immune system relies on the innate immune system for its activation
and takes more time to develop, but responds with high precision to pathogenic

Secondary lymphoid organs

antigens and generates immunological memory. The key of the adaptive immune

Activation of naive T and B cells takes place in secondary lymphoid organs such as

response is the selection of B and T cells with clonal receptors that recognize

the spleen and LNs. LNs are small lymphoid organs that are dispersed throughout

antigenic epitopes that are highly specific for distinct antigens. Furthermore,

the body where they drain interstitial fluid from different peripheral sites. They

the long-term maintenance of the selected B and T cells forms the basis of the

act as filters of the lymph fluid that contain foreign particles such as lymph-borne

immunological memory observed after infection. T cells and B cells can recognize a

pathogens and cancer cells. LNs are surrounded by a capsule that covers the

vast amount of epitopes with their T cell receptors (TCR) and B cell receptors (BCR).

subcapsular sinus (SCS). The SCS is lined with endothelial cells and macrophages

BCRs can recognize and bind epitopes directly, while TCRs require processing of

that form a physical barrier and play an important role in filtering the lymph fluid

antigen and presentation in Major Histocompatibility Complex (MHC) molecules. T

that enters the organ. A specific subset of SCS macrophages can be distinguished by

cells are involved in cell-mediated immunity, whereas B cells produce antibodies,

high CD169 expression. CD169+ SCS macrophages spread cellular protrusions into

commonly referred to as humoral immunity. T and B cells develop in the primary

the SCS lumen and are in contact with B cell follicles located directly underneath

lymphoid organs; thymus and bone marrow, respectively. In the thymus T cells are

the SCS in the cortex [7]. Deeper into LNs, T cells reside in close contact with DCs in

educated to achieve Major Histocompatibility Complex (MHC) restriction (positive

the paracortex. Finally, in the medulla of the LNs, medullary sinus macrophages are

selection) and to remove TCR specificities that recognize ‘self’ with high affinity

located that can be distinguished by the expression of F4/80, scavenging receptor

(negative selection). As a consequence, only T cells with a functional TCR that does

MARCO (macrophage receptor with collagenous structure), the C-type lectin receptor

not react to “self”, survive the positive and negative selection. B cells undergo a

SIGN-R1 (DC-SIGN related protein 1) and MR (mannose receptor) [8].

similar negative selection procedure in the bone marrow. The negative selection
of both cell types establishes central tolerance, preventing these cells to recognize

Comparable to the LN, the spleen filters the blood (instead of lymph) and clears

and attack the host’s cells. After maturation, naïve T and B cells circulate between

blood-borne material such as pathogens, cells, debris and particles. Additionally, the

blood and secondary lymphoid organs, such as the spleen and lymph nodes (LNs),

spleen removes old erythrocytes from the circulation and recycles iron, a process

to be able to encounter their antigen.

executed by red pulp resident macrophages which can be recognized by expression

8
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of pan-macrophage marker F4/80 in combination with scavenging receptor CD163

OX40 and 4-1BB which can bind to CD70, OX40L and 4-1BBL on APCs respectively. In

[9]. The white pulp of the spleen consists of B and T cell zones, comparable to those

addition to these co-stimulatory receptors, T cells also express inhibitory molecules

in the LNs. The marginal zone is located adjacent to B cell follicles in the spleen and

upon stimulation. Inhibitory molecules serve as a mechanism to limit expansion of

part of the blood flows through the marginal zone to enter the spleen. Comparable

T cells to maintain a delicate equilibrium between activation and inhibition. Two

to the LN SCS, the marginal sinus is lined with sinus-lining cells and directly beneath

well-known inhibitory molecules are cytotoxic T lymphocyte-associated antigen 4

these cells, on top of B cell follicles, a subset of macrophages that are characterized

(CTLA-4) which can bind to CD80/CD86 on APCs and programmed cell death protein

by high CD169 expression are located. At this location the macrophages extend

1 (PD-1) which can bind to PD-L1 and PD-L2 molecules on APCs. Other inhibitory

protrusions into the marginal sinus to filter the blood and are in close contact with

molecules on T cells include LAG-3, Tim-3 and TIGIT [16]. The third signal consists

B cells in the white pulp. Another subset of macrophages, characterized by MARCO

of cytokines produced by APCs, which can influence the type of T cell response that

and SIGN-R1 expression, can be found at the marginal zone more towards the

is induced [17].

red pulp and interacts with marginal zone B cells [10, 11]. Both types of secondary
lymphoid organs host different antigen presenting cells which play an important

Antigen presentation in MHC

role in T cell activation.

All nucleated cells in the body are able to present peptides in MHC class I. In healthy
cells these peptides are derived from autologous proteins and will be ignored by

Antigen presenting cells and T cell activation

surveilling T cells. In case of viral infection, cancer or transplantation, viral, mutated

Tissue resident macrophages and DCs can be found in every tissue, including barrier

or donor derived peptides presented in MHC class I can be recognized by effector

tissues such as the skin, airways and the gut [11, 12]. Under homeostatic conditions

CD8+ T cells which subsequently detect and destroy these cells. Cytosolic proteins,

DCs reside in these tissues and migrate to LNs in an immature state. When DCs

self and non-self, are mainly processed in the endogenous antigen presentation

encounter foreign antigen and are stimulated via PRRs they start a maturation

pathway. In this pathway proteins are processed by the proteasome in the cytosol

process [13]. Maturation results in upregulation of co-stimulatory receptors, such

and are transported into the endoplasmic reticulum (ER) via transporter associated

as CD80 and CD86, but also of MHC II and CCR7 and leads to increased migratory

with antigen processing (TAP). ER-associated aminopeptidases trim the transported

capacity. Upon activation DCs migrate out of the tissue and via the lymphatics

peptides and with the help of chaperone proteins the transported peptides are

they can enter draining LNs in a CCR7 dependent manner. In case of infection the

loaded onto the empty MHC class I molecules. Binding of peptide to MHC class

pathogen usually provides the danger signal, but in case of cancer, these danger

I stabilizes these molecules before they are transported via the golgi to the cell

signals are often missing [14]. This can lead to the induction of anergic T cells instead

surface (Figure 1) [18,19].

of activated T cells.
In contrast to MHC class I expression, MHC class II is only expressed by professional
In the secondary lymphoid organs, such as the spleen and LNs, DCs present antigen

APCs such as macrophages, DCs and B cells that interact with CD4+ T cells. The main

in MHC class I and II molecules to T cells. Importantly, they provide simultaneous

source of peptides presented in MHC class II molecules are exogenous antigens taken

costimulatory stimuli which are essential for efficient T cell activation. Amongst

up by phagocytosis and/or receptor mediated endocytosis. Extracellular antigens

antigen presenting cells (APCs), DCs are unique in their ability to activate naïve T

are routed via early endosomes to late endosomes that fuse with lysosomes. These

cells. T cells need three signals to become activated. Peptide presented in MHC on

compartments contain proteolytic enzymes and have an increasing low pH which

APCs can be recognized by T cells via the TCR and is referred to as signal one. CD8 T

together results in degradation of extracellular proteins. Subsequent peptide loading

cells recognize peptide presented by MHC class I, while CD4+ T cells recognize peptide

onto MHC class II molecules takes place in the antigen processing compartment [20].

+

presented by MHC class II. Signal two is provided by binding of the co-stimulatory
receptor CD28 on T cells to CD80 and CD86 on APCs [15]. Activated APCs express
increased levels of CD80 and CD86 that can engage their activating ligand CD28 on
T cells. Other co-stimulatory signals include TNFR family members such as CD27,

10
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CD8+
T cell
TCR

TAP

peptides

transport of antigenic peptides back into the phagosomes, where further processing
by insulin regulated aminopeptidase (IRAP) can occur. This can subsequently result
in peptide loading in MHC class I molecules derived from recycling endosomes. An
alternative route is the vacuolar pathway where exogenous antigen can be degraded
in the endosomes by cathepsins and further trimmed by IRAP. In this compartment
the antigenic peptide can be loaded in situ onto recycling MHC class I molecules [21].
While all cells present endogenously expressed antigens in MHC class I molecules to
effector T cells, cross-presentation is a highly specialized trait and it is predominantly
exhibited by a specific subset of DCs as described below [24].

proteasome

ERAP
cytosolic pathway

cytosolic
protein

ER

MHC I

vacuolar pathway
phago-endosome

Golgi

sec61

endosome

proteasome
Figure 1. MHC class I antigen presentation.
Cytosolic proteins are broken down into peptides by the proteasome into peptides. Transporter
associated with antigen processing (TAP) transports peptides into the endoplasmic reticulum
(ER) where they are processed further by ER-associated peptidase (ERAP) and loaded onto
empty MHC class I molecules. Via the golgi, the MHC class I-peptide complexes are transported
to the cell surface for antigen presentation to CD8+ T cells via the T cell receptor (TCR).

2

TAP

MHC I
MHC I

1

TAP

peptides
MHC I

ER

Cross-presentation
Naïve CD8+ and CD4+ T cells circulate between the blood and the secondary lymphoid
organs and can only be activated by mature DCs that present antigen and provide costimulation. To enable the induction of CD8+ T cell responses against antigens that are
not endogenously expressed in DCs, a third antigen presentation pathway exist, crosspresentation, in which extracellular antigen is presented in MHC class I. This pathway
is especially important for infections with intracellular pathogens that do not infect

Figure 2. Antigen cross-presentation.
Exogenous antigen can reach MHC class I molecules via two different pathways. The cytosolic
pathway (left): a transporter, possibly sec61, transports antigen from the early endosome into
the cytosol for processing (1) in the classical MHC class I route via the proteasome and the
endoplasmic reticulum (ER) or (2) antigen is transferred back into the phagosome via transporter
associated with antigen processing (TAP). The vacuolar pathway (right): exogenous antigen can be
degraded in the endosome and subsequently loaded onto recycling MHC class I molecules in situ.

DCs and is essential for the induction of CD8+ T cell responses against tumor antigens

Dendritic cell subsets

and the induction of peripheral tolerance towards tissue-specific self antigens.

DCs can be divided into plasmacytoid DCs (pDCs), monocyte-derived DCs (moDCs)
and classical DCs (cDCs). For the scope of this thesis we will focus on the classical DCs.

Cross-presentation can occur through two different intracellular pathways, the

cDC precursors develop in the bone marrow under influence of the growth factor Flt3L

cytosolic pathway and the vacuolar pathway (Figure 2) [21]. In the cytosolic pathway

and seed lymphoid organs and peripheral tissues [25-27]. They further differentiate

exogenous antigen is transferred from early endosomes into the cytosol possibly by

into cDC1s and cDC2s under the influence of different transcription factors. cDC1s are

the transporter sec61 [22, 23]. In the cytosol antigen is subsequently processed in

dependent on Batf3, IRF8 and ID2 for their development, while cDC2s are dependent

the classical MHC class I route that includes proteasomal processing and transfer to

on RELB, PU.1, RBPJ and IRF4 [28, 29]. The two cDC subsets can be distinguished by

the ER by TAP. Alternatively, TAP molecules transferred to phagosomes can lead to

differential expression of surface receptors and have specialized functions [30].

12
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In mice, cDC1s are characterized by the expression of XCR1 and DNGR-1 with additional

immunoglobulin-like lectin-1 (Siglec-1). The exact precursors of CD169-expressing

expression of CD8α by lymphoid organ resident cDC1s and CD103 by migratory cDC1s.

macrophages are unknown, but they require LTαβ produced by B cells, RANK

In humans, CD141, XCR1 and DNGR-1 are expressed on blood-derived cDC1s [29]. In

and LXR signaling and M-CSF [51-56]. After elimination of CD169 + macrophages,

mice, cDC1s are known for their excellent cross-presenting capacity, but it is still unclear

monocytes can repopulate them [54].

if cross-presentation in human DCs is similarly restricted to this subset [31]. cDC1s are
specialized in stimulating immune responses against intracellular pathogens and cancer,

CD169 was first identified as sheep erythrocyte receptor, able to bind sheep

because of their superior cross-presenting capacity and other traits. They specifically

erythrocytes in a sialic acid-dependent manner [57, 58]. It is a lectin receptor that can

express TLR3, which binds to double-stranded RNA from viruses [32]. Activated cDC1s

bind sialylated glycoproteins or glycolipids via its long extracellular binding domain

produce Th1-differentiating cytokines including IL-12 [33, 34] and provide signals for

[59]. Homology between mice and humans in the binding domain is high, while in

the induction of tissue resident memory CD8+ T cells [35]. cDC1s selectively take up

the cytoplasmic tail little homology can be found. Moreover, in contrast to other

and cross-present dead cell material [36, 37]. The surface receptor DNGR-1 is involved

Siglec receptors, the intracellular domain of CD169 lacks inhibitory motifs [60]. CD169

in the efficient routing of dead cell material to specialized endosomal compartments

binds to sialylated proteins and lipids on pathogens and endogenous cells [58, 59,

in DCs [38]. In these compartments NOX2 is recruited via Rab27a and inhibits rapid

61]. The main function of CD169 is to mediate adhesion in cell-pathogen and cell-cell

acidification to prevent degradation of antigenic material [39-41].

interaction [62].

With the discovery that the transcription factor Batf3 is necessary for the development

CD169+ macrophages are located at the antigen-entry site of the spleen on top of B cell

of cDC1s [42], the specific role of these cross-presenting DCs in different settings has

follicles in the marginal zone, the perfect location to remove pathogens and induce

been further elucidated. Batf3 -/- mice have diminished development of the cDC1

innate immune responses to prevent further spread (as reviewed by [63]). Similarly, in

population which results in decreased cross-presentation and problems with anti-

the LNs, high CD169 expression distinguishes a macrophage population with parallel

viral and anti-tumor immunity [43, 44]. Recently a new protein has been described

traits. They reside in the subcapsular sinus (SCS), the antigen-entry site in the LN and

that is required for the cross-presentation of viral and tumor antigens that is highly

prevent systemic spread of lymph-borne pathogens (as reviewed by [64]). At these

expressed in cDC1 [45].

locations, CD169+ macrophages act as efficient gatekeepers against different viruses
such as Human Immunodeficiency virus (HIV) and Mouse Leukemia Virus (MLV) [65,

cDC2s are characterized by CD11b and Sirpα expression, but a distinctive marker for

66]. They also efficiently bind bacteria such as Neisseria Meningitidis, Campylobacter

cDC2s that separates them from moDCs has not been described yet, which has made

Jejuni and Streptococcus Pneumoniae via their sialylated polysaccharides [67-69].

it more difficult to specifically study these cells [29]. Although cDC2s are also able

Additionally, CD169+ macrophages are involved in the capture of dead cells and cell-

to cross-present certain antigens to CD8+ T cells [46, 47], cDC2s are predominantly

derived vesicles which can result in T cell tolerance [70-72].

involved in the activation of CD4 T cell [48]. They especially have an important role in
+

the induction of Th2 and Th17 responses. The induction of Th17 immune responses

Because of their location on top of B cell follicles, they can easily present antigen to

against extracellular bacteria is induced and controlled by the production of IL-23,

follicular B cells for the induction of germinal center B cell responses. The transfer

IL-6 and TGF-β [49]. The exact mechanism for the induction of Th2 immunity against

of lymph-borne antigen from the CD169+ macrophages to B cells was first shown

parasites has not been elucidated yet. Furthermore, cDC2s also induce T follicular

using immune complexes in the LNs [73]. This process was complement dependent

helper cells that regulate germinal center B cell responses and stimulate extrafollicular

and transfer led to antibody affinity maturation [73, 74]. Intact viral particles (VSV)

B cell responses [30, 50].

were also shown to be transferred by CD169+ SCS macrophages to B cell follicles
and this was crucial to prevent central nervous system invasion by this pathogen

CD169+ Macrophages

[73-77]. Previous work from our group has shown that CD169+ macrophages in the

A specific subset of macrophages in the spleen can be identified by constitutive

spleen also transfer Ab-targeted antigen to B cells, which induces strong germinal-

high expression of CD169, also known as sialoadhesin or sialic acid-binding

center B cell responses [78].
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The location of CD169+ macrophages also promotes interaction with cells that enter

Melanoma and the immune system

these organs via the lymph or blood. Interaction of CD169+ macrophages with innate

Exposure to ultraviolet light contributes to somatic mutations in skin cancers and

cells such as NK cells, NKT cells and innate lymphocytes contribute to an initial

causes a high mutational load [91]. As a result melanoma is an immunogenic tumor [92]

innate antimicrobial immune response [66, 79-85]. Previous work by our group has

and is therefore considered an appropriate candidate for immunotherapies [93]. From

shown that splenic CD169 macrophages collaborate with DCs after specific antigen

an immunological point of view tumor antigens are usually divided into two categories;

targeting to CD169 using antibodies [86]. Antigen is transferred from splenic CD169

+

tumor associated antigens and tumor specific antigens. Non-mutated tumor associated

macrophages to cDC1s, which subsequently can activate T cells (Figure 3) [86]. The

antigens are normally expressed by healthy cells, but in case of cancer they can be

mechanism of this antigen transfer is further described in chapter 2 of this thesis

aberrantly expressed by tumor cells. An example is the expression of antigens that

[87]. Importantly, the CD8+ T cell responses were strong enough to inhibit outgrowth

are usually only expressed in testis, but are also expressed by tumors (e.g. MAGE).

of melanoma in mice [86] and chapter 4 [88]. Therefore, CD169+ macrophages can

Another form of aberrantly expressed tumor associated antigens is overexpression,

potentially be utilized as a target for the design of anti-cancer vaccines.

which is the case for melanocyte differentiation antigens in melanomas [94]. Because

+

central T cell tolerance has been induced in the thymus against tumor associated
antigens, it is relatively difficult to raise strong and high affinity immune responses

antigen transfer
Ag

against these antigens. Tumor-specific antigens can arise when mutations lead to “new”
antigens. Some of these antigens arise on multiple occasions in specific types of tumors

cDC1

[95], while most are highly specific for an individual tumor/patient. Technological

T cell

MF

T cell response

called neo-antigens and have been used to induce personalized anti-tumor specific T
cell responses in melanoma patients [96-98].

CD169

Ag

advancements have contributed to more rapid identification of patient-specific, so-

Ag

antiCD169

T cell
T cell T cell

Tumor microenvironment

T cellT cell T cell

indicating that the immune system is not ignorant to the presence of the tumor.

Some tumors, including melanomas, are well infiltrated with inflammatory cells,
Unfortunately, the immune surveillance is not sufficient to inhibit the progressive

Figure 3. Antigen transfer from CD169 macrophages to cDC1 for the induction of T cell
responses.
Antigens can specifically be targeted to CD169-expressing macrophages using antibodies.
These antigens have been shown to be transferred to cDC1 that in turn are responsible for
T cell priming.
+

growth of all tumors. Many tumor-infiltrating lymphocytes seem to be inhibited,
which renders them incapable to eliminate the tumor and hematopoietic cells have
even been shown to support tumor growth [99]. Based on the T cell infiltrate, tumors
can be divided into “hot”, T cell inflamed and “cold”, T cell non-inflamed tumors. Even
in “hot” tumors, the tumor micro environment is generally immunosuppressive,

Cancer and the adaptive immune system

which leads to an abundance of exhausted tumor-infiltrating CD8+ T cells incapable
of eliminating the tumor [99, 100]. “Cold” tumors, that generally do not respond well

The role of the immune system and its potential in tumor therapy is an area of research

to immune checkpoint inhibitors, can be further divided into T cell excluded and T

that has long remained relatively unrecognized by cancer research, but has gained

cell ignored tumors. T cell excluded tumors are characterized by T cells surrounding,

much attention over the past decade. Research in tumor immunology has yielded new

but not inside the tumor, while there are no T cells detected in close proximity to

cancer therapies that were broadly acknowledged as breakthrough of the year in 2013

ignored tumors [101]. T cell activation is regulated by stimulatory and inhibitory

and were awarded the Nobel Prize in medicine in 2018 for the discoveries of immune

receptor-ligand interactions with macrophages, DCs and tumor cells in the tumor

checkpoint inhibitors (ICIs) as cancer immunotherapy [89, 90]. ICIs achieved major

microenvironment and in the tumor-draining lymph node. The inhibitory molecules

improvements in the treatment of cancer patients and especially melanoma patients.

are also known as immune checkpoint molecules.

16
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Immune checkpoint inhibitors

cellular an humoral immune responses [114, 115]. Targeting to DNGR-1 has shown

T cells can be controlled by immune checkpoint molecules that dampen immune

promising results in mice models and the expression pattern between humans

responses and protect the body from possible harmful effects [102]. CTLA-4 on T cells

and mice shows significant overlap and there is supporting pre-clinical data for

interacts with CD80/CD86 on APCs to inhibit T cells. CTLA-4 is upregulated directly

the translation of DNGR-1 targeting as an anti-tumor vaccine in humans [116, 117].

after TCR engagement and dampens the T cell response by competing for binding
with co-stimulatory molecules CD80 and CD86. Like CTLA-4, PD-1 is upregulated

Another successful alternative vaccination approach applies the injection of

immediately after TCR engagement. PD-L1/PD-L2 can be expressed in peripheral

synthetic long peptides in the presence of adjuvant such as Incomplete Freund’s

tissues or can be upregulated in response to inflammatory cytokines such as IFNy

Adjuvant or ISA 51, water-in-oil emulsions, to provide a depot to facilitate uptake of

and thus negatively regulates T cell activation locally. Abs specific for CTLA-4 or

synthetic peptides by DCs. Subcutaneous injections with synthetic long peptides are

PD-1/PD-L1 can block these inhibitory signals, which enables T cells to overcome

able to elicit CD8+ T cell responses. This strategy has been improved by integrating

the negative regulation exerted by the tumor microenvironment. In addition, anti-

multiple CD8+ and CD4+ T cell epitopes. Especially CD4+ T cell help seems important

CTLA-4 therapy can deplete regulatory T cells, which contributes to tumor rejection

as part of these synthetic long peptide vaccines [118, 119]. Synthetic long peptide

in mice. CTLA-4 and PD-1 differ in the mechanism of how they negatively regulate T

vaccines have shown promising results in the treatment of HPV induced cancers

cells. Accordingly, the simultaneous inhibition of CTLA-4 and PD-1/PD-L1 improved

in combination with immune checkpoint inhibitors [120]. In conclusion, promising

anti-tumor responses in patients compared to inhibition of either one pathway [103].

clinical data support that vaccination strategies have great potential in the battle

Unfortunately, it can also result in harsh immune-related side effects.

against cancer, although there is still room for improvement.

Vaccination strategies to stimulate anti-tumor T cell responses

Outline of this thesis

Since immune checkpoint inhibitors mainly improve existing T cell responses, not all
patients respond due to the absence of pre-existing anti-tumor T cell responses [104-

In this thesis, we have investigated the cooperative interaction of CD169 +

106]. Thus, the induction of tumor-reactive T cells seems to be key in the treatment of

macrophages with DCs to improve induction of de novo anti-tumor immunity.

non-responsive patients. To induce tumor specific T cells, the unique capacities of DCs

While macrophages and dendritic cells have unique functions in innate and adaptive

to stimulate naïve T cells can be exploited. For this purpose, DCs can be loaded with

immunity, CD169+ macrophages and DCs appear to collaborate to achieve efficient

tumor antigen and administered back into patients to induce de novo T cell responses

antigen uptake and to induce B and T cell responses.

against the tumor-specific antigen. DCs have been loaded with tumor lysate, DNA or
RNA encoding tumor antigens, or synthetic peptides. Initially, such DC-based vaccines

In Chapter 2 we have studied how the CD169 + macrophages contribute to the

consisted of in vitro cultured monocytes or CD34+ progenitors that were differentiated

induction of CD8+ T cell responses. When CD169-specific antibodies conjugated to

into DCs. More recently specific DC subsets isolated from the blood of patients have

antigen were used to immunize mice, CD8+ T cell activation was dependent on the

been applied [107-109]. Vaccination with ex vivo cultured DCs are safe and functional,

presence of cDC1. We observed close contact of cDC1s with CD169+ macrophages and

unfortunately they have not shown very strong clinical responses [110].

antigen transfer from CD169+ macrophages to cDC1s in a CD169-dependent manner.
DNGR-1 expression by cDC1s was essential for the activation of CD8+ T cell responses

Alternatively, antigens can be targeted directly to DCs in vivo using antibodies or

after antigen targeting to CD169+ macrophages [87]. Moreover, the induction of T

ligands that specifically bind receptors on DCs [111]. Pre-clinical studies have shown

cell responses against modified vaccinia Ankara virus (MVA) was also dependent on

the successful induction of de novo tumor-specific T cell responses after antibody

CD169 interaction with its ligands [87, 121]. In conclusion, antigen captured by CD169+

targeting of tumor antigen to different receptors on APCs [112] and Chapter 2 [113].

macrophages stimulate T cell responses due to close collaboration with cDC1s.

However, clinical studies remain sparse. Targeting the C-type lectin receptor DEC205
on cDC1s was the first to be described to induce tumor-specific T cells in mice and

Antibody targeting to receptors on DCs has been used to induce anti-tumor T cell

DEC205 specific humanized antibodies were used in a clinical trial resulting in both

responses. Chapter 3 provides a review on the different approaches to target Ag
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to lectin receptors on DCs and how these vaccination strategies can be exploited
to induce strong cytotoxic anti-tumor T cell response in vivo. In addition, it
describes possibilities for the translation towards clinical use [113]. To investigate
the effectiveness of antibody:antigen targeting to CD169, we compared targeting
of protein and peptide and analyzed T cell responses and anti-tumor immunity in
Chapter 4. This chapter shows that both protein and peptide targeted to CD169 induce
strong, effector memory and recall T cell responses that are able to inhibit tumor
outgrowth [88]. This study indicated that targeting of CD8+ T cell epitopes to CD169+
macrophages could protentially be sufficient to induce anti-tumor immunity. This led
us to investigate in Chapter 5 the feasibility of CD169 antibody-peptide targeting
to induce CD8+ T cell responses against melanoma antigens in mice. In addition, we
generated anti-human CD169-melanoma peptide conjugates and explored the uptake
and cross-presentation of these conjugates by human moDCs. Chapter 6 describes
the generation of recombinant mouse IgG1 Abs specific for CD169 encoding ovalbumin
protein. These recombinant Abs-OVA proteins were used to compare intravenous
to subcutaneous vaccine administration. Finally, in Chapter 7 we discuss the role of
CD169+ macrophages in the induction of immune responses.
This thesis describes how an effective collaboration between CD169 + macrophages
and DCs can be exploited for the induction of anti-tumor T cell immunity. The thesis
includes mechanistic studies that provide molecular insights in this collaboration as
well as proof-of-concept studies that shows the efficacy of the vaccination strategy.
These preclinical studies will form the basis for further development of CD169antigen targeting as a vaccination strategy in cancer patients.
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Chapter 2

Interaction of macrophages and dendritic cells via CD169

Abstract

Introduction

Splenic CD169+ macrophages are located in the marginal zone to efficiently capture

Secondary lymphoid organs are specialized in the activation of adaptive immune

blood-borne pathogens. Here, we investigate the requirements for the induction

responses and exhibit specialized mechanisms for Ag uptake and presentation to T

of CD8 T cell responses by antigens (Ags) bound by CD169 macrophages. Upon Ag

and B cells. While lymph nodes receive Ag via the afferent lymph vessels, the spleen

targeting to CD169 macrophages, we show that Batf3-dependent CD8α dendritic

filters the blood in the marginal zone and red pulp. Macrophages characterized

cells (DCs) are crucial for DNGR-1-mediated cross-priming of CD8+ T cell responses.

by high expression of CD169, also known as Sialoadhesin or sialic acid-binding

In addition, we demonstrate that CD169, a sialic acid binding lectin involved in cell-

immunoglobulin-like lectin-1 (Siglec-1), are situated at both sites of Ag entry, the

cell contact, preferentially binds to CD8α+ DCs and that Ag transfer to CD8α+ DCs

subcapsular sinus and marginal sinus [1]. Several studies have demonstrated that

and subsequent T cell activation is dependent on the sialic acid-binding capacity of

an intact layer of CD169+ macrophages is necessary for removal of pathogens and

CD169. Finally, CD8+ T cell responses to vaccinia virus infection are dependent on

prevention of further spreading of infection and have proposed a ‘gatekeeper’ role

functional CD169. Together, these data indicate that the collaboration of CD169+

for these macrophages [2-5]. After infection, CD169+ macrophages rapidly stimulate

macrophages and CD8α+ DCs for the initiation of effective CD8+ T cell responses is

several innate lymphoid cell types such as NKT cells, gamma delta T cells and NK

facilitated by binding of CD169 to sialic acid containing ligands on CD8α+ DCs.

cells, thereby promoting an early wave of innate host defense [6-8].

+

+

+

+

CD169+ macrophages are situated on top of B cell follicles and in this specific location,
these macrophages take up Ag such as immune complexes, viruses and targeted Ag,
present these Ag in intact form to follicular B cells, and induce germinal center B cell
responses [2, 9-13]. Disturbance of the functional layer of CD169+ macrophages has
been shown to interfere with the induction of B cell responses [14]. However the role
of CD169+ macrophages in the priming of CD8+ T cell responses is debated [15-17].
CD169+ macrophages are frequently the primary cell type infected during a viral
infection [4, 18] and the CD169 molecule itself acts as a viral receptor [19-24], but
CD169 + macrophages are generally considered dispensable for T cell responses
[25, 26]. CD169+ macrophages have been shown to allow viral replication, which
results in high amounts of viral Ags and amplification of T and B cell responses
[27]. This suggests that pathogen uptake and Ag generation are the main functions
of CD169 + macrophages, while dendritic cells (DCs) are essential for CD8+ T cell
priming [28-32]. In our previous studies we observed Ag presentation to CD8+ T
cells by cross-presenting CD8α+ DCs when Ag was targeted to CD169+ macrophages
[17]. Recently, Brocker and coworkers showed that after adenoviral infection of
CD169 + macrophages long-lived Ag was cross-presented by CD8α+ DCs to CD8+
T cells [15]. Together, these studies indicate a functional collaboration between
CD169+ macrophages and cross-presenting DCs in the activation of CD8+ T cells and
implies an interaction between the two cell types to enable Ag transfer. However,
the molecular interactions involved in this process are completely unknown.

28

29
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One of the molecules indicated to play a role in cellular communication is CD169 itself.

Since Ag transfer between CD169 + macrophages and DCs would imply physical

CD169, originally discovered as Sialoadhesin, is a lectin receptor that binds sialylated

interactions between these cells, we determined the localization of DCs and

glycoproteins and glycolipids on both endogenous cells as well as pathogens [33-35]. In

CD169+ macrophages in mice injected with Alexa-488 labeled anti-CD169 Ab plus

previous studies CD169 has been shown to mediate binding to neutrophils, innate-like

adjuvant by fluorescence microscopy. DCs and CD169 + macrophages were located

lymphocytes and to a lesser extent to other lymphocytes, but DCs were not evaluated

in close contact with each other and the injected Ab was observed on contact points

[36-39]. In the present study, we investigate the collaboration between splenic CD169

+

between the macrophages and the DCs (Figure 1C). Staining for XCR1+, which is an

+

macrophages and cross-presenting CD8α Batf3-dependent DCs and the role of the

unique marker for CD8α+ Batf3-dependent DCs, demonstrated multiple interactions

CD169 molecule in this process. We show that, when Ags are specifically targeted

between XCR1+ DCs with CD169 + macrophages carrying CD169-488 (Figure 1D).

to CD169+ macrophages, presentation by Batf3-dependent cross-presenting DCs is

Together these results indicate that colocalization between CD169+ macrophages

essential for cross-priming of CD8 T cells. Furthermore, efficient cross-presentation

and cross-presenting DCs is observed and we hypothesize that this interaction

by CD8α+ DCs is dependent on the expression of the damage-associated molecular

would enable Ag transfer.

+

pattern (DAMP) receptor DNGR-1, which has previously been shown to be essential
for the cross-presentation of necrotic cell-associated (viral) antigens and is highly

We and others have observed that CD8α+ DCs show some CD169 staining after

expressed on CD8α DCs [40-43]. Our studies demonstrate that recombinant CD169Fc

isolation using enzymatic digestion (Supplementary Figure 1D) [44]. If CD8α+ DCs

preferably binds to CD8α+ DCs in a sialic acid-dependent manner. Moreover, mice with

would express CD169 molecules then direct targeting to DCs would be possible.

a mutated CD169 unable to bind to sialylated ligands show a significant decrease in Ag

However, we and others did not detect CD169 RNA expression in sorted CD8α+

transfer and priming of CD8+ T cells after Ag targeting to CD169+ macrophages. Finally,

DCs (Figure S1E, and GEO accession GSE6259; [29]). The presence of CD169 on

the activation of vaccinia virus specific CD8+ T cells was hampered when the binding

other cell types than CD169+ macrophages has been reported to be caused by the

+

activity of CD169 was blocked. These results indicate that CD169 macrophages

isolation procedure [39]. To exclude this phenomenon and to quantify the CD169

interact with DCs in a CD169-dependent manner and that this interaction enhances

expression in vivo on APC subsets, we used multiplex confocal microscopy, 3D image

Batf3-dependent, DNGR-1 mediated cross-priming of CD8 T cells.

surface rendering and subsequent histocytometry analysis of murine spleens. This

+

+

analysis showed no expression of CD169 by DC subsets in spleen sections (Figure

Results

1E). Together, these results suggest that CD8α+ DCs do not express CD169, but do
interact with CD169+ macrophages and are essential for the activation of CD8+ T cell

T cell responses after Ag targeting to CD169 macrophages rely on Batf3-dependent
DCs

responses.

In previous experiments we showed that Ag targeting to CD169 + macrophages

Ags bound by CD169+ macrophages are transferred to CD8α+ DCs

resulted in Ag presentation by CD8α DCs to CD8 T cells [17]. To investigate the

To investigate Ag transfer between CD169+ macrophages and DCs we analyzed the

requirement of cross-presenting DCs for Ags bound by CD169+ macrophages, we

transfer of Alexa-488 labeled anti-CD169 Ab to DCs in the presence of adjuvant by

used Batf3-deficient mice, which contain significantly decreased numbers of cross-

flow cytometry. At 10 minutes after injection half of the macrophages were labeled

presenting CD8α DCs, but do contain normal frequencies of CD169 macrophages

with fluorescent antibody (Figure S2A-B), while this was negligible for CD8α+, CD4+ or

(Figure S1A and S1B) [28]. We immunized WT and Batf3-deficient mice with antibody

double negative (DN) DCs (Figures 2A-C). Two hours after immunization 75% of the

(Ab)-ovalbumin (OVA) conjugates targeted to DEC205 /CD8α DCs or CD169

+

macrophages (Figure S2A-B) and 15-20% of CD8α+ DCs and DN DCs and to a lower

macrophages in the presence of adjuvants [17, 29]. Both OVA targeting to DEC205

extent CD4+ DCs were labeled(Figures 2A-C). The increase in mean fluorescence

or CD169 induced OVA-specific effector and memory CD8 and CD4 T cells in a

was highest in CD8+ DCs at different time points after injection (Figure 2D). Analysis

Batf3-dependent manner (Figures 1A, 1B and S1C). These results demonstrate that

of transferred Alexa488-CD169 Ab in DC subsets in Batf3 deficient mice, revealed

exogenous Ags bound by CD169 macrophages are not cross-presented by these

an increase in Ag transfer to CD4+ DCs (Figure 2E-H). These results suggest a

cells and shows that T cell cross-priming completely relies on cross-presenting DCs.

preferential interaction between CD169+ macrophages with CD8α+ DCs.

+

+

+

+

+

+

+

+

+

+
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Figure 1. T cell activation after Ag targeting to CD169 + macrophages requires Batf3-dependent DCs.
(A) Percentage of OVA-specific IFNg producing CD8+ and (B) CD4+ CD11a+ T cells after in
vitro re-stimulation with H-2K b -restricted OVA 257-264 peptide or I-A b -restricted OVA 262-276
peptide, respectively, in C57BL/6 (WT, wild type) and Batf3-deficient (KO) mice 9 days after
immunization. Representative flow cytometry plots and mean ± SEM of one representative
experiment of two experiments using 3-5 mice/group. Immunizations consisted of 1 µg of
indicated mAb:OVA with 25 µg αCD40 and 25 µg poly(I:C). Statistical analysis one-way ANOVA
with Bonferroni’s multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, n.s. non-significant. (C) CD11c (red), injected anti-CD169 (green), CD169 (blue) and in
white a co-localization mask of CD11c and CD169 (merge without co-localization mask). Zoom
of the indicated area with cell masks for CD11c (red) and CD169 (blue), co-localization mask
(white) and injected anti-CD169 (green). (D) Representative image of CD169 + macrophage
interacting with XCR1+ DC. CD11c (Red), injected anti-CD169 (green), CD169 (blue) and XCR1
(white). (E) In situ CD169 expression on splenic macrophages and DC subsets based on
multiplex confocal microscopy and 3D image surface rendering of spleen sections on three
spleensSee also (Fig S1F).

Using imaging flow cytometry CD8α+ DCs were shown to carry both membraneassociated and intracellular fluorescent content, indicating uptake of anti-CD169
Ab (Figure 2I). The fluorescence was concentrated in round structures both at the
cell membrane as well intracellular, which would fit with the binding and uptake of
cellular vesicles during the 2 hours after immunization. The combined results of
these studies indicate that Ags are transferred from CD169+ macrophages to DCs
and that the transfer appears to be more efficient to CD8α+ and to DN DCs than to
CD4+ DCs.

Adjuvant enhances Ag transfer from CD169+ macrophages to CD8α+ DCs
Since all previous experiments were performed in the presence of adjuvant, we
questioned whether Ag transfer was enhanced by the presence of adjuvant. We
detected a decrease in the percentage and intensity of fluorescent CD8α+ and DN
DCs in mice injected with Alexa488-CD169 Ab without adjuvant when compared to
injection of Ab in the presence of adjuvant. However, in the absence of adjuvant
a significant amount of Ag transfer remained (Figure 3A-C). To test the functional
relevance of the absence of adjuvant, we performed in vitro and in vivo experiments.
First, DCs from mice injected with anti-CD169-OVA without adjuvant were used to
stimulate OT-I T cells in vitro. These DCs provided minimal stimulation for OT-I T
cell activation, even though they could stimulate T cell responses after exogenous
peptide loading, indicating that the DCs did not have any intrinsic defect to stimulate
T cells (Figure 3D and S3A). In addition, immunization with CD169-OVA conjugates in
the absence of adjuvant did not lead to OVA-specific T cell responses in vivo (Figure
3E). Our results demonstrate that adjuvant enhances Ag transfer from CD169 +
macrophages to DCs and is absolutely essential in the activation of T cell responses.
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DNGR-1 expression on cross-presenting DCs enhances cross-priming of CD8+ T cell responses
A well-known feature of CD8α+ DCs is that they can efficiently recognize and crosspresent cell-associated Ags from dying cells [31, 45, 46]. Recently, lymph node CD169+
macrophages were shown to die and disappear after infection or inflammation [14,
47]. Consistent with this, we detected a significant decrease in CD169+ macrophages
and migration of the remaining CD169+ macrophages into the B cell follicles 24 and
48 hours after adjuvant injection, while the CD169-OVA conjugate in the absence of
adjuvant did not induce this disappearance (Figure 4A). Since macrophages also quickly
die following isolation [39] (Figure S4A), we hypothesized that they might die upon
activation in vivo and that this process would enhance recognition by CD8α+ DNGR1-expressing DCs. DNGR-1 is a C-Type lectin receptor that recognizes F-actin on dead
cells and stimulates cross-presentation of dead-cell derived material by CD8α+ DCs and
the activation of CD8+ T cell responses in viral infections [41-43, 48]. Normal numbers
of both CD169+ macrophages and DC were detected in DNGR-1-deficient (Clec9agfp/gfp)
mice (Figure S4B). While Ag transfer from CD169+ macrophages to DCs was unaffected
in DNGR-1-deficient mice (Figure 4B,C), CD8+ T cell responses were significantly lower in
DNGR-1-deficient mice following immunization with anti-CD169-OVA conjugate (Figure
4D,E). These results are in line with previous studies that demonstrated that DNGR-1
recognition of F-actin is not essential for uptake, but enhances cross-presentation of
cell-associated Ag to T cells [40, 43]. In conclusion, our data indicate that adjuvants play
a relatively minor role in Ag transfer, but is essential for the activation of CD8+ T cell
responses, and may stimulate DNGR-1-mediated cross-priming of T cells by CD8α+ DC.

CD169 binds to sialic acids on CD8α+ DCs, promotes Ag transfer and T cell cross-priming
The CD169 molecule is a sialic acid binding lectin with a preference for α2,3 linked
sialic acids which is involved in cellular interactions [37, 38, 49]. We hypothesized
Figure 2. Ags targeted to CD169 + macrophages are transferred to DCs.
(A-D) C57BL/6 mice were injected with 1 µg of the indicated mAb:Alexa488 in the presence of 25 µg
αCD40 and 25 µg poly(I:C). (A) Percentage of Alexa488+ DCs, (B) geometric mean of Alexa488 signal
per DC subset and (C) representative histogram of each DC subset at 10 min (dotted line) and 2
hours (solid line) after immunization (grey line isotype control), one representative experiment of two
experiments each with three mice/group. (D) Geometric mean ± SEM of Alexa488 signal per DC subset
on indicated time points after injection. 3 mice/group. (E-H) wild type mice or Batf3-deficient (KO)
mice were injected with 1 µg of the indicated mAb:Alexa488 in the presence of 25 µg αCD40 and 25 µg
poly(I:C). (E) Percentage of Alexa488+ DCs and (F) geometric mean of Alexa488 signal per DC subset. (G)
percentage of DC subsets per group. (H) 488+ cells per subset as a percentage of total DCs. Mean ± SEM
of one representative experiment of two with 3 mice per group. (I) Representative images of isolated
CD8 α+ DCs containing Alexa488 signal 2 hours after Ag targeting. 3 mice per group were pooled,
representative of 4 experiments. Negative internalization scores indicate that the majority of Alexa488
signal is membrane associated, while positive internalization scores indicate intracellular presence
of Alexa488 signal. Statistical analysis one-way ANOVA with Bonferroni’s multiple comparison test *
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. non-significant.
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a role for CD169 in DC interaction and Ag transfer and stained splenocytes with
plant lectins that have a specificity for α2,3 sialic acids (MAL-II) and α2,6 sialic acids
(SNA) (Figure 5A). DCs showed highest expression of α2,3 sialic acids compared
to B cells and neutrophils, and low expression of α2,6 sialic acids. Binding assays
with recombinant CD169Fc proteins demonstrated more binding to DCs than
to neutrophils (Figure 5B). Especially CD8α+ and to a lesser extent CD4+ and DN
DCs bound MAL-II (Figure 5C) and recombinant CD169Fc (Figure 5D). Binding
was dependent on sialic acids as neuraminidase treatment of DCs abrogated the
interaction (Figure 5E) and CD169 containing an alanine substitution in the sialic
acid binding domain (R97A) did not bind to DCs or to other splenocytes (Figure 5B,D)
[50]. These data indicate that CD169 on macrophages can bind to sialic acids on DCs
and this may facilitate the interaction between macrophages and DCs necessary
for the transfer of CD169+ macrophage-derived Ag to cross-presenting CD8α+ DCs.
35
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Figure 3. Adjuvant enhances antigen transfer from macrophages to DCs.
(A-C) C57BL/6 mice were injected with 1 µg of the indicated mAb:Alexa488 in the presence
or absence of 25 µg αCD40 and 25 µg poly(I:C). (A) Percentage of Alexa488+ DC subsets
and (B) Geometric mean of Alexa488 signal per DC subset 2 hours after injection using 3
mice/group. (C) Representative histograms of each DC subset at 2 hours after injection of
mAb:Alexa488 with adjuvant (solid line) or without adjuvant (dotted line), grey area for the
isotype control. Mean ± SEM of one representative of 2 experiments is shown. (D) C57Bl/6
mice were injected with 1 µg of indicated mAb:OVA in the presence or absence of 25 µg
αCD40 and 25 µg poly(I:C). 16 hrs later DCs were isolated and used as stimulators for an OT-I
proliferation assay, measured by 3H-Thymidine incorporation. Graph shows mean counts per
minute (CPM) ± SEM of triplicate co-cultures of 105 OT-I T cells together with a 3-fold 3-step
titration of DCs starting at 2.5x105 DCs. One representative experiment of 3 is shown. (E)
Percentage of H-2Kb-SIINFEKL-tetramer+ CD8+ T cells 7 days after immunization in the presence
or absence of adjuvant. Mean ± SEM of 3 mice per group. Statistical analysis one-way ANOVA
with Bonferroni’s multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, n.s. non-significant.

Figure 4. DNGR-1 expression on cross-presenting DCs enhances cross-priming of CD8+
T cell responses
(A) Immunofluorescence staining of spleen sections for CD169+ macrophages on different time
points after immunization (blue IgD, green CD169, red VCAM; three mice per group). Left panel
without adjuvant, middle panel with adjuvant and anti-CD169, right panel with adjuvant and
isotype control Ab. One representative picture of three mice/group is shown. (B,C) WT mice or
DNGR1gfp/gfp mice were injected with 1 µg of the indicated mAb:biotin in the presence of 25 µg
αCD40 and 25 µg poly(I:C). (B) Percentage of Biotin+ DCs and (C) geometric mean of Biotin signal
per DC subset. Mean ± SEM of one representative experiment of two with three mice per group
is shown. (D) Percentage of H-2K b-SIINFEKL-tetramer+ CD8+ T cells, (E) percentage of OVA-specific
IFNg-producing CD8+ T cells after in vitro re-stimulation with H-2K b-restricted OVA 257-264 peptide
in C57BL/6 or DNGR-1 deficient mice 7 days after immunization. Graphs show mean ± SEM of 2
experiments combined using 15 mice/group. Statistical analysis one-way ANOVA with Bonferroni’s
multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. non-significant.

To investigate the role of CD169-mediated recognition of sialic acids in the transfer of
Ag and the activation of T cells, we injected Sn-KI mice expressing a mutated CD169
containing the amino acid substitution R97A and W2Q with Alexa488-labelled antiCD169 Abs and measured the transfer of anti-CD169-Alexa488 to DCs two hours after
injection [51]. Sn-KI mice contain normal numbers of the DC subsets and CD169expressing macrophages, (Figure S5A-C). Both the percentage of Alexa488+ DCs and the
MFI on the DC subsets were decreased by 50% or more in Sn-KI mice (Figures 6A and B).
This indicates that Ag transfer between CD169+ macrophages and DCs depends on the
presence of functional sialic-acid binding CD169 on the macrophages. Accordingly, CD8+
and CD4+ T cell responses following immunization with anti-CD169:OVA conjugates
were reduced in Sn-KI mice compared to WT mice, whereas immunization with anti-
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DCE205:OVA conjugates was not affected (Figure 6C and D). These experiments show
that CD169 binds to CD8α+ DCs in a sialic acid-dependent manner and that functional
CD169 enhances Ag transfer and contributes to T cell cross-priming in vivo.

2

Figure 5. CD169 binds to CD8 α+ DCs in a sialic acid-dependent manner.
(A) Binding of MAL-II (α2,3-sialic acid specific) and SNA lectin (α2,6-sialic acid specific) and
(B) recombinant mouse CD169-1Fc and CD169-R97A mutant to B220 + B cells, Gr1+ CD11b +
neutrophils and CD11c+MHC class II+ DCs. (C) Binding of MAL-II (α2,3-sialic acid specific) and
SNA lectin (α2,6-sialic acid specific) and (D) recombinant mouse CD169-1Fc and CD169-R97A
mutant to CD8+ and CD8 - CD11c+ MHC class II+ DCs. (E) Binding of recombinant mouse CD169Fc to neuraminidase-treated and non-treated DCs. (A-E) Geometric mean ± SEM of three
mice/group and one representative experiment from at least two independent experiments
is shown. Statistical analysis one-way ANOVA with Bonferroni’s multiple comparison test * p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. non-significant.
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Figure 6. CD169 promotes Ag transfer and T cell cross-priming.
(A,B) WT or Sn-KI mice were injected with 1 µg of the indicated mAb:488 in the presence of
25 µg αCD40 and 25 µg poly(I:C). (A) Percentage of Alexa488+ DC subsets and (B) Geometric
mean of Alexa488 signal per DC subset two hours after injection using 3 mice/group. Mean
± SEM of one representative of 2 experiments is shown. (C) Percentage of OVA-specific IFNgproducing CD8+ and (D) CD4+ CD11a+ T cells after in vitro re-stimulation with H-2K b -restricted
OVA 257-264 peptide or I-Ab-restricted OVA 262-276 peptide, respectively, in spleens of C57BL/6 (WT)
and Sn-KI mice 9 days after i.v. immunization with 1 µg of indicated mAb:OVA together with
25 µg αCD40 and 25 µg poly(I:C). Graphs C and D show the combined mean ± SEM from three
experiments of total 13 mice/group. (E,F) C57BL/6 or Sn-KI mice were injected with 100 µg
Rabbit-anti-OVA Ab and 30 min. later with 5 µg soluble Alexa488-labelled OVA, resulting in
the formation of immune complexes. (G,H) C57BL/6 or Sn-KI mice were injected with 50 µg
soluble Alexa488-labelled OVA. (E,G) Percentage of Alexa488+ DC subsets and (F,H) Geometric
mean of Alexa488 signal per DC subset 2 hours after injection using 3 mice/group. Mean ±
SEM of one representative of two experiments is shown. Statistical analysis one-way ANOVA
with Bonferroni’s multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, n.s. non-significant.
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Uptake of soluble Ag and immune complexes by DCs is not dependent on functional
CD169
To determine whether functional CD169 is important for other types of Ag, we
investigated the uptake of soluble antigen and immune complexes by DC subsets
in wild type and Sn-KI mice. Two hours after injection Alexa-488 labeled OVA,
a similar percentage of all DC subsets was Alexa488-positive and this was not
changed in Sn-KI mice (Figure 6E,F, S6A). Similarly the uptake of immune complexes
of OVA-488 rabbit anti-OVA Ab was present in all DC subsets and not affected by a
non-functional CD169 molecule (Figure 6G,H, S6B). These results suggest that DCs

2

directly take up soluble Ag and immune complexes and for this do not depend on
CD169-mediated interaction with macrophages.

T cell responses after modified vaccinia Ankara virus infection are impaired by
CD169-blocking
Batf3-dependent cross-presenting DCs are essential for CD8+ T cell responses induced
by modified vaccinia Ankara (MVA) virus infection and DNGR-1 plays an important role
in mediating cross-priming in this infection [41]. MVA is also known to infect CD169+
macrophages in lymph nodes, to induce inflammasome activation, and cell death [47].
We infected mice with MVA virus in the footpath and analyzed the effect of CD169blocking antibodies on the MVA-specific CD8+ T cell response in the draining lymph
node and spleen 7 days after infection. The CD169-blocking antibodies did not affect
CD169+ macrophage presence in spleen and lymph node (Figure S6B). We observed
significantly decreased T cell responses specific for B8R peptide from MVA in both
lymph nodes as well as spleen as detected by tetramer staining and intracellular
cytokine staining which indicates that functional CD169 is necessary to mediate crosspriming of MVA-specific CD8+ T cells (Figure 7A-C). Analysis of the KLRG-1 expression
of the MVA-specific CD8+ T cells revealed a significant decrease in KLRG-1low cells when
CD169 was blocked (Figure 7D), while the numbers of KLRG-1high cells were not affected

Figure 7. In vivo blockade of CD169 impairs the activation of MVA-specific CD8+ T cell
responses.
36 hours before foot-pad infection with 5 x 105 pfu MVA, mice were i.v. injected with 300 µg
CD169-blocking Abs or isotype control. (A,B) Percentage of MVA-specific IFNg-producing CD8+
T cells in spleen (A) and LNs (B) after in vitro re-stimulation with MVA-derived B8R+ peptide
7 days after foot-pad infection with 5 x 105 pfu MVA. (C) Percentage (left) and number (right)
of B8R+ CD8+ T cells in LNs from mice 7 days after foot-pad infection with 5 x 105 pfu MVA.
(D) Percentage (left) and number (right) of KLRG1low B8R+ CD8+ T cells in LNs from mice 7 days
after foot-pad infection with 5 x 105 pfu MVA. Representative plots and Mean ± SEM from the
combined data of two independent experiments with a total of 10 mice/group are shown.
(E) Number of KLRG1high B8R+ CD8+ T cells in LNs from mice 7 days after foot-pad infection
with 5 x 10 5 pfu MVA. Representative plots and Mean ± SEM from the combined data of
two independent experiments with a total of 10 mice/group are shown. Statistical analysis
student’s T-test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. non-significant.

(Figure 7E). Since KLRG-1low expression is a characteristic of CD8+ T cells that have
received CD4+ T cell help via Batf3-dependent DCs, these results fit with a decrease

Discussion

in Ag cross-presentation by Batf3-dependent DCs. Together our results indicate that
in MVA vaccinia virus infection functional CD169 is necessary to obtain optimal cross-

CD169 + macrophages in lymphoid organs are the first cells to bind incoming

presentation and induction of CD8+ T cell responses.

pathogens and act as gatekeepers to prevent further dissemination of pathogens.
While their excellent capacity to present Ags to B cells is well established, their

In contrast to T cell responses after MVA infection, T cell responses after intravenous

specific role in the activation of T cell responses and the molecular mechanisms

vesicular stomatitis virus infection were not influenced by blocking CD169-binding to

of their interaction with cross-presenting DCs are still not known. Our studies

its ligands (Figure S6). CIn conclusion, our limited analysis of two different viral models

demonstrate unequivocally that Batf3-dependent DCs and CD169+ macrophages

suggest that CD169-mediated interaction between CD169+ macrophages and CD8α+

have an CD169-dependent interaction which facilitates Ag transfer and DNGR1-

DCs is of importance for those viral infections in which cross-presentation is essential.
40
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mediated cross-presentation and thereby enables the efficient induction of CD8+ T

CD8+ T cell responses in different viral infections. Our data suggest that effector

cell responses to viruses that depend on cross-presentation.

and memory T cell responses that are dependent on cross-presenting DCs may be
influenced by CD169 mediated transfer of Ag.

Interestingly, a recent study on human DCs describes a division of labor between
DC subsets in which Ag acquisition and Ag presentation functions are separated

Presentation by Batf3-dependent DCs serves as a platform for CD4+ T cell help

over different DC subsets [52]. We propose a similar division of labor for CD169+

that is necessary for the generation of long-term CD8+ T cell memory responses

macrophages and Batf3-dependent cross-presenting DCs in the mouse. Multiple

and mediates generation of CD8+ T cell resident memory responses [48, 58, 59].

studies have illustrated that CD169+ macrophages bind and are infected by different

Ag transfer from CD169+ macrophages to Batf3-dependent DCs would optimally

types of viruses [2, 15, 19, 27, 47]. In the case of VSV infection this leads to enhanced

facilitate the generation of long-term memory as well as resident memory CD8+ T

local restricted replication of the virus and the production of Ag that enhances B and

cell responses. Indeed, we observed a decrease in KLRG-1low Ag-specific CD8+ T cells,

T cell responses [27]. Vaccinia virus infection of CD169+ cells has shown to lead to

considered to have received CD4+ T cell help, when CD169 interaction was blocked

inflammasome activation and cell death [47]. Bacterial infection and inflammatory

during vaccinia virus. This would imply that Ag transfer from CD169+ macrophages to

agents induced disappearance of subcapsular sinus CD169 + macrophages in the

Batf3-dependent DCs is not only essential for the generation of effector CD8+ T cell

lymph node [14]. Similarly, we observed the disappearance of splenic marginal

responses, but also enables CD4+ T cell help and long-term memory T cell responses.

zone CD169+ macrophages after injection with adjuvant. Although we formally did
not show CD169+ macrophage cell death, we hypothesized that adjuvant-induced

Interestingly, a very recent study on Listeria monocytogenes indicated that uptake

macrophage cell death would lead to generation of ligands for DNGR-1 expressed

of L. monocytogenes by Batf3-dependent DCs and transport to the T cell areas

on Batf-3 dependent DCs that would enable cross-presentation of cell-associated

is facilitated by CD169 + DCs [60]. While CD169 + macrophages initially controlled

antigens [40-43]. Indeed, experiments in DNGR-1-deficient mice demonstrated a

bacterial replication, they subsequently enabled trans-infection of CD8α+ DCs.

role for DNGR-1 in the cross-priming of T cell responses after Ag targeting to CD169+

Similarly, the CD169 molecule has been shown to bind retroviruses such as HIV

macrophages, though we did not observe a major role for adjuvant or DNGR-1 for

and enable transinfection of other lymphocytes in both in vitro as well as in vivo

Ag transfer to DCs as has been previously reported [41].

models [19-21, 61]. These studies show that pathogens utilize the central functions
of CD169+ macrophages in pathogen uptake and interaction with other immune

Previously, CD169 was implicated in mediating binding of CD169+ macrophages to

cells such as DCs and B cells to enable further dissemination.

lymphocytes and neutrophils [37, 38]. Here we show that CD169 binding to DCs
is much stronger than binding to neutrophils. CD169 has been shown to promote

In conclusion, here we demonstrate that CD169+ macrophages interact with cross-

innate lymphocyte adhesion to lymph node subcapsular sinus CD169+ macrophages

presenting CD8α+ DCs in a CD169-dependent manner and thereby enable Ag

[39]. Here, we propose that this adhesive function may also promote Ag transfer

transfer, DNGR-1 stimulation, and the cross-priming of CD8 T cell responses. We

to DCs and especially to Batf3-dependent CD8α cross-presenting DCs. Of course

propose that this collaboration is optimized for Ag acquisition and Ag presentation

this pathway will be less relevant for those Ags and viruses that are likely to be

to T cells, is physiologically relevant, and could also be exploited for vaccination

taken up directly by DCs, such as soluble Ag, immune complexes and VSV. DCs

purposes.

+

express multiple Fcg and complement receptors that enables immune complex
uptake and cross-presentation [53-55]. In addition, effector T cell priming after VSV

Material and Methods

infection has been previously shown not to require CD169+ macrophages [4, 27, 56].
Interestingly, a recent study demonstrated that memory CD8+ T cell responses for
VSV were dependent on XCR1+ cross-presenting DCs and their interaction with CD169+
macrophages [57]. Collectively, these studies indicate that XCR1+ Batf3-dependent
CD8α+ cross-presenting DCs are differentially required for effector and memory
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Preparation of mAb-OVA conjugates

Purified rat IgG2a Ab αCD169 (MOMA-1), αDEC205 (NLDC145), and isotype control (R7D4)
were activated with the crosslinker SMCC (Pierce). LPS-free OVA (Seikagaku) protein was
functionalized with SATA (Pierce). After removal of excess reagent and deacetylation of SATA,
Abs were conjugated with 5 equivalents (molar ratios) of OVA protein. Unconjugated OVA
protein was removed by gel filtration using a Superdex 200 column (Amersham).
43
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C57Bl6/J, Batf3-deficient, and OT-I mice were obtained from Charles River or the Jackson
Laboratory and bred at the animal facility of the VU University Medical Center. Sn-KI mice in
which Trp2 and Arg97 from CD169 were changed to Gln and Ala, respectively, were generated
at the University of Dundee and bred at the animal facility of the VU University Medical Center
[51]. Clec9agfp/gfp mice and WT controls were used and bred at the animal facility of the CNIC
in Madrid, Spain [43]. All mice used in this study were matched for age and sex and kept
under specific pathogen-free conditions. Experiments were approved by the Animal Ethics
Committee of our institutes.

Immunizations

Mice were immunized intravenously (i.v.) with 1 µg mAb:OVA in the presence or absence of
25 µg poly(I:C) and 25 µg αCD40 Ab (clone 1C10). Wild type mice were treated with CD169blocking Ab (mix of 200 µg Ser4 and 100 µg 3D6) or isotype control Ab (300 µg R7D4) at (day
-1 or -2) and infected intravenously with 2 × 10 6 PFU of VSV or infected in the foot-pad with 5
x 105 PFU MVA. MVA-GFP was kindly provided by Mariano Esteban [62]. VSV (Indiana strain,
Mudd-Summers isolate), was originally obtained from D. Kolakofsky. Virus was propagated
on BHK-21 hamster kidney fibroblasts at a multiplicity of infection of 0.01 and was then
‘plaqued’ onto Vero cells.

Flow cytometry

Stainings were performed after blocking Fc receptors with clone 2.4G2 for 30 min at 4 °C. For
intracellular staining cells were fixed in PBS containing 2% paraformaldehyde and stained in
PBS with 0.5% BSA and 0.5% saponin. Cells were analyzed using a Cyan ADP flow cytometer
(Beckman Coulter), Calibur (BD Bioscience) or Fortessa (BD Biosciences) and the Flowjo
software package (Tree Star). For gating strategies see supplemental Figure 7.

Antibodies and plant lectins

From eBioscience™: anti-B220 (clone RA3-6B2), anti-CD11b (clone M1/70), anti-CD11c (clone N418)
anti-Ly-6G/Gr-1 (clone RG6-8C5), anti-CD4 (Clone RM4-5), anti-CD11a (clone M17/4), anti-IFNg
(clone xM61.2), anti-VCAM-1 (clone 429), Fixable Viability Dye eFluor™ 780. Biolegend: anti-CD8a
(clone 53-6.7), anti-VCAM-1 (clone 11-26c.2a). In house production and labeling: anti-MHC-II (clone
M5/114), anti-CD169 (clones MOMA-1-488 or SER4-488), isotype control (clone R7D4). Plant lectins
from vector labs: Maackia Amurensis Lectin II (MALII) and Sambucus Nigra Lectin (SNA). Sytox
blue nucleic acid stain (Invitrogen). CD169-specific blocking antibodies (clone Ser4 and 3D6).

Immunofluorescence

Tissue sections were cut at 5-6 µM Mikrom µM 560 cryostat, fixed in 100% aceton, stained and
analyzed with a LEICA DM6000 or Leica TCS SP8 equipped with a pulsed white light laser and
HyD hybrid detector equipped with temporal gating. LAS AF software was used for acquisition,
ImageJ for image processing subsequent to data acquisition. Deconvolution was done using
Huygens professional deconvolution software.

Histocytometry

Spleen tissue was cryosectioned at 16µM and sections were rehydrated in 0,1M Tris buffer for
30 minutes and blocked with blocking buffer (0,1M Tris buffer, 0,02% Triton X100, 1% normal
mouse serum, anti-CD16/32 blocking antibody, 1% BSA) for 1 hour. Tissue sections were stained
with directly-labeled primary antibodies in blocking buffer for 16 hours at 4 ˚C. After extensive
wash with 0,1M Tris buffer, sections were mounted in Fluoromount-G (Thermo Fisher). Nuclei
were counterstained with JOJO™-1 Iodide (Thermo Fisher). Whole spleen cross-sections were
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aqcuired (voxel size y-x = 240nm, z = 1µm) on a Leica TCS SP8 confocal microscope with tunable
pulsed white-light laser, 405nm violet laser and Leica HyD hybrid detectors. After acquisition,
the tiled images were merged and compensated using the LAS X Merge and Channel Dye
Seperation module, respectively. Next, 3D stacked and compensated images were analyzed
using histocytometry in Imaris 7.4 (Bitplane) and FlowJo as previously described [63]. In short,
CD169 signal was used to segment CD169 + macrophages by surface rendering and splitting
individual cells using the Surface Module. The segmentation of dendritic cells was obtained by
first creating a masking channel by selecting for B220 - CD3 -MHCII+CD11c+ voxels. The expression
of CD4, CD8, MHCII and CD11c on this masking channel was used as “true” DC expression of these
markers. Next, a “dendritic cell” channel was created by combining CD11c+ MHCII+ voxels on the
B220 - CD3 -MHCII+CD11c+ mask. This channel was used to segment and split individual dendritic
cells using the Imaris Surface Module (Bitplane). Next, individual surfaces were exported to
FlowJo and used for downstream gating and figure representation.

Analysis of CD8 and CD4 T cell responses

Splenocytes from mice 7 days after i.v. immunization were re-stimulated in vitro for 5-6 hrs
with MHC class I restricted OVA 257-264 peptide (0.1 µg/ml), MVA-derived B8R 20-27 peptide or
VSV antigen p8 peptide or p52 peptide including GolgiPlug or Brefeldin A or 18 hrs with MHC
class II restricted OVA 262-276 peptide (100 µg/ml) followed by 5 hrs incubation with GolgiPlug
(BD Biosciences). Cells were analyzed for intracellular cytokine expression by flow cytometry.
For tetramer stainings: splenocytes were incubated 45 min at 37 °C with PE labelled H2K b:SIINFEKL tetramers (generated at LUMC, Leiden, The Netherlands) in the presence of antiCD8 Ab (clone 53-6,7). APC-labeled tetramer specific for VACV, H-2K b (20TSYKFESV 27, B8R), were
provided by the NIH Tetramer Facility at Emory University.

Spleen digestion

Spleens were cut and incubated in 1 ml per spleen of 2 WU/ml Liberase I (Roche Diagnostics
GmbH, Mannheim, Germany) and 50 µg/ml DNase I (Roche) in medium without FCS and
b-mercaptoethanol with continuous stirring at 37 °C for 15 min or until digested. EDTA was added
to a 10 mM final concentration, and the cell suspension was incubated for an additional 5 min at 4
°C. Red blood cells were lysed with Ammonium-Chloride-Potassium lysis buffer. Cells were washed
once with IMDM/HE and undigested material was removed by filtration using a 70-100 µM filter.

Ex vivo Ag presentation assays

Mice were injected intravenously with 1 µg/mouse mAb:OVA together with 25 µg/mouse
αCD40 and 25 µg poly (I:C). After 16 h, mice were sacrificed and spleens of 5–15 B6 mice
were digested and pooled. DCs were purified by positive selection with anti-CD11c MACS
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturer’s protocol.
MACS purified DCs were co-cultured together with purified OT-I T cells in a [ 3H]-thymidine
incorporation assay. For this, 2.5x105 CD11c+ DCs, were co-incubated with 105 purified OT-I CD8+ T
cells in triplicate in flat-bottomed 96-wells plates (Greiner). As a positive control, DCs were coated
with 1 µg/ml MHC class I OVA 257-264 peptide for 1 h and washed three times. After 48 h incubation
in a CO2 incubator, plates were pulsed with 1 µCi/well of [ 3H]-thymidine. After additional 16 h of
incubation, [ 3H]-thymidine incorporation was measured on a Wallac-LKB Betaplate 1205 liquid
scintillation counter. Data were summarized by the mean and standard error of the mean (SEM).

In vivo Ag transfer assays

Mice were immunized intravenously with 1 µg mAb:Alexa488 or mAb:Biotin in the presence or
absence of 25 µg poly(I:C) and 25 µg αCD40 Ab 1C10. Ten minutes or two hours after injection
mice were sacrificed, spleens were harvested and digested for FACS analysis or frozen for
immunofluorescence analysis.
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Imaging Flow Cytometry

After digestion, splenocytes from three mice were pooled, stained for surface markers and
fixed in 2% paraformaldehyde. Cells were analyzed using the ImageStreamX (Merck Millipore)
imaging flow cytometer. Internalization scores were calculated as previously described [64].
In short, a mask was designed based on the bright-field morphology image that was eroded
until the membrane was left out of the mask. Alexa488 signal within this mask was defined
as intracellular, while Alexa488 signal outside was defined as membrane-associated. The
internalization score was calculated using the internalization feature provided in Ideas v6.0
software (Merck Millipore). Scores below 0 indicate that the majority of the signal is membrane
associated, while scores above 0 indicate that the majority of the signal is intracellular.
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Lectin and CD169 binding assays and neuraminidase treatment
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Biotinylated plant lectins from Maackia amurensis Lectin-II (MAL-II) and Sambucus nigra (SNA)
were incubated with DCs for 30 minutes at 37 °C in TSM buffer (20 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM CaCl2, and 2 mM ΜgCl2) with 0.5% BSA (Fluka Biochemika), followed by additional
stainings at 4°C. For CD169-Fc binding assays, DCs were incubated with pre-complexed CD169Fc or CD169-Fc-R97A (1-10 µg/ml) with goat-anti-Human-Fc-Alexa488 (0.5 µg/ml, Invitrogen)
in TSM buffer with 1% BSA (Fluka Biochemika) for 45 min at room temperature or 1 hour on
ice and analyzed by flow cytometry. For neuraminidase treatment cells were incubated in
DMEM without FCS with 1:60 sialidase (Sigma) for 1 hr at 37 °C and mixed gently every 15 min.

Statistical analysis

Statistical significance was tested using GraphPad Prism by performing a two-tailed student-Ttest, ANOVA with Bonferroni’s correction, or a Kruskal-Wallis test with Bonferroni’s correction.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. = non-significant.
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Supplemental Figure 1. T cell activation after targeting to CD169 requires Batf3-dependent
DCs, related to Figure 1.
(A) Percentage of CD169+ macrophages in Batf3-deficient and C57BL/6 (WT, wild type) spleens
(left) and immunofluorescence staining for CD169+ macrophages in spleens of Batf3-deficient
and WT mice (right). Representative plots, histograms and sections of 2 experiments with 3
mice/group. Scale bar represents 50 um. (B) Percentage of CD8+ CD11chigh DCs Batf3 KO and WT
spleens. Representative plots and histograms of 2 experiments with 3 mice/group. (C) Percentage
of OVA-specific IFNγ producing CD8+ and CD4+ CD11a+ T cells after in vitro re-stimulation with
H-2Kb-restricted OVA257-264 peptide or I-Ab-restricted OVA262-276 in WT and Batf3-deficient
mice 28 days after immunization. Graph shows representative flow cytometry plots and mean ±
SEM of one representative experiment of 2 experiments using 3 to 5 mice/group. (D) Expression
of CD169 on macrophages and DC subsets in WT naive spleen. (E) Relative mRNA expression
in IFNα stimulated bone marrow derived macrophages and sorted DC subsets representative
of two experiments. (F) Distribution of macrophages and DC subsets in murine spleen. One
representative spleen of three is shown. Statistical analysis one-way ANOVA with Bonferroni’s
multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. non-significant.
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Supplemental Figure 2. Antigen targeting to CD169 on macrophages, related to Figure 2.
(A) Percentage of Alexa488+ macrophages on different time points after targeting with antiCD169-Alexa488. (B) Representative spleen sections 2 hours after targeting with Ab-Alexa488
from 2 experiments with 3 mice per group (blue B220, green injected anti-CD169, red CD169).
Scale bar represents 50 um.

Supplemental Figure 4. DNGR-1 expression on cross-presenting DCs enhances cross-priming
of CD8+ T cell responses, related to Figure 4.
(A) Histograms of viability of different subsets after digestion of the spleen. (B) Immunofluorescence
staining for CD169 + macrophages in DNGR-1- deficient mouse spleen and WT spleen (left) and
percentages of CD8+, CD4+ and double negative (DN) DCs of CD11chigh, MHC class II+ cells (right).
Scale bar represents 50 um. Representative data of two experiments with 3 mice/group is shown.

Supplemental Figure 3. DC activation of T cells after antigen targeting to CD169 is improved
in the presence of adjuvant, related to Figure 3.
DCs from experiment shown in Figure 3D were loaded with H-2Kb-restricted OVA257-264
peptide before use as stimulator for OT-I cells. One representative experiment of 3 is shown.
Supplemental Figure 5. Sn-KI mice compared to WT mice, related to Figure 6.
(A) Percentage of CD169+ macrophages in spleens of Sn-KI mice and WT mice using flow cytometry.
(B) Immunofluorescence staining for CD169+ macrophages in spleens of Sn-KI and WT mice. Scale
bar represents 50 um. (C) Control staining of Sn-KI mice and WT mice showing percentage of DC
subsets in spleen. Graphs show representative plots and mean ± SEM from 2 experiments with 3
mice/group. (D) Percentage 488+ macrophages after in vivo targeting in WT and SNKI mice. Graphs
show mean ± SEM from combined results of 2 experiments with 3 mice/group.
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Supplemental Figure 6. CD169 promotes Ag transfer and T cell cross-priming, related to
Figure 6.
(A) Spleen sections 2 hours after Immune complex or soluble OVA-488 injection one
representative of three mice/group is shown. Blue B220, Red anti-rat, Green OVA-488.
Scale bar represents 50 um. (B) Representative spleen and lymph node sections 24 and
48 hours after SER-4 and 3D6 blocking from three mice per group. Blue B220, red CD169,
green anti-rat-488. Scale bar represents 50 um. (C) 1 day after blocking with anti-CD169
blocking antibodies or isotype control antibody mice were infected with 2x10 6 PFU of VSV
(strain Indiana) intravenously. Graphs show percentages of P52 (left panel) and P8 (right panel)
specific IFNγ production by CD8+ and CD4+ T cells respectively, analyzed in in vitro restimulated
splenocytes 9 days after infection. 4 mice/group, Student’s T test.
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Supplemental Figure 7. Gating strategy for the cell populations used in this manuscript,
related to Figures 1-7.
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Abstract

Strategies to target tumor Ags to DCs and macrophages

Introduction: tumor vaccines in the age of immune checkpoint
blockade

There is a growing understanding of why certain patients do or do not respond
to checkpoint inhibition therapy. This opens new opportunities to reconsider and

Clinical studies have demonstrated the potency of checkpoint inhibitors to unleash

redevelop vaccine strategies in order to prime an anti-cancer immune response.

endogenous T cell responses against a variety of tumor types [1, 2]. Especially tumor

Combination of such vaccines with checkpoint inhibitors will both provide the fuel

types with a high mutational load, such as melanoma and non-small cell lung cancer,

and release the brake for an efficient anti-cancer response. Here we discuss vaccine

can be infiltrated by naturally primed cytotoxic T cells that unfortunately tend to be

strategies that utilize C-type lectin receptor (CLR)-targeting of antigen presenting

subsequently suppressed by soluble and contact dependent factors in the tumor

cells (APCs) like dendritic cells (DCs) and macrophages. APCs are a necessity for

microenvironment. Upon reactivation with checkpoint inhibitors these effector T cells

the priming of antigen-specific cytotoxic- and helper T cells. Since CLRs are natural

can mediate regression that in many cases has proven durable effect. Unfortunately,

carbohydrate recognition receptors highly expressed by multiple subsets of APCs

a majority of patients does not develop sufficient immune responses after treatment

and involved in uptake and processing of antigens (Ags) for presentation, these

with checkpoint inhibitors to achieve a clinical response. Absence of a clear T cell

receptors seem particularly interesting for targeting purposes.

infiltrate has been linked to an apparent inability to respond to immune checkpoint
blockade [3]. A recent study has suggested that this might be due to a lack of recruited
and properly activated dendritic cells (DCs) rather than a lack of non-synonymous
mutations providing immunogenic neo-epitopes [4]. This observation points to the
pivotal role of APCs in kick-starting and maintaining a powerful antitumor immune
response. As such, patients with “cold” tumors (i.e. lacking an effector T cell infiltrate)
could benefit from therapeutic vaccination with neo- or shared tumor antigens (Ags)
to induce, recruit, and maintain an anti-cancer cytotoxic T cell response, which might
then render them responsive to immune checkpoint blockade.
Therapeutic vaccination against cancer will have to rely on efficient Ag loading and
activation of DCs to prime powerful antitumor T cell immunity, even in the face of the
various immune-suppressive barriers put up by the tumor. This review will focus on the
advantages of utilizing the unique in vivo Ag capturing, -processing, and –presenting
abilities of APCs, specifically DCs and macrophages, by targeting vaccine formulations to
CLRs expressed on their cell surface. An increased understanding of the expression and
functionality of these receptors on specific APC subsets in various tissue compartments
now allows for the rational design of optimized in vivo APC-targeted tumor vaccines.
We will discuss the various considerations that should be taken into account in order
to arrive at viable clinical applications that may prove a valuable addition to the evergrowing arsenal of immunotherapies in the battle against cancer.

DC-based tumor vaccines: from in vitro to in vivo
Vaccination with ex vivo cultured monocyte-derived (moDCs) or CD34+ progenitor-derived
DCs has been around for decades. Although clinical benefit has been reported, such DC-
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based vaccines have generally not been able to deliver the anticipated clinical effects.

Three main types of DCs exist in mice and man

Part of this failure could be due to a lack of consistency in the vaccine preparations,

In both mouse and man, roughly three main types of dendritic cells can be

i.e. the choice of immature or mature DCs, the choice of DC subsets, culture methods,

distinguished: pDCs, classical or conventional DCs (cDCs) and moDCs. The generation

administration route, and Ag-loading protocols [5]. In general, administration of mature

of pDCs is dependent on the transcription factor E2-2 in both mice and men [13, 14].

ex vivo cultured DCs seems to result in better migration and improved clinical responses

pDCs and cDCs have a short half-life of 3-7 days and peripheral and/or lymphoid

compared to immature DCs. In addition to autologous moDCs or CD34+ progenitor-

tissues continuously receive cDC and pDC precursors from the blood [15, 16]. The

derived DCs, more recent work has focused on the generation of other, more specialized,

generation of pDC and cDC is dependent on the growth factor Flt3L [17-19]. Mouse

DC subsets, such as umbilical cord blood-derived interstitial- and Langerhans cell-like

cDC from lymphoid and peripheral tissues are characterized by high CD11c and MHC

DCs [6, 7], the development of DCs from allogeneic cell lines or the administration of low

class II expression, but additional markers are necessary to exclude moDCs and

numbers of isolated, and in vitro-loaded, autologous blood DC subsets such as CD1c/

macrophages, especially in peripheral tissues [20, 21]. cDC can be subdivided into

BDCA1+ DCs or plasmacytoid DCs (pDCs) [8-10].

two subsets which differentiation depend on specific transcription factors and for
which recently a new nomenclature was proposed [22]. Mouse cDC1 were originally

Given their potentially different functions, in vivo targeting of (specific) tissue DC

defined by the expression of CD8α in lymphoid organs and CD103 in the periphery,

subsets through specific surface receptors, might be more efficient (reviewed in

while in human blood they were characterized as CD141/BDCA3high cells, but this

[11, 12]). An advantage of this approach over ex vivo administration is that it is

subset is more specifically characterized by the expression of XCR1 and the C-type

less laborious and the targeted DCs will be present in their natural environment,

lectin CLEC9a/DNGR1 [23-28]. The transcription factors IRF8 and batf3 guide the

with naturally efficient homing and migration capacities (e.g. to the lymph nodes,

differentiation of cDC1 in mice and men [29-35]. Mouse cDC2 express higher levels

which proved a major hurdle in earlier moDC-based vaccines). Thus far, in vivo APC

of CD11b and are specifically characterized by SIRPα expression in both mice and

targeting in aid of antitumor immunity has mostly been tested in preclinical models.

man [34, 36]. The separation of cDC1 and cDC2 subset lineages appears to occur in

Amongst others, successful examples were based on targeting DCs through CLRs

the bone marrow as already committed precursors can be identified there as well

that efficiently mediate uptake, processing, and presentation of Ags to T cells.

as in the blood of both mice and man [37, 38].

APC subsets: DCs and macrophages

Next to pDCs and the two cDC subsets, a monocyte-derived DC (moDC) subset
can be identified that is CSF1- but not Flt3L-dependent and which is difficult to

When contemplating what APC subset(s) to target in vivo for tumor vaccination, it is

discriminate from macrophages. Since also macrophages themselves show

important to consider targeting receptors and functional differences between APC

heterogeneity in origin and marker expression depending on the tissue, there is

subsets. This has long been complicated by a general lack of specific surface markers

a large variation in nomenclature of these different monocyte-derived cell types.

and unclear relationships between APC subsets in mice and their counterparts in

Recent studies have shown that in mice the majority of tissue resident F4/80bright

man. DCs have classically been identified by the analysis of a limited number of

macrophages are derived from embryonic precursors that proliferate locally in

specific surface markers. However, since surface markers are very much tissue-

the tissues under the control of CSF1 or IL-34 (reviewed in [39]). A limited number

specific and species restricted this approach precluded a simplified and unified

of tissues, such as the intestine and skin, contain macrophages that continuously

classification of DCs between different tissues and species. More recent technical

differentiate from blood-derived monocytes [40-42].

developments have allowed the identification of different types of DCs that are not
only based on their in vitro dependency on growth and transcription factors, but

In mice, the expression profiles of cDCs and tissue resident macrophages have been

also on signature transcriptional expression profiles that are conserved between

extensively analyzed and specific gene expression signatures have been defined

different tissues and species. These studies have also provided more insight into the

for both cell types [20, 21]. In general, the transcriptional signature of cDCs include

phenotypic and functional differences between macrophages and dendritic cells.

CCR7, Flt3, Zbtb46, c-Kit, and Btla, whereas macrophages can be identified by the
expression of CD64, MerTK, TLR4, G-CSFR, and CD14. The inclusion of these signature
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markers has helped in the characterization of cDCs and resident macrophages.

In man this division of tasks between DC subsets in terms of determining the

However, during inflammation monocytes can differentiate into both moDCs as well

quality of the generated immune response is far less clear. Cross-priming abilities

as macrophages and the distinction between these two subsets is just beginning to

have been observed for virtually all cDC subsets studied in human lymph nodes

be defined [43-47]. A recent study indicates that blood Ly6C+ monocytes contain two

and skin [71]. In fact, transcriptional profiles of the various human cDC subsets in

different precursors that differentiate into either GM-CSF dependent PD-L2+CD209a+

peripheral tissues appear to be determined by the tissue microenvironment in which

moDC or into PD-L2-CD209a- macrophages that express iNOS [48]. This is the first

they reside [72], whereas the identity of DCs in the lymphoid organs is dictated by

study that better defines moDCs and monocyte-derived macrophages and additional

ontogeny [73]. The prevailing local cytokine balance in the periphery in large part

studies are required for better definition of these cell types.

defines the Th skewing abilities of migratory cDC subsets, resulting in preferential
Th1, Th2, Th17, or Treg induction (reviewed in [74]). Thus, in terms of DC-targeted

Functions of DC subsets and macrophages

tumor vaccines, the co-delivered immune adjuvants may prove vital in this respect.

While DCs and macrophages both take up Ags and have a very similar transcriptional
and phenotypic profile, the current view is that different types of DCs and macrophages

While the main function of DCs is to stimulate naïve T cell responses, macrophages

have specific functions, but that also redundancy may exist between subsets in regard

exert a large variety of local activities in peripheral tissues and do not travel to

to these functions. pDCs are characterized by the high and rapid release of type I IFN

lymph nodes to stimulate T cells, but may be involved in the maintenance of

after viral infection and their main role is the stimulation of antiviral innate and T cell-

resident memory T cells [75-77]. One specific type of macrophage that is situated

mediated immune responses [49-51]. cDCs have been shown to be the most important

in the lymphoid tissues and is characterized by high expression of the lectin Siglec-

cell type to prime naïve T cells and for migratory subsets this is correlated with their

1/ sialoadhesin/CD169 may play a facilitating role in the activation of adaptive

capacity to migrate from peripheral to lymphoid tissues and the expression of CCR7

immune responses. In lymph nodes CD169+ macrophages are situated adjacent

[21, 52]. In mouse models cDC1 have the best capacity to cross-present cell-associated

to the subcapsular sinus and in the spleen next to the marginal sinus from which

Ags and are essential for the activation of Th1 and CD8 T cell responses against several

they pick up Ags [78, 79]. These macrophages present Ags in intact form to B cells

pathogens [29, 53, 54]. With regard to the induction of anti-tumor T cell responses,

and stimulate B cell responses, but also transfer Ags to cDC1 for the activation of

cDC1 are also essential for the cross-presentation of tumor Ags and the activation

CD8 T cell responses and may also stimulate CD8 T cell responses to some epitopes

of tumor Ag-specific CD8 T cells and expansion and activation of cDC1 enhances

themselves [80-83]. The exact role of this specialized macrophage subset and its

immune responses stimulated by checkpoint inhibitors [55-57]. Alternatively, cDC2

cross-talk with migratory and lymph node-resident (LN-resident) DC subsets in

have been shown to stimulate Th2 and Th17 CD4 T cell responses and to stimulate

human lymphoid tissues remains to be established.

B cell responses [58-62]. These observations have led to a model in which cDC1 are
necessary for immune responses against intracellular pathogens, whereas cDC2

DCs in the skin

stimulates immune responses against extracellular bacteria, fungi, parasites, and

The skin comprises an extensive network of specialized DC subsets and, remarkably,

allergens [63]. In addition, recent studies have indicated that while during the initial

at any given time contains more T cells than peripheral blood [84, 85]. Combined

immune response CD4 and CD8 T cells are activated by different DC types, later in the

with a dense and finely branched lymph vasculature, representing a fast-track

response cDC1 provide a platform for both CD8 and CD4 T cell activation which enables

delivery system to regional lymph nodes, these traits make the skin an ideal

CD4 T cell help and long-term memory CD8 T cell responses [64, 65].

portal for the (targeted) delivery of tumor vaccines [86]. The skin can be separated
into the epidermis and dermis, which each contains specific myeloid cell types.

While moDCs have shown strong Ag (cross-)presentation and T cell activation

Langerhans cells (LCs) were originally considered the most important DC subtype

capacity in vitro [66, 67], it seems that the cross-presentation machinery is different

of the skin, but several studies have shown that also the underlying dermis contain

between cDC and moDC [66, 68-70]. Furthermore, it is still under debate to which

cDCs that migrate to the lymph node and stimulate T cell responses (reviewed in

extent moDCs can travel to lymph nodes and contribute to the induction of naïve

[87-89]). Recent ontogeny studies demonstrated that LCs depend on the IL-34-

T cell responses in vivo.

CSFR1 signaling for their maintenance and this led to the proposal to classify LCs
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as macrophages [90-93]. Under steady-state conditions LCs stem from primitive

wide transcriptional profiling analysis of freshly isolated human CD1a+ dDCs vs.

yolk sac derived precursors that have seeded the epidermis and then proliferate

LCs showed dDCs to express a far wider range of adhesion and co-stimulatory

locally [22, 94]. Under inflammatory conditions LCs can be derived from recruited

molecules, chemokines, and cytokines (and at higher levels), pointing to a putatively

monocytes and DC precursors [95, 96]. Moreover, gene expression studies showed

superior migratory and T cell stimulatory ability over LCs [111]. Indeed, a comparative

that, especially human LCs show high expression of cross-presentation machinery

ex vivo study of the ability of these human cDC subsets to prime CD8 effector T

and overlap considerably with cDC expression profiles, which together with their

cells against a MART-1 derived HLA-A2 restricted epitope, are in keeping with these

capacity to migrate to lymph nodes and their capacity to stimulate T cell responses

transcriptional analyses and demonstrated a superior capacity of migrated dDCs to

in vitro suggests that LC form an intermediate between macrophages and DCs [97,

prime cytotoxic CD8 T cells, both in numbers and functional avidity [112].

98]. LCs can be identified by their high expression of EpCAM, Langerin and CD1a.

DCs in skin-draining lymph nodes
In both mouse and human skin dermal DCs (dDCs) can be separated into cDC1

As vaccines delivered through the skin can either directly drain to lymph nodes or will

and cDC2 subsets, roughly and operationally defined on the basis of XCR1 and

eventually be carried there by migratory APC subsets, it is important to characterize the

SIRPα in mouse and CD141 and CD1c/SIRPα in man [99], although CD141 can be de

DC subsets residing in the skin-draining lymph nodes. From comparative studies with

novo upregulated on cDC2 under the influence of IL-10 [100]. In mice, cDC1 express

human skin explants, both skin-derived migratory subsets (CD1a+ LC and dDC) can be

Langerin similar to LCs [101] which can be used for targeting [102-104]. Human CD1a+

identified in human skin-draining lymph nodes [105, 106]. These CD1a+ migratory subsets

dDC that had migrated to tumor-draining lymph nodes, were shown to express

express relatively high levels of co-stimulatory molecules, CD83, and CCR7. Intradermal

Langerin intracellularly [105, 106]. In both mouse and man, an additional moDC

administration of GM-CSF leads to further upregulation of their co-stimulatory machinery

subset and macrophages can be identified in the dermis. In mice, macrophages are

and CD83 and to increased numbers of these DCs in the paracortical LN areas [113].

characterized by CD64 and MerTK expression and absence of Ly6C, while moDCs

Frequencies of these mature CD1a+ DCs in melanoma draining sentinel lymph nodes

are MerTK negative, CCR2 and Ly6C positive and can migrate to lymph nodes albeit

correlated significantly with melanoma-specific CD8 effector T cells, indicative of the

in low numbers [107]. Similarly, in human skin moDCs and macrophages can be

validity of this DC subset for tumor vaccine targeting [114] .

identified: while both express markers such as CD14, CD11b, SIRPα, CD64, CD163,
and CD209, macrophages can be recognized by their autofluorescence and Lyve-1

Besides migratory subsets also lymph node (LN)-resident subsets were identified

and FXIIIa expression [108].

with a numeric predominance of a CD11chighCD14- cDC subset. These LN-resident
cDCs do not express CD1a, but do express CD83 and co-stimulatory molecules on

Based on differential CD1a and CD14 expression in man at least four CD11c

high

their surface, albeit at considerably lower levels than the CD1a+ migratory cDC

interstitial dDC subsets can be discerned, including CD1a+, CD14+, double negative

subsets [105]. Frequencies of this DC subset were up-regulated in melanoma-

and double positive dDCs [109, 110]. The frequency distribution between these

draining sentinel lymph nodes upon administration of the TLR9 agonist CPG7909

migratory subsets and thereby the eventual T cell activation outcome depends

[115]. Expression of the CLR BDCA3/CD141 and CLEC9a on at least part of these

on the activating versus regulatory/tolerizing cytokine balance in the skin

cDCs already suggested that the BDCA3+ cDC1 subset in peripheral blood might

microenvironment [109]. Under the influence of suppressive IL-10, migration of

be their direct precursor. Indeed, upon CPG7909 administration recruitment of

CD14+ dDC/macrophage-like cells prevails, resulting in abortive T cell priming and

these LN-resident cDCs from cDC1 in peripheral blood was strongly suggested by

Treg induction and expansion. Under pro-inflammatory conditions (e.g. at high

a significant reverse correlation of the frequencies of these subsets in the lymph

interstitial levels of GM-CSF and IL-4) migration of CD1a+ LC and dDC subsets is

node versus blood [116]. Beside this subset also classical cDC1 with high levels

dominant, leading to Th1 and CD8 cytotoxic T cell induction and expansion [109].

of CD141 and CLEC9a are present in skin-draining lymph nodes [106], however it

Thus, the frequency distribution of migratory dDC subsets from human skin

cannot be excluded that this may be due to blood contamination. Moreover, an

determines T cell activation versus tolerance induction [74], which is an important

apparent equivalent capacity for cross-priming for all cDC subsets in human lymph

consideration in the design of DC-targeted tumor vaccines. Of note, a genome-

nodes calls the relative significance of this small number of cDC1 into question [117].
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Finally, also a CD14+ LN-resident DC subset can be discerned. Although at least part

than others for the recognition of specific pathogens, based on the expression of

of these most likely represent monocytes or macrophages, low-level CD83 expression

carbohydrates. Example is the expression of Langerin (CD207) on LCs in the epithelial

on a sub-population seems to suggest a semi-mature DC phenotype. These DCs

layer of the skin, which has an unique carbohydrate specificity for high mannose

do not derive from migratory CD14+ dDC/macrophage-like cells, since these are

and Lewis Y (LeY) carbohydrates and is involved in the recognition of various viruses

immature and do not express CD83 [105]. Moreover, they are clearly distinct from a

[122-124]. In contrast, the CLR DC-SIGN (CD209) is merely expressed on moDCs and

population of M2-like macrophages expressing CD163 and PD-L1 that are recruited

on CD14+ dDCs in dermal layers of the skin, and has specificity for mannose and all

to tumor-containing lymph nodes [118].

Lewis type carbohydrates (Lewis A, B, X and Y)[125]. DC-SIGN is often co-expressed
with the mannose receptor (MR, CD206) that shares its mannose specificity [126].

Remarkably, although migratory subsets expressed higher levels of co-stimulatory
molecules and appeared to be in a higher state of maturation, the LN-resident

Another CLR shown to have a role in mediating T cell responses is DCIR (CLEC4a),

cDC subsets (both CD14- and CD14+) displayed a superior ability to prime IFNγ-

which has a broad carbohydrate specificity for mannose and fucose [127, 128].

expressing allogeneic T cells [105]. Their frequencies also correlated significantly

Different from other CLRs, DCIR contains an ITIM motif and upon triggering with

with released levels of IL-1β, IL-6, and IL-12p70 and cross-presentation capacity in

Abs inhibits the production of inflammatory cytokines. Therefore this receptor

24-hour ex vivo sentinel lymph node cultures [105, 116]. These observations clearly

has been associated with homeostatic control and control of inflammation [129-

point to the validity of specifically targeting these LN-resident cDC subsets in aid

131]. Also Macrophage Galactose-type lectin (MGL) that is mainly expressed on

of tumor vaccination.

immature moDCs and macrophages has regulatory properties. It binds to galactose
and N-acetylgalactosamin and has two homologues in mice, MGL1 and MGL2, of

In conclusion, the plethora of studies in mice and man on different types of DCs in

which mMGL2 has a similar binding preference as human MGL [132, 133].

peripheral and lymphoid tissues have demonstrated their absolute requirement in
the initiation of adaptive immune responses in general as well as the activation of

Next to these CLRs with well-defined carbohydrate specificity, DCs and macrophages

cytotoxic T cells against cancer in particular. These studies also indicate that multiple

are known to express other C-type lectin receptors that lack characterized carbohydrate

subsets of DCs are present that appear to exert different functions and express

specificity or which have still poorly defined ligands. These C-type lectins have also

different CLRs. Vaccination strategies should take into consideration the expression

been studied for targeting purposes to improve Ag presentation to CD4 and CD8 T cells.

profiles of CLRs on DCs as well as the immune responses that these DCs will elicit.

Examples are CLEC9a/DNGR1 and CLEC12A, both expressed on CD8+ DC and pDC, and
antibody(Ab)-mediated targeting of Ags to these CLRs has resulted in efficient cross-

CLR expression on DCs

presentation. The most well-known CLR studied for the induction of CD4 and CD8 T
cell responses is DEC205 (CD205) expressed on cDC1 in mice and on a wide variety of

APCs such as DCs and macrophages express various lectins including CLRs. Some of

leukocytes in humans. The studies on Ag targeting to DEC205 on DCs using Abs were

these lectin receptors are unique for a specific subset of DCs or macrophages and

among the first proof-of-concept studies to demonstrate that efficient activation of T

expression of lectins is often regulated by maturation status of the APC [119-121].

cell responses was achieved after in vivo Ag targeting to DCs [54, 134-136].

Most CLRs recognize glycosylated Ags or apoptotic cells through specific recognition
of carbohydrates or structures that bind the C-type lectin domain. Binding of ligands
can lead to activating or suppressive down-stream signaling events, which regulate

Targeting of tumor Ags to CLRs on macrophages and DCs using Abs
and ligands.

DC maturation, migration, and cytokine production. In addition, ligand binding
generally results in internalization and processing for loading on MHC class I and/

Since DCs are essential for the induction of immune responses and since these

or II molecules and the innate recognition of pathogens by CLRs is often involved in

cells show specific expression of endocytic CLRs, a tumor vaccine that targets Ag

the activation of adaptive immune responses. The restricted expression of certain

to these receptors would be expected to efficiently induce immune responses.

CLRs on specific APC subsets suggests that certain APC subsets are better equipped

Most pioneering work in the field of Ag targeting with Abs to lectins in vivo was
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performed using DEC205 specific Abs, while later studies used Abs directed against
DCIR, CLEC9a, CLEC12a, Dectin-1, DC-SIGN, MR, and Langerin (Figure 1) (reviewed in
[137]). While Abs have a high affinity for their target and also have a long half-life in
the circulation, the use of targeting strategies that incorporate natural or artificial
(glycan) ligands has gained interest over the past years due to the added advantages
of easy production and low immunogenicity [138]. The spatial orientation of the
ligand and the multivalency of the ligand can be adjusted to enhance affinity
of carbohydrate-CLR interactions, thereby increasing targeting efficiency and
promoting CLR clustering [139]. For both Abs and ligands many methods exist
through which they can be conjugated to a variety of Ag formulations and vaccine
vehicles (Figure 1). Abs or ligands can be directly (molecularly or chemically)

3

conjugated to tumor Ag peptides/proteins/DNA, incorporated in nanoparticles such
as Poly Lactic co-Glycolic-Acid (PLGA) particles, or liposomes, or incorporated into
adenoviruses and lentiviral vectors. This variety in use actually emphasizes the
broad spectrum of possibilities for DC targeting and its innumerous opportunities
for efficient Ag delivery to DCs in vivo and the induction of anti-tumor responses.
In the section below different Ag formulations will be discussed.

Targeting to DCs with Ab against DEC205
In the first report using CLRs for DC targeting, hen egg lysozyme (HEL) was targeted
to DCs using a DEC205-specific monoclonal Ab chemically conjugated to HEL. Using
adoptively transferred HEL-specific TCR transgenic CD4 T cells, induction of tolerance
to the Ag was shown in the absence of adjuvant, whereas the co-injection of anti-CD40
Ab to activate DCs during the vaccination phase, resulted in prolonged and increased
proliferation of CD4 T cells [134]. These experiments demonstrated that the dose
necessary for DC targeting was much lower (100-1000 fold) than immunization with
free Ag [134]. Compared to other immunization approaches, such as ex vivo pulsed
splenic DC injection or free ovalbumin (OVA) protein with either complete Freund’s
adjuvant or anti-CD40, DEC205 targeting with anti-CD40 resulted in enhanced CD8 T
cell activation, which in turn resulted in the growth inhibition of established B16-OVA
melanoma tumors [135, 136]. These studies were the starting point of many others
using DEC205 and other CLRs to target DCs in different settings and tumor models
and led to new insights on the function of DCs. One of the first studies comparing
DEC205 and DCIR2 targeting elegantly demonstrated that mouse cDC1 and cDC2
subsets have different capacities to stimulate CD8 and CD4 T cells [54].
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Figure 1: Subsets of DCs express different CLRs that can be targeted by Ab or carbohydrate
ligands.
(A) The expression of CLRs on cDC1s and cDC2s, LCs, dDCs and macrophages is depicted
for human and mouse subsets. All CLRs illustrated in the figure, except for MGL, have been
targeted with Ab-Ag conjugates and have been shown to result in Ag presentation and T
cell activation. Ags have also been targeted to CLEC9a, MR, DC-SIGN, Langerin, MGL, and
Siglec-1 through conjugation with CLR-specific ligands. These include WH-peptide for CLEC9,
mannosylated Ags for MR and DC-SIGN, Lewis Ag for DC-SIGN and Langerin, Tn-Ag for MGL
and sialylated carbohydrates for Siglec-1. (B) Ligands or Abs can be conjugated to Ag directly,
but can also be incorporated in nanoparticles such as liposomes. DEC205 is expressed on
cDC1s and LCs in mice, but in man it is present on multiple DC subsets. For simplicity we have
only depicted DEC205 on cDC1s. DC-SIGN is only expressed on human DCs.
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Many subsequent studies used recombinant single-chain Fv Abs (scFv) specific for

For translation into humans, Abs against human DEC205 were developed and were

DEC205, which were conjugated to tumor Ags, incorporated in vesicles or particles

shown to be successful in human DEC205 transgenic mice [151]. Human DEC205

or in DNA vaccines. The targeting of gp100 tumor Ag conjugated to DEC205-specific

targeting Abs containing NY-ESO-1 protein induced human CD8 and CD4 T cell

scFv administered five days after tumor inoculation resulted in the inhibition of B16/

responses from naïve T cells and from cancer patients [152]. In humans the expression

F10 and RET tumor growth [140]. Vaccination with DNA vectors encoding a fusion

of DEC205 is not restricted to DCs and is present on a wide variety of leukocytes [153].

protein of DEC205-specific scFv and tumor Ag resulted in superior specific humoral

DEC205 targeting to pDCs and moDCs resulted in uptake, cross-presentation and the

and cellular immune responses, compared to the untargeted cDNA administration

activation of CD8 and CD4 T cells in vitro [154-156]. In vivo studies using humanized

[141]. A similar approach using a scFv-DEC205 DNA vaccine specific for HER2/neu

mice indicated that DEC205-targeting stimulated CD141+ DCs and activated CD4 T

ectodomain in a prophylactic prime-boost vaccination strategy, resulted in tumor-

cells [157, 158]. Using human skin explants DEC205 Abs were shown to bind to dermal

associated Ag (specific protection of tumor outgrowth, but, clinically more relevant,

DCs and this indicated that skin vaccination could be potentially used in humans [159].

therapeutic treatment of established tumors, combined with temporal depletion

These studies combined have provided a wealth of information on DEC205 targeted

of regulatory T cells, also lead to improved tumor protection and survival [142]. A

DC vaccination and paved the way for clinical trials as discussed in section six below.

microbe-based delivery system consisting of a filamentous bacteriophage with a
scFv for DEC205 resulted in tumor-specific immune responses in the absence of

DCIR2

any adjuvants suggesting that this vehicle not only specifically delivered tumor Ag

Mouse splenic cDC2s express the CLR DCIR2, which is recognized by the 33D1

to a specific DC subset, but also functioned as an adjuvant [143]. Incorporation

Ab. A comparison of DEC205 and DCIR2 targeting revealed that DCIR2 targeting

of DEC205-specific Ab into particles and vesicles induced the activation of tumor

preferentially stimulated CD4 T cells, whereas DEC205-targeted formulations

specific T cell responses and regression of tumors [144-146]. These combined data,

excelled in CD8 T cell activation [54]. In addition, Ag targeting to DCIR led to T

and data from other studies, indicate that DEC205-specific Abs induce good anti-

cell –dependent B cell responses [61]. Actually both DEC205 and DCIR2 targeting

tumor immunity and have the potency to be translated into humans.

stimulated Ab titers against dengue virus, but DEC205 targeting was more protective
[160]. These studies suggested that targeting to DCIR2 would not be well suited for

Anti-CD40 and poly(I:C) are commonly used in murine studies as adjuvants for lectin

the induction of anti-tumor immunity. However, targeting to DCIR2 did suppress

targeted vaccines. However, it is important that the adjuvants are applicable to the

tumor growth in mice challenged with B16OVA. The vaccination regimen used in

human system as well. Glucopyranosyl lipid A (GLA), a synthetic TLR4 ligand, has been

this study mainly induced CD4 T cells, only low amounts of CD8 T cells, and also

tested in combination with DEC205 targeting and improved CD4 and CD8 T cell and

some NK cells [161]. Together these reports show that also targeting to a DC subset

Ab responses [147]. In addition, in a human vaccine trial GLA has been found effective

less efficient in cross-presentation can lead to tumor regression and that targeting

and safe [148]. The co-delivery of adjuvants to a specific DC subset might reduce

strategies should not necessarily be limited to one subset. Whereas mice express

side effects from the activation of other cells and enhance the specific activation of

multiple DCIR molecules, humans only express one that is expressed on different

the targeted DCs. To study this, anti-DEC205 Ab was coupled both to Ag and to the

DC subsets and B cells. Targeting of human skin and blood cDCs and pDCs in vitro

TLR9 adjuvant CpG and tested in a murine model. Although this resulted in stronger

with DCIR Abs resulted in uptake and presentation of Ag and the induction of Ag

immune responses, the combination of Ag and CpG targeted this complex also to

specific CD8 T cells [131, 162]. In humanized mice vaccination with DCIR-specific Abs

DEC205-negative cells, so an important lesson to be drawn from this study is that

stimulated T cells [158]. However, one important aspect of DCIR is that it contains

specificity should be preserved when altering the targeting moiety [149]. Nevertheless,

an ITIM-motif and has suppressive effects upon Ag targeting [129-131].

targeting adjuvant (poly dA:dT) linked to anti-DEC205 or anti-Langerin improved the
CD4 and CD8 T cell responses compared to untargeted adjuvant administration [150].

CLEC9a/DNGR1

These preliminary data are promising and future DC targeting strategies that combine

CLEC9a/DNGR1 is predominantly expressed on mouse cDC1 cells and the human

both Ag and adjuvant are expected to provide the highest specificity of targeting and

equivalent DC subset that expresses CD141/BDCA3 [26-28, 163] (Figure 1). Mouse

DC activation, and the lowest undesirable side effects.

studies showed that Ag targeting to CLEC9a induced strong anti-tumor immunity via
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the activation of CD8 T cells [27, 28, 164, 165]. Targeting of MUC1 to CLEC9a induced

Dectin-1

anti-tumor immunity in mice and specific CD8 T cell activation in human cell culture

Dectin-1 is mainly expressed on mouse cDC2s and not on cross-presenting

systems [164]. In addition to CD8 T cell responses, CLEC9a targeting stimulated strong

cDC1s. Consequently, Ab-mediated targeting of OVA to Dectin-1 in mice induced

humoral responses, which could be induced even without adjuvant in mice and non-

stronger CD4 T cell and B cell responses and weaker CD8 T cell responses when

human primates, although it seems crucial which Ab is used for targeting [166-168].

compared to DEC205 targeting [183]. Targeting of human Dectin-1 on moDCs with
an agonistic anti-hDectin-1 Ab resulted in the activation of the DCs. Conjugation

In vitro studies with human cells demonstrated that CLEC9a is internalized after

of Ag to the same Ab resulted in the induction of Ag-specific CD8 T cells [184] and

monoclonal Ab binding and can lead to Ag presentation to both CD4 and CD8 T cells

the stimulation of specific Th17 cells [185]. The ligand of Dectin-1 has been used to

[169]. In humanized mice, anti-hCLEC9a Abs targeted specifically to CD141+ DCs and

target DCs and to induce immunogenicity, which was successful, especially when a

resulted in Ag presentation specifically by this subset, while anti-hDEC205 targeted

hexasaccharide was used. However, in these studies humoral immune responses

to a wide variety of human leukocytes and was presented by both the CD141+

and not tumor experiments were reported [186-188]. Dectin-1 ligand has also been

and the CD1c+ subsets [170]. These results indicate that CLEC9a may be a suitable

used as an adjuvant or to target adjuvants and this type of adjuvant delivery might

candidate for targeting in humans and may elicit both T cell and humoral responses.

be worthwhile to combine with other (targeted) therapies [189, 190].

Essentially all CLEC9a targeting studies were performed with Ab. CLEC9a binds

Langerin

F-actin on necrotic cells and this enables DCs to cross-present dead cells [171-

Langerin is highly expressed on LCs and to a lower extent on dDCs in both mice

173]. However, until recently the manufacturing of synthetic ligands has remained

and man [106, 191-193]. In mice, splenic cDC1s express Langerin at a low level in

challenging. Yan et al. performed a detailed analysis of the binding domains of

Balb/c mice but not in Bl6 mice. Ag targeting to Langerin stimulated functional CD4

CLEC9a and identified a peptide that interacted with two key residues (Asp

and

and CD8 T cell responses, with prolonged presentation to CD8 T cells compared to

Trp250) of the receptor. Conjugation of this peptide to the immune dominant OVA

DEC205 [102]. A study comparing different receptors for targeting on the same DC

epitope significantly enhanced activation of OVA specific CD8 T cells by CLEC9a+

subset in Balb/c x C57BL/6 F1 mice showed that there was no significant difference

DCs and decreased metastasis formation in a B16-OVA melanoma lung metastasis

between DEC205, Langerin, and CLEC9a targeting, even though CLEC9a has a

model [174]. This is the first report demonstrating a ligand targeting strategy to

higher expression on cDC1 cells than the other receptors [194]. Anti-Langerin-OVA

CLEC9a and a direct comparative analysis between antiCLEC9a Ab and ligands can

conjugated Abs intra-dermally injected were taken up by LCs, but while DEC205

clarify which targeting strategy might be more efficient.

targeting resulted in Ag presentation to T cells in ex vivo skin explants, Langerin

248

targeting did not stimulate T cell responses [195]. Further investigation showed

CLEC12a

that Langerin-positive dDCs in mice stimulated CD8 T cell responses, whereas LCs

CLEC12a (DCAL-2, CLL-1, MCIL, KLRL1) is an inhibitory ITIM-containing CLR that is

suppressed these CD8 T cell responses [196]. These studies, together with others,

predominantly expressed on myeloid cells, but can also be found on B cells, CD8 T

suggest that LCs in the mouse have a more tolerogenic role and that dDCs are

cells, and NK cells [175-178]. pDCs and mouse cDC1s express CLEC12a to the highest

essential in priming T cell responses, at least during homeostasis.

extent, but it is also expressed on a subset of mouse cDC2s [179, 180]. CLEC12a is
less efficient in inducing cytotoxic T cell responses when compared to CLEC9a [167],

Although the different types of DC subsets in the skin are very conserved between

although a recent study indicated that mature DCs could cross-present CLEC12a

mice and man, transcriptome analysis showed that human LCs are more related to

targeted Ag [181]. CLEC12a targeting did also stimulate Ab responses [179]. Since

mouse cDC1 cells, express more cross-presentation machinery-related transcripts,

CLEC12a targeting was less efficient than CLEC9a or DEC205 targeting, it was not

and can stimulate naïve CD8 T cells and may have a more prominent role in CD8

considered as a superior targeting molecule. Nevertheless, CLEC12a targeting on

T cell activation than in mice [97, 197, 198]. Intradermal (i.d.) injection of human

human DCs was shown to lead to efficient cross-presentation and activation of

Langerin and DEC205-specific Abs resulted in binding of Langerin Ab to LCs and

specific CD8 T cells in vitro [182].

DEC205 Ab to dDCs, but T cell stimulation versus tolerance was not investigated [159].
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Others showed that Ab-mediated targeting of Ag to Langerin did result in Ag cross-

Next to protein conjugates, complexes of mannosylpolyethylenimine fused to DNA

presentation to CD8 T cells, which was enhanced by the TLR-3 ligand poly I:C [104].

could transfect human and mouse DCs and were able to activate T cells in an Agspecific manner [208]. But also direct conjugation of mannose ligands to peptides

Lewis Y (LeY) is a ligand for both DC-SIGN and Langerin and LeY containing liposomes

improved uptake and cross-presentation in a MR-dependent manner [209, 210].

as well as peptides were targeted to human LCs and dermal DC-SIGN+ DCs (Figure

Other reports have demonstrated that MR ligand coated nanoparticles (liposomes,

1). Interestingly, modification of liposomes with LeY enhanced binding to Langerin

PLGA particles, dendrimers) containing peptide, tumor lysate DNA, or protein were

on LCs, but did not result in cross-presentation, whereas it was efficiently cross-

potent vaccine formulations for the induction of tumor specific T cells in vitro and

presented by DC-SIGN+ DCs. In contrast, LeY modified peptide Ag was efficiently

in vivo in mice (Figure 1) [211-219].

cross-presented by LCs, but not by DC-SIGN+ DCs. These observations suggest
that the combination of the ligand with the Ag formulation determines the uptake,

In vitro studies with human cells indicated that immature DCs showed increased

cross-presentation and subsequent T-cell activation efficacy [103]. Altogether these

binding of liposomes upon addition of mannosylated phosphatidylethanolamine and

studies clearly show that Ags directed to Langerin either by Ab or by ligands are

that changes in ligand valency determined the uptake efficiency by moDCs [220, 221].

cross-presented to CD8 T cells. How effective clinically applicable vaccines are that

Altogether it is becoming clear that modification of Ags with MR targeting ligands

are targeted to LCs, as compared to dDCs, in terms of priming naïve antitumor CD8

constitutes an effective approach to trigger Ag specific antitumor immunity. The

T cells, remains to be established.

biggest challenges now are to discriminate the contribution of the different cell types
expressing MR to the induced anti-tumor responses in order to optimize current

Mannose Receptor (MR)

vaccination strategies and the selection of the most optimal Ag and formulation

The MR is expressed on macrophage populations and moDCs and CD1c+ DCs from

combination to test in clinical studies.

the blood, but also on endothelial cells and other selected cell subsets [126]. MR
appears to direct Ags after uptake to the cross-presentation pathway [199, 200].

DC-SIGN

The MR is extensively studied for Ag targeting using ligands, whereas only a limited

DC-SIGN is highly expressed in moDCs and dermal CD14+ DCs and recognizes Lewis-

number of studies focused on Ab-mediated Ag targeting (reviewed by [201]). Ab

type Ags and high mannose carbohydrates [125, 222]. Ab-Ag conjugates specific

targeting of melanoma- and carcinoma-specific Ags to the MR on human DCs led

for human DC-SIGN are taken up by moDCs and presented to T cells [223-225]

to Ag presentation and induced T cell activation [131, 152, 202-204]. In comparative

(Figure 1). Interestingly, different Abs against the carbohydrate recognition domain

studies both DEC205 and MR targeting could lead to cross-presentation and CD8 T

or neck region of the DC-SIGN molecule were shown to have different effects on

cell activation against the NY-ESO-1 tumor Ag [152].

endocytosis, routing, and efficiency in T cell presentation [226], indicating that
when evaluating Ab targeting strategies one should realize that is difficult to draw

MR has become the model receptor for ligand targeting and as such has been

conclusions based on results with a single Ab.

extensively studied over many years. Already decades ago, it was shown that s.c.
injection of a fusion protein of mucin-1 (MUC-1) conjugated to oxidized mannan could

Human DC-SIGN has multiple homologues in mice, but their distribution patterns

prevent outgrowth of MUC-1 expressing tumors in mice through the activation of

differ enormously compared to human DC-SIGN, as does their glycan specificity

tumor specific CTL and CD4 T cells [205, 206]. Oxidized mannan matures DCs via

and the downstream signaling pathways, activated upon ligand binding [222]. A

TLR4 signaling and no additional adjuvant is necessary. Since then clinical phase I-II

transgene for DC-SIGN under the control of the CD11c promotor was generated

trials have been performed with oxidized mannan-MUC1 for adenocarcinoma, which

to enable hDC-SIGN-targeted mouse vaccination studies [227]. In this hDC-SIGN

showed that humoral and cellular responses were induced and that protection

transgenic mouse model and in mice with a humanized immune system, Ag

against recurrence of breast cancer was obtained (see also section 6) [207].

targeting via DC-SIGN Ab induced T cell responses and regression of tumors [228230]. Injection of non-human primates with anti-DC-SIGN Ab resulted in labeling of
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DC-SIGN-expressing myeloid cells, showing that this model could be used to evaluate

Macrophage Galactose-type lectin (MGL)

the efficacy of DC-SIGN targeting [231].

Only one MGL gene has been identified in man (CD301, CLEC10a), whereas mice
have two homologues MGL1 and MGL2 [241, 242] and this CLR is expressed on

In addition to Ab mediated Ag targeting, several studies investigated ligand-mediated

immature moDCs, CD1a+ dDCs and macrophage populations. MGL is an endocytic

tumor Ag targeting to DC-SIGN. Using the hDC-SIGN transgenic mice, different Ag

receptor and upon MGL binding Ags are processed and presented to CD4 T cells [243,

formulations bearing ligands for DC-SIGN have been investigated and indicated

244]. Human MGL and mouse homolog MGL2 have high affinity for α- and β linked

the potency of ligands as targeting moiety. OVA modified with DC-SIGN binding

N-acetylgalactosamine (GalNac, Tn) residues, whereas the mouse homolog MGL1

glycans LeX and LeB and OVA containing glycoliposomes decorated with LeB were

is specific for LeA and LeX [132, 133]. Most studies have therefore used GalNac/Tn

both shown to be effectively taken up by bone marrow-derived DCs from human

residues for the targeting of MGL on DCs and macrophages and it was shown that

DC-SIGN (hDC-SIGN) transgenic mice and to elicit activation of murine CD4 and CD8

GalNac modification of Ag resulted in Ag presentation to CD4 and CD8 T cells using

T cells [232-234]. Similarly, in vivo a lentiviral vector expressing OVA or tumor Ag,

mouse bone marrow-derived DCs [245]. Moreover, targeting MGL-expressing mouse

that was modified to express a viral glycoprotein from Sindbis virus specific for DC-

dDCs with MUC1-Tn proved an efficient strategy for priming of CD4 T cells in vivo and

SIGN, stimulated T cell proliferation and induced tumor regression in vivo [235, 236].

activation of Ab producing B cells [246]. MUC1 molecules bearing Tn were shown to
be delivered to HLA class I and II compartments in DCs [247] and targeting of MGL

In vitro studies with human cells demonstrated that modification of the recombinant

led to upregulation of maturation markers on moDCs and stimulation of CD8 T cells

melanoma associated Ag gp100 with high mannose structures, mainly Man9,

[248]. Since targeting human and murine MGL has been shown to induce DC, T-cell

enhanced targeting to immature moDCs and increased Ag presentation to gp100

and B-cell activation, it might encompass a novel approach to design new DC-targeting

specific CD4 T cells [237]. A comparable study using MART-1 coupled to dimannoside

anti-cancer vaccines. However one must also realize that more detailed studies in the

(Manα-6 Man) or a mixture of Lewis type blood Ag A and B (LeA/LeB) yielded similar

context of tumor models are warranted to arrive at a valid evaluation of the efficacy of

results, confirming the potential of glycotargeting DC-SIGN [238]. Moreover, gp100 and

MGL-targeted vaccines. Moreover, it has to be taken into account that MGL has a very

MART-1 containing liposomes decorated with LeX were shown to be targeted to both

dualistic role since it has also been described to interact with CD45 on T cells and to

moDCs in vitro and CD14+ DC-SIGN+ APCs in situ from human skin explants and could

thereby negatively regulate T-cell receptor mediated signaling and cytokine secretion

increase Ag presentation to gp100 and MART-1 specific CD8 T-cell clones [232, 239].

[249]; additionally, MGL binding blocks DC migration to the lymph nodes [250].

To further strengthen the hypothesis that glycan engineered liposomes are potent
CLR- and DC-targeted vaccines, their ability to prime human primary CD8 T cells was

Alternative lectins to target

investigated and confirmed by an increase of MART-1 tetramer positive CD8 T cells

CLRs are not the only lectins that can be targeted for anti-tumor immune responses.

after stimulation of autologous DCs that were loaded with the glycoliposomes [232].

One family of lectins, the sialic acid-binding immunoglobulin-type lectins (Siglecs)
have been targeted for anti-tumor purposes as well [251]. Siglec-1 (identified as

Only a few studies directly compared Ab and ligand targeting to DC-SIGN.

Sialoadhesin and also known as CD169) is expressed on well-defined macrophage

Nanoparticles coated with DC-SIGN ligands and Ab were both efficiently taken

populations in lymphoid organs, such as the subcapsular sinus macrophages in the

up by moDCs and presented to CD8 T cells, but Ab resulted in better CD4 T cell

lymph nodes and the metallophilic marginal macrophages in the marginal zone of

activation [240]. In contrast, in hDC-SIGN transgenic bone marrow-derived DCs Ab-

the spleen, which capture Ags from the lymph fluid and blood respectively [78, 252,

mediated Ag targeting was more efficient in CD8 T cell activation than LeB modified

253]. Targeting Ag to Siglec-1 in both mice and pigs has been shown to induce strong

Ag, although both vaccination strategies led to tumor regression [230].

Ab responses [80, 254, 255], but more importantly, anti-Siglec-1 Ab-Ag conjugates
can stimulate potent CD4 and CD8 T cell responses and protect against tumors [80,

Overall, targeting DC-SIGN with ligands greatly enhances uptake by human and

81, 256]. Siglec-1+ macrophages may play a direct role in CD8 T cell activation [82,

mouse APCs and if co-delivered with tumor Ags, targeted formulations outperform

257], but in addition transfer of Ag from Siglec-1+ macrophages to cross-presenting

non-targeted formulations in the induction of CD8 and CD4 T-cell responses.

cDC1s in the spleen is involved [81, 82].
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Targeting nanoparticles decorated with an artificial high affinity glycan ligand for

advanced breast and colon cancer and adenocarcinomas. The Mannan-MUC1 was

Siglec-1 in vitro led to in vitro T cell proliferation and in vivo to NKT cell activation [258,

administered i.m. or i.p., together with cyclophosphamide and was shown not to be

259]. These nanoparticles bind very specifically to both human and mouse Siglec-1

toxic. Again, in 60% of vaccinated patients a strong humoral response was observed

and this may make the translation for human applications easier [259].

with cellular responses in 28% of patients and there was no added effect observed
for cyclophosphamide [263]. Humoral responses were higher when immunizations

Clinical trials with Ab and ligands

were provided i.p. A double-blinded placebo-controlled phase II trial in early-stage
breast cancer patients showed long-term protection against recurrent disease [207].

To date, only few lectin-based DC-targeted vaccines have been tested clinically in

These studies, although small, suggest that vaccination with oxidized-mannanMuc1

patients with cancer. The first agent to be tested targets the MR, expressed on

is harmless and effective in inducing protective immune responses against cancer

DCs and macrophages. The agent, CDX-1307, is comprised of a human anti-MR Ab

and should be further investigated in larger trials.

fused to full-length human chorionic gonadotropin beta-chain (hCG-β) protein.
hCG-β is expressed by a variety of common cancer types. Two phase I clinical trials

The third reported agent, CDX-1401, targets the full-length NY-ESO-1 protein to

were conducted (CDX-1307-01 and CDX-1307-02) in patients with locally advanced

DEC205 expressing APCs [264]. In a phase I study CDX-1401 was administered i.d. to

or metastatic breast, colon, pancreatic, ovarian or bladder cancer [260]. Patients

45 patients with advanced malignancies, of which 23 patients received the vaccine

received CDX-1307 once every two weeks for a total of four doses either i.d. (CDX-

together with the adjuvants Poly-ICLC and/or Resiquimod (both s.c.). Both humoral

1307-01 trial, n=57 patients) or i.v. (CDX-1307-02 trial, n=30). In both phase I trials a

and cellular (CD4 and CD8 NY-ESO-1-specific) responses were observed and no dose-

dose-escalation of single agent CDX-1307 was performed and the highest tolerable

limiting or grade-3 toxicities were reported. Stable disease was observed in thirteen

dose was then co-administered with GM-CSF (Sagramostim) or GM-CSF and Poly-

patients and tumor shrinkage, based on RECIST criteria, was seen in two patients.

ICLC (Hiltonol) (both trials). CDX-1307-01 additionally included arms in which patients

Maintenance or the induction of an NY-ESO-1 T cell response seemed an important

received the fusion protein combined with GM-CSF and Resiquimod (R-848) or all

factor for reaching stable disease. Interestingly, six melanoma patients received anti-

three adjuvants. hCG-β specific T cells were identified in all cohorts, which included

CTLA4 treatment within three months of the last CDX-1401 treatment, of which four

TLR agonist, but no advantage was observed of combining all three adjuvants with

were reported to reach a partial response (PR) or complete response (CR) by RECIST

MR-targeting. Humoral anti-hCG-β responses were highest in patients receiving all

1.1 or irResponse criteria [265], which is higher than the expected 15% response rate

three adjuvants. Forty-eight hours after i.d. injection, CDX-1307 could be identified

for ipilimumab monotherapy. PR on immune checkpoint therapy was also reported

in cells morphologically identified as dDC or macrophages at the injection site, but

for two non-small cell lung cancer patients who had received and discontinued CDX-

not in biopsies from a distant site [260]. Clinical responses were observed, with

1401. These very preliminary data are promising and suggest that the combination

stable disease in nine patients and mixed responses in two. Two patients, who had

of a DC targeting vaccine with checkpoint inhibitors may have synergistic effects, but

both humoral and cellular responses against the vaccine, had the longest period of

the small patient numbers obviously call for caution in interpretation of these data.

stable disease (8.8 and 18.2 months). Based on these promising Phase I results, a
Phase II trial was initiated in patients newly-diagnosed with muscle-invasive bladder

At ASCO 2016, data were presented on a phase II study using CDX-1401 with poly-

cancer (N-ABLE study) [261]. Unfortunately, this trial was terminated due to portfolio

ICLC in advanced melanoma patients (n=60) randomized to be pre-treated with

prioritization of the sponsor after slow accrual.

human Flt3L (CDX-301) or not [Bhardwaj et al; ASCO 2016] (NCT02129075). Humoral
and cellular responses against NY-ESO-1 were observed in both treatment arms,

Another approach to target the MR utilized oxidized mannan-MUC1 for patients with

but seemed to be stronger or occur at an earlier time point in CDX-301 pretreated

carcinoma. In the first clinical trial 25 patients with advanced metastatic carcinoma

patients. A Phase I/II clinical trial using CDX-1401 is currently being conducted in

were immunized with oxidized mannan-MUC1 and after 4-8 immunizations humoral

patients with metastatic renal cell cancer (NCT02837991).

responses were detected in half of the patients and CD4 and CD8 T cell responses
in 20-25% [262]. Next, three phase I trials were performed with 41 patients with
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In addition to the above-described agents, another CLR-targeting agent is currently

genome–wide exome sequencing as well as state-of-the-art non-synonymous

under clinical investigation in a Phase Ib (NCT02387125) and Phase II (NCT02609984)

mutation and neo-epitope identification [275-278]. Also, tumors that have a low

study (www.ClinicalTrials.gov). This agent, CMB305, is a product that combines a

mutation burden, might not be suitable for neo-Ag-based vaccination strategies and

DC-SIGN targeted lentiviral vector encoding NY-ESO-1 (LV305) and a cancer vaccine,

will likely benefit more from shared Ag approaches [279]. Alternatively, when still

which contains NY-ESO-1 protein and GLA-stable emulsion (GLA-SE), which is a TLR4

present and surgically accessible, the tumor itself could be used as an in vivo source

activating adjuvant (G305) (source: www.cancer.gov, ID: 777295). The lentiviral vector

of tumor-specific (shared- and neo-Ags), by induction of (immunological) tumor-cell

alone is also being evaluated clinically in a phase I study (NCT02122861) in NY-ESO-1

death combined with DC-activating, and possibly –targeting, agents.

expressing locally advanced, relapsed, or metastatic tumors, with the option to be
combined with anti-PD-1 (Pembrolizumab) treatment for melanoma patients who

Concluding remarks and future perspectives

had an inadequate response to anti-PD-1 treatment alone.
The discovery that different types of DCs exist in mice with different functionalities
These early clinical trials show great promise, but also demonstrate the importance

has led to the search for CLRs that are specifically expressed in cross-presenting

of the right selection of Ag and adjuvant in these CLR/cDC-targeted vaccination

DCs that can efficiently stimulate anti-tumor cytotoxic T cell responses. Tumor

approaches. Optimal DC activation in skin leading to Th1/CD8 T cell activation

Ags linked to Ab and ligands that specifically target these CLRs have shown very

requires powerful TLR-L and/or CD40L based adjuvants, which should therefore

strong responses in mouse models. However, since it is doubted whether cross-

be incorporated in CLR-targeted vaccine formulations [266] [267]. The advantage

presentation is a function limited to human cDC1s, other DC subsets with their

of CD40-L comprising constructs is combined targeting and potent APC activation

specific receptors could also be efficacious targets for vaccine development.

(adjuvant effect) through CD40/CD40-L interaction [268]. In addition to CD40L, other

Furthermore, in light of recent observations that multiple T cell interactions with

strong DC activating agents include GM-CSF and TLR-L, of which the TLR9 agonist

different DC subsets are necessary for providing CD4 T cell help and the generation

CpG seems to perform particularly well. In clinical trials, using only i.d injection of

of optimal CD8 T cell memory [64, 65], selecting a targeting strategy that is restricted

rhGM-CSF and/or CpG at the site of the primary tumor in early-stage melanoma

to a very specific DC might run the risk of not providing optimal stimulation for long-

patients, GM-CSF was shown to activate migratory cDC subsets in the draining

term immune responses. In this respect the study by Sehgal et al. is interesting as it

sentinel node, whereas CpG injection activated both pDCs and LN-resident cDCs;

compares single and combined DC-SIGN and BDCA-3 targeting and shows that the

both adjuvants, alone or combined, induced (re-)activation of tumor Ag specific

combined targeting has synergistic effects on T cell activation [280]. Targeting Ag

T cells [113, 115, 116, 269-271]. Other promising adjuvants include TLR2 and TLR3

via carbohydrate ligands that have a broader specificity for several CLRs expressed

agonists, which can activate dDCs and the cDC1s and saponin-based adjuvants,

on several cell types such as LeY Ags that can bind to both DC-SIGN and Langerin or

which can improve cross-presentation capacities [266, 272, 273]. Interestingly,

high mannose that bind to both DC-SIGN and MR may have even stronger effects.

topical (but not i.d.) application of the TLR7 agonist Imiquimod led to superior CD8

Promising results have already been observed in clinical studies that target Ags

priming by migrated dDCs [274].

to the MR. Of note, the next step to be tested in clinical studies is the combined
application of both in vivo targeting vaccines with checkpoint inhibitors such as

The final consideration to be made is whether to selectively target DCs with

PD-1 and CTLA-4 inhibitors of which first studies are underway. The combination

patients’ tumor-specific (and individualized) neo-Ags or whether to use commonly

of these two strategies will be able to activate an anti-tumor T cell response not

shared tumor Ags such as cancer testis Ags. The shared Ag approach allows for the

yet present in cancer patients and subsequently to empower these T cells to

generation of “off-the-shelf” products (DNA, mRNA, protein), applicable for multiple

resist the immunosuppressive effects of the tumor. As each of these strategies

patients, to be administered in combination with strong APC-activating adjuvants

separately already show strong efficacy in pre- and clinical studies, we expect that

in vivo for the loading of DCs in situ. The neo-Ag approach allows for a “tailor-made”

the combination will result in synergistic effects and induce potent and long-lasting

vaccine, but does require identification of patient-specific neo-epitopes that elicit

anti-tumor immune responses that will result in regression of tumors and prevent

an Ag-specific T cells response and thus requires available tumor tissue to perform

recurrence. Indeed, the possibility that effective vaccination may convert “cold” to
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“hot” tumors and so make them more amenable to immune checkpoint blockade
should open up a renaissance and new golden age for tumor vaccines. With our
increased knowledge of the various human DC subsets, both in terms of phenotype
and functionality, the next generation of DC –targeted vaccines should prove to be
more powerful. Specific CLR-targeting through high-carb vaccine formulations may
prove instrumental in this regard.
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Abstract

Introduction

CD169+ macrophages are part of the innate immune system and capture pathogens

Invasion of pathogens into the circulatory system can result in rapid development of

that enter secondary lymphoid organs such as the spleen and the lymph nodes.

disease. To prevent disease dissemination, the spleen and lymph nodes sequester

Their strategic location in the marginal zone of the spleen and the subcapsular

microbial, viral and other nanoparticles from the blood or lymph fluid. In the marginal

sinus in the lymph node enables them to capture antigens from the blood and

zone of the spleen and the subcapsular sinus of the lymph nodes, these entry sites

the lymph respectively. Interestingly, these specific CD169+ macrophages do not

are lined with phagocytic cells to trap invading pathogens [1, 2]. One of the subsets of

destroy the antigens they obtain, but instead, transfer it to B cells and dendritic

macrophages present at these locations are characterized by the high expression of

cells (DCs) which facilitates the induction of strong adaptive immune responses.

CD169, also known as sialoadhesin or sialic acid-binding immunoglobulin-like lectin-1

This latter characteristic of the CD169 macrophages can be exploited by specifically

(Siglec-1). CD169+ macrophages produce multiple cytokines and stimulate a variety

targeting tumor antigens to CD169+ macrophages for the induction of specific T cell

of innate lymphocytes and together with these cells form a first line of defense after

immunity. In the current study we target protein and peptide antigen as antibody-

infection [3-7].

+

antigen conjugates to CD169 macrophages. We monitored the primary, memory,
+

and recall T cell responses and evaluated the anti-tumor immune responses after

Next to their functions in innate immunity, CD169 + macrophages play a central

immunization. In conclusion, both protein and peptide targeting to CD169 resulted in

role in the induction of both humoral and cellular adaptive immunity. Antigens

strong primary, memory and recall T cell responses and protective immunity against

captured by CD169+ macrophages are directly presented in intact form on their

melanoma, which indicates that both forms of antigen can be further explored as

surface to follicular B cells and thereby stimulate germinal center B cell responses

anti-cancer vaccination strategy.

[8-13]. We and others have observed antigen transfer from CD169+ macrophages
to Batf3-dependent classical DCs (cDC1s) which in turn stimulate subsequent CD8+
T cell activation [14, 15]. This antigen transfer between macrophages and DCs is
facilitated by the CD169 molecule which functions as an adhesion molecule for
sialylated molecules on DCs and binds strongly to cDC1s, [16]. In addition, CD169+
macrophages appear to be able to directly stimulate CD8+ T cells after viral infection
[15]. As a result, antigen targeting to or infection of CD169+ macrophages stimulates
strong CD8+ T cell responses that can lead to anti-tumor immunity [14].
Although the application of checkpoint inhibitors has dramatically improved the
clinical outcome of several cancer types, most specifically melanoma [17, 18], still a
significant portion of patients does not benefit from this form of immunotherapy.
Since the response to checkpoint inhibitors is related to the presence of an antitumor T cell response, the induction of tumor-specific T cells by a vaccination
approach could potentially increase the number of patients that will respond to
the checkpoint inhibitor immunotherapy [18, 19]. However, the optimal vaccination
approach to induce CD8+ T cells is not yet established .
Because DCs are crucial for the activation of T cells, several previous experimental
approaches focused on the in vitro/ex vivo generation of DCs that loaded with tumor
antigens were to be utilized as a cellular vaccine. However, these cellular vaccines
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are very laborious and have not shown very strong clinical responses so far. In vivo

single peptide is sufficient to induce long-term CD8+ T cell responses and to inhibit

targeting approaches are being developed in which antigens are directed to DCs

tumor outgrowth. OVA and SIINFEKL were chemically coupled to specific Abs for

through antibodies that bind to surface receptors specifically expressed on DCs.

targeting to CD169+ macrophages, to DEC205+ DCs as a positive control or to isotype

Several mouse studies have demonstrated the applicability of this approach for a

control Abs [14, 29]. The functionality and specificity of the CD169- and DEC205-

number of surface receptors on DCs, most notably DEC205 and CLEC9A [20-23],

specific Abs after conjugation was confirmed by fluorescence microscopy or by

but (pre)clinical studies in humans are still necessary to determine which markers

flow cytometry (Fig. S1A -C). For the induction of immune responses in vivo, mice

on (which) human DCs are most optimal for the activation of T cells. In our previous

were immunized with 1 µg of the different Ab:Ag conjugates in the presence of 25

studies, we have shown that antigen targeting to CD169 macrophages result in Ag

µg anti-CD40 Ab and 25 µg Poly(I:C). We observed a strong induction of Ag specific

presentation by DCs and the activation of strong CD8+ T cell responses in mice. In

CD8+ T cells after both peptide and protein targeting to CD169+ macrophages and

+

humans, CD169 macrophages are also found in lymphoid organs and the numbers

DEC205 (Fig. 1A, B, gating strategy Fig S2A). The isotype control antibody induced

in tumor draining lymph nodes are positively related to longer survival in cancer

low levels of OVA-specific CD8+ T cells as determined by intracellular IFNγ production

patients. [24-28]. Therefore, antigen targeting to CD169 macrophages may form an

or tetramer staining when compared to non-immunized naive mice (Fig S1D). The

attractive strategy to activate anti-tumor T cell responses in humans.

induction of specific CD8+ T cells was dose dependent (Fig. S1E). As shown recently

+

+

for OVA targeting to CD169 [16], also the CD8+ T cell responses induced by peptide
While a number of in vivo targeting studies used whole protein conjugated to

targeting to CD169 relied on Batf3-dependent cross-presenting dendritic cells (DCs)

antibodies, other studies utilized peptides containing only a CD8+ T cell epitope [21,

(Fig. 1C). As expected only protein targeting induced OVA-specific CD4+ T cell and

23, 29]. Whole protein contains multiple epitopes to simultaneously induce CD4+

B cell responses (Fig. 1D, E). The T cells activated after targeting either protein or

T cells, CD8+ T cell and B cell responses, while a peptide may only include single

peptide exhibited equal affinity for the SIINFEKL epitope as analysed using an in vitro

epitopes to induce CD8 T cells and/or CD4 T cells. Since helper CD4 T and B cells

titration of the peptide (Fig. 1F, S2B). These experiments indicate that both peptide

enhance CD8+ T cell memory responses [30, 31], peptide targeting may lead to less

and protein targeting to CD169+ macrophages activate strong, cDC1-dependent,

than optimal long-term CD8 T cells responses. However, next to these immunological

CD8+ T cell responses, while only the protein targeting induced OVA-specific helper

differences, more practical considerations should also be taken into account. Some

CD4+ T cell and B cell responses.

+

+

+

+

melanoma proteins are difficult to produce while a peptide has the advantage that
it can easily be synthesized and will allow quicker implementation for future clinical

Targeting of OVA protein and peptide to CD169 results in efficient memory T cell induction

applications. This especially may be advantageous when neoantigens will be used for

CD4+ T cell responses have been recognized as essential for the maintenance and

vaccination. Because of these considerations, it should be determined if a peptide

recall capacity of memory CD8+ T cells [31, 32]. To test if the absence of OVA-specific

is sufficient to evoke a protective long-term anti-tumor immune response. We

CD4+ T cell help during the immunisation influenced the memory pool of specific T

therefore compared whether CD169-targeting of whole protein compared to single

cells, memory CD8+ T cell responses were analysed 28 days after immunisation. At

peptide differed in the induction of specific T cell responses and subsequent tumor

this time point the immune responses were still clearly measurable and we did not

eradication. Our experiments show that peptide targeting is as efficient as protein

observe any difference between targeting of protein or peptide (Fig. 2A, B, S3A, B).

targeting and could be implemented in a vaccination strategy for melanoma.

Furthermore, similar percentages of CD8+ T cells could produce IL-2 on day 7 and
day 28 (Fig. 2A right panel, C) which is described to be indicative for memory T cells

Results

[33, 34]. On day 7 most (~90%) of the specific T cells that were induced with this
vaccination strategy showed an effector phenotype (CD44+ and CD62L-), while a small

Efficient peptide Ag targeting to CD169 macrophages in vivo.

percentage (~10%) showed a central memory phenotype as shown by CD44 and CD62L

In previous studies we have shown that targeting of ovalbumin (OVA) to CD169 on

coexpression (Fig. 2D). Central memory phenotype CD8 T cells have been shown to

macrophages can result in T cell responses and that these T cell responses can reduce

have more proliferative capacity and better protective capacity than effector cells in

tumor outgrowth [14]. Here, we compare the conjugation of the immunodominant

infectious models [35]. We did not observe differences in the generation of central

CD8+ T cell epitope of OVA (SIINFEKL) to the whole protein, OVA, to verify whether a

memory CD8+ T cells when peptide and protein targeting was compared (Fig. 2D).

+
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Figure 1 Targeting of protein and peptide to CD169 results in strong primary T cell responses.
(A) Percentage of IFNγ producing CD8+ T cells after 5 hour in vitro restimulation with SIINFEKL 7
days after immunization. (B) Percentage of CD8+ T cells binding H-2Kb-SIINFEKL tetramers. (C)
same as in A in WT and Batf3 KO mice (D) Percentage of IFNγ producing CD4+ T cells after o.n.
in vitro restimulation with I-Ab-restricted OVA 262-276. (E) Percentage of OVA-binding germinal
center (GL7hiCD38 -) B cells (F) Relative percentage of IFNγ producing CD8+ T cells after 5 hour
in vitro restimulation with different concentrations of SIINFEKL. 100% is the IFNγ production
after restimulation with the highest SIINFEKL concentration. (A-F) Splenocytes were taken 7
days after immunization with 1 µg Ab:Ag conjugates in the presence of 25 µg anti-CD40 Ab and
25 µg Poly(I:C). 1 representative experiment of 2-3 experiments is shown with 4-6 mice per
group with one representative dotplot of each group. Statistical analysis one-way ANOVA with
bonferroni’s multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 2 Targeting of protein and peptide to CD169 results in long-lasting T cell responses.
(A) Percentage of IFNγ producing CD8+ T cells (left panel) and IFNγ single and IFNγ /IL-2 double
producing CD8+ T cells (right panel) after 5 hour in vitro restimulation with SIINFEKL 28 days
after immunization. (B) Percentage of CD8+ T cells binding H-2Kb-SIINFEKL tetramers 28 days
after immunization. (C) Percentage of IFNγ single and IFNγ /IL-2 double producing CD8+ T cells
after 5 hour in vitro restimulation with SIINFEKL 7 days after immunization. (D) Percentage
of central memory (CD44+CD62L+) and effector (CD44+CD62L-) antigen-specific CD8+ T cells
at day 7 after immunization and representative dotplots for Tet+ and Tet- CD8+ T cells are
depicted. (A-D) 1 representative experiment of 2 is shown with 6 mice per group with a
representative dotplot for each group. Statistical analysis one-way ANOVA with bonferroni’s
multiple comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Four weeks after the primary response the mice were boosted with SIINFEKL peptide
in the presence of adjuvant to determine the capacity to raise a secondary response.
Primary immunisation with peptide as well as protein led to memory T cell responses
that generated strong recall responses as shown by intracellular IFNγ production
and SIINFEKL-tetramer binding to CD8+ T cells (Fig. 3 A, B). The percentage of IFNγ/
IL-2 double producing CD8+ T cells was similar for protein and peptide targeting and
there was no difference in percentages of Ag specific T cells central memory and
effector phenotype (Fig 3A right panel, C). These results indicate that peptide as well
as protein targeting to CD169+ macrophages stimulate strong CD8+ T cell responses
with equal potential for proliferation upon secondary encounter with antigen.

Targeting of protein and peptide to CD169 results in efficient anti-tumor T cell responses
To test if the CD8+ T cells induced by this vaccination strategy are able to kill tumor
cells in vivo, we used a therapeutic vaccination setting. Mice were injected s.c. with
melanoma B16OVA tumor cells and three days later the mice were immunized
with OVA protein or SIINFEKL conjugated to isotype control Ab or antiCD169 Ab.
Immunization with protein or peptide targeting to CD169+ macrophages was equally
able to suppress outgrowth (Fig. 4A, B). Since mice were sacrificed when the tumor
size reached 1000 mm3, prolonged survival was observed in those groups that
received a vaccination (Fig 4C). The number of mice that had an established tumor
(size > 2 mm3) during the course of the experiment was highest in non-treated and
isotype-treated groups, while the number of mice that did not develop any tumor
during the course of the experiment was highest in the protein targeted group.
Interestingly, tumors initially grew in all the CD169-targeted groups the first 10 days
(Fig 4D), but their growth was inhibited at day 10 which coincided with the peak in
the CD8+ T cell response, as measured by the SIINFEKL-specific CD8+ T cells in the
blood (Fig 4E). This was especially clear in the peptide targeted group (Fig 4D). To test
if the vaccination strategy targeting protein and peptide to CD169 could result in T
cell responses strong enough to suppress established tumors, mice with a visible
tumor (average tumor size of 30 mm3) were treated 7 days after tumor inoculation.
Figure 3 Memory CD8 T cell responses after targeting antigen to CD169
Mice were initially immunized with indicated Ab:Ag conjugates and the immune response
was boosted 28 days later with 1 µg free SIINFEKL peptide in the presence of adjuvants, 7
days after boost splenocytes were used for analysis. (A) Percentage of IFNγ producing CD8+
T cells (left panel) and of IFNγ single and IFNɣ/IL-2 double producing CD8+ T cells (right panel)
after 5 hour in vitro restimulation with SIINFEKL peptide. (B) Percentage of CD8+ T cells binding
H-2Kb-SIINFEKL tetramers 28 days after immunization. (C) Percentage of central memory
(CD44+CD62L+) and effector (CD44+CD62L-) of tetramer+ CD8+ T cells and representative
dotplots for Tet+ and Tet- CD8+ T cells are depicted. (A-C) Combined results of 2 experiments
is shown with 4-6 mice per group with a representative dotplot for each group. Statistical
analysis one-way ANOVA with bonferroni’s multiple comparison test * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
+
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The progression of established tumors into a fast-growing tumor was suppressed
after targeting protein or peptide to CD169 (Fig 5A, S4A-C). Together these data
show that the induction of SIINFEKL-specific CD8+ T cell responses by either protein
or peptide vaccination results in efficient control of tumor outgrowth.
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Figure 4 Targeting of protein and peptide to CD169 results in the induction of tumor
reactive T cell responses.
Mice were inoculated with 200,000 B16OVA tumor cells at day 0, on day 3 mice were
immunized with indicated Ab:Ag conjugates in the presence of anti-CD40 Ab and Poly(I:C).
Tumor size was monitored three times a week and mice were sacrificed based on physical
appearance or tumor size. (A) Tumor size on different days after tumor inoculation, mean ±
SEM is shown. Two-way ANOVA with Bonferroni correction comparing all groups on the last
day of the experiment, only significant differences are depicted. (B) Tumor size per group
of each mouse after tumor inoculation (C) Percentage of surviving mice on indicated days
after tumor inoculation. (D) Tumor volume as in (A), but only showing the groups treated
with the anti-CD169:Ag conjugates on a fitting scale. (E) Percentage of CD8+ T cells binding
H-2Kb-SIINFEKL tetramers at indicated time points during the tumor experiment. (A-E) One
experiment with 11 mice per group is shown. (F) Same as in (A), with treatment on day 7
after tumor cell inoculation, when all mice had a visible tumor. Data of one experiment with
11-12 mice per group is shown. Statistical analysis one-way ANOVA with bonferroni’s multiple
comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Discussion

4

Vaccination approaches to induce anti-tumor CD8+ T cell responses should fulfil
a number of requirements. First of all, sufficient numbers of effector CD8+ T cells
should be activated to eradicate the existing primary tumor and/or metastases.
Adoptive T cell transfer studies in both patients and mouse models have indicated
that the number of transferred T cells is correlated with tumor regression [36, 37].
Similarly, the number of T cells induced by vaccination approaches is predictive
for their capacity to induce regression of existing tumors [38]. Secondly, the
differentiation stage of the activated CD8+ T cells is important. Central memory
or memory stem cell T cells are better in eliminating tumors than terminal
differentiated effector cells that are obtained by multiple rounds of restimulation
[37, 39]. Thirdly, vaccination approaches should induce T cells with the capacity to
efficiently home to tumors, such as resident memory T cells [40, 41] and should not
induce T cells that home back to the vaccination site [42, 43]. Finally, vaccination
should result in long-lived CD8+ T cell memory that will continuously eliminate
outgrowth of tumor cells. Long term CD8+ T cell memory is critically dependent on
CD4+ T cell help. Activation of CD8+ T cells in the absence of CD4 T cells can result in
effector cells when sufficient inflammation is present, but these cells have defects in
restimulation, do not generate secondary responses, and are called ‘helpless’ T cells
[44-46]. Vaccination approaches using only MHC class I restricted tumor epitopes
may have the risk of not generating long-term CD8+ T cell memory.
In our studies, we have evaluated the targeting of OVA protein and peptide antigen to
CD169+ macrophages to induce anti-tumor CD8+ T cell responses. We observed very
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high frequencies of OVA-specific CD8+ T cells (more than 10% of total CD8+ T cells)

Both peptide and protein targeting to CD169 stimulated potent anti-tumor CD8+ T cell

after just one intravenous vaccination and targeting to CD169+ macrophages was as

responses that were as efficient to prevent outgrowth of B16-OVA melanoma cells,

good as targeting to DEC205 dendritic cells. This excellent induction of CD8 T cell

indicating that the generated OVA specific CD8+ T cell homed to the tumor. Interestingly,

responses, could potentially be due to the fact that CD169+ very efficiently filter the

Batf3-dependent cDC1 have been shown to promote the generation of tissue resident

blood and bind targeting antibodies. In addition, one of the unique characteristics

memory T cells [41, 51]. Batf3-dependent cDC1 also are known to facilitate CD4+ T

of CD169+ macrophages is the capacity to preserve intact antigen on their surface

cell help and efficient long-term memory CD8+ T cell generation [52, 53]. Apparently,

for days, which enables presentation and transfer to B cells and DCs [8, 12, 14,

antigen presentation by cDC1 is crucial for optimal memory CD8+ T cell responses

16]. Together these characteristics may enhance the amount of antigen presented

with the capacity to home into tissues. We previously showed that targeting protein

during a longer period of time than that obtained during direct targeting to DCs. The

antigens to CD169+ macrophages transferred antigen to cDC1 and cross-primed CD8+

activation of high numbers of CD8 T cells in just one immunization is also beneficial

T cells [14, 16]. Here, we show that also peptide targeted to CD169 + macrophages

for their differentiation status as multiple rounds of Ag encounter lead to terminally

required Batf3-dependent cDC1s to stimulate CD8+ T cell responses, which may explain

differentiated cells with decreased potential for tumor regression [37].

the observed similar capacity of peptide and protein antigens to stimulate effector,

+

+

+

memory, recall CD8+ T cell responses and the capacity to prevent tumor outgrowth.
Although CD4 T cells specific for OVA were not generated in the peptide vaccination
+

and are considered essential for long-term CD8+ T cell memory, we did not observe

A recent study has demonstrated that mouse tumors contain increased numbers of

differences in the percentage of IL-2 producing or central memory phenotype CD8+

CD169 + antigen presenting cells with characteristics of both DCs and macrophages

T cells after priming and restimulation. Also similar memory CD8+ T cell responses

that are able to home to lymph nodes and to cross-present tumor cell-derived Ag [54].

were generated when peptide and protein targeting were compared. Apparently our

Since conventional DC numbers may be limiting in tumors, Ag targeting to CD169 +

vaccination did not lead to a defect in memory T cell generation when peptides were used

cells in tumor-bearing individuals may potentially have more impact than Ag targeting

for targeting which could potentially be explained by two factors. First of all, we utilized

to conventional DCs. Although the structure of the human spleen is different from

a very strong adjuvant that mimics CD4 T cell help (anti-CD40 plus poly I:C) which makes

mouse spleen and lacks a marginal zone, CD169-expressing macrophages are found in

additional CD4 T cell help dispensable [47-49]. Indeed CD8 T cell responses are efficiently

perifollicular sheaths surrounding small capillaries, also located in close contact with

elicited in MHC class II-deficient mice with our vaccination approach, demonstrating the

B cells [25]. These structures would also be optimally suited for capture of antigens

+

dispensable role for CD4 T cells with this adjuvant (data not shown). Several clinical

from blood by macrophages and presentation to B cells and potentially also to DCs.

trials in which agonistic anti-CD40 Ab is tested for its effect in solid tumors such as

Strategies that target to human CD169 molecules may therefore also be efficient in

melanoma, non small cell lung cancer and pancreatic duct adenocarcinoma sometimes in

directing antigens to the right lymphoid structure for the activation of anti-tumor

combination with checkpoint inhibitors have been started. The combination of agonistic

immune responses and should be further explored as a vaccination strategy in humans.

+

anti-CD40 Ab with a vaccination strategy has not yet been explored in clinical trials and
may be considered for neoantigen peptide vaccination strategies.

Material and Methods

Secondly, we used rat antibodies to target our antigens to the CD169+ macrophages.

Mice

These rat antibodies are likely to be immunogenic in mice and could contain helper
epitopes for CD4+ T cells as has been described for anti-clec9/DNGR-1 antibodies [50].
Cloning of the CD169-specific antibodies and the generation of recombinant mouse
antibodies would be necessary to exclude this additional immunogenicity. However,
although potential rat IgG2a-specific CD4+ T cells could be induced in the vaccination
procedure, these helper CD4+ T cells were not involved in the OVA-specific anti-tumor
response.
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C57Bl/6 mice were bred at the animal facility of the VU University Medical Center (Amsterdam,
The Netherlands). Females between the age of 8-12 weeks were used for the experiments unless
indicated otherwise. All mice were kept under specific pathogen-free conditions and used in
accordance with local animal experimentation guidelines. This study was carried out in accordance
with the recommendations of and approved by the ‘dierexperimentencommissie’ or the ‘centrale
commissie dierproeven’. Batf3 knock out mice were ordered form Jackson and bred in our facility.

OVA and SIINFEKL conjugates

Ab-OVA conjugates were produced with SMCC-SATA mediated crosslinking as described previously
[8, 14]. In short, purified antibodies (αCD169 (MOMA-1), αDEC205 (NLDC-145) and a rat IgG2a
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isotype control (R7D4)) were functionalized with 5 equivalents of SMCC and endotoxin free OVA
(Seikagaku) with 3 equivalents of SATA (N-succinimidyl S-acetylthioacetate, Thermo Fischer
Scientific Breda) in phosphate buffer pH 8,5. Antibodies were desalted over PD-10 columns (GE Life
Sciences Eindhoven) against phosphate buffer pH 7,2 and concentrated with centricon 30 (Merck
Millipore Amsterdam) down to 300 µL. OVA-SATA was deprotected with 100 mM hydroxylamine
hydrochloride (Thermo Fischer Scientific Breda) and desalted over PD-10 columns against
phosphate buffer pH 7,2. After concentration of OVA-SATA with centricon 30 down to 200 µL,
6 equivalents OVA was added to antibodies while stirring. The antibody-OVA conjugates are
incubated at room temperature for 1 hour prior purification over sephadex 75 10/30 column.
Conjugation of SIINFEKL-eahx-lysine(biotin) peptide to antibodies was realized via a
sulfhydryl based coupling. Briefly, antibodies were functionalized with 8 equivalents of SMCC
(succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate, Thermo Fischer Scientific
Breda) in phosphate buffer pH 8,5. After desalting over PD-10 columns (GE Life Sciences
Eindhoven) against phosphate buffer pH 7,2 activated antibodies were concentrated with
centricon 30 (Merck Millipore Amsterdam) down to 500 µL. 12 Equivalents of peptides in
50 µL DMSO was added to the antibodies and after 1 hour incubation at room temperature
conjugates were purified over sephadex 75 10/30 column (GE Life Sciences Eindhoven)
according to manufacturer’s HPLC settings.

Immunization

Mice were immunized i.v. with 1 µg Ab:Ag conjugates in the presence of 25 µg purified αCD40
Ab (1C10) and 25 µg Poly(I:C). On the indicated days after immunization spleens and/ or blood
were taken for processing. Boosts consisted of 1 µg free SIINFEKL peptide in the presence
of adjuvants i.v. 28 days after primary immunization. 7 days after the boost spleens were
taken for processing.

Flow cytometric analysis

Single cell suspensions were stained in 0,5% BSA in PBS for surface markers after blocking
Fc receptors with clone 2.4G2. For intracellular staining 0,5% saponine buffer was used. For
macrophages and DC staining spleens were digested with 2WU/ml Liberase TL (Roche Diagnostics)
in PBS in the presence of 4mg/ml Lidocaine hydrochloride monohydrate (Sigma) and 50 µg/ml
DNAse (Roche Diagnostics) at 37°C. Samples were measured on the Cyan (Backman Coulter) or
the Fortessa (BD) and analysed using FlowJo software (Tree Star).

Comparison of protein and peptide antigen targeting to CD169
Tumor experiments

200,000 B16OVA cells were injected s.c. in 100 µl PBS, 3 or 7 days later mice were treated
i.v. with 1 µg Ab:Ag conjugates in the presence of 25 µg purified αCD40 Ab (1C10) and 25 µg
Poly(I:C). Tumor outgrowth was monitored by measuring tumor size (length, height, width)
3 times per week using a calliper. Volume of the tumor was calculated using the formula for
volume of an ellipsoid
Humane endpoints were chosen based on tumor size (max. 1000mm3 or general appearance of mice.
Tumor cell injection, i.v. vaccination and tumor measurements were performed blinded, mice were
appointed randomly to groups or were distributed according to an equal distribution of different
tumor sizes among groups before treatment.
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Intracellular cytokine production

Splenocytes were incubated for 5 hours with OVA 257-264 in the presence of GolgiPlug (BD) for CD8
T cells and with OVA 262-276 overnight with last 5 hours in the presence of GolgiPlug (BD). Cells were
fixed in 2% PFA and stained in saponine buffer for IL-2 and IFNy.

Antibodies for flow cytometry and immunofluorescence

Antibodies specific for: CD-8a - 488 (clone 53-6,7 Biolegend), IL-2-488 (clone JES6-5H4
eBioscience), CD169-488 (clones SER4 and MOMA-1 in house), CD11a-FITC (clone M17/4
eBioscience), CD11c (clone N418 eBioscience), CD44-FITC (clone HI44a ImmunoTools),
CD11c-PE (clone N418 eBioscience), CD38-PE (clone 90 eBioscience), CD4-PE (clone GK1.5
eBioscience), CD8a-PE (clone 53-6.7 eBioscience), GL7-biotin (eBioscience), B220-ef450
(clone 6B2 eBioscience), KLRG1-ef450 (clone 2F1 eBioscience), CD127/IL7Rα-APC (clone A7R34
Biolegend), CD8a-APC (clone 53-6.7 eBioscience), IFNy-APC (clone xM61.2 eBioscience), CD62LPECy7 (clone MEL-14 Biolegend), CD8a-PECy7 (clone 53-6.7 eBioscience), CD4-PERCPCy5.5
(clone RM4-5 eBioscience), CD8a-PERCPCy5.5 (clone 53-6.7 Biolegend). OVA-488 (Invitrogen).
H-2Kb-SIINFEKL Tetramers (LUMC, Leiden). LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit
(Invitrogen) was used according to manufacturers’ protocol.

116

117

Chapter 4

Comparison of protein and peptide antigen targeting to CD169

Supplementary files

4

Supplementary Figure 2.
(A) Gating strategy. FS = forward scatter, SS = Side Scatter, Tetra = tetramer, AFC = Autofluorescent
channel. (B) Representative dotplots for all groups of figure 1F, in vitro restimulation with different
SIINFEKL concentrations 7 days after vaccination.

Supplementary Figure 1
(A) section staining on mouse spleen with Ab specific for CD169 (left), Ab specific for CD169
conjugated to SIINFEKL (middle), Ab specific for CD169 conjugated to OVA (right) or isotype
control (lower panel). (B) staining on CHO cells expressing CD169 with Ab:Ag conjugates specific
for CD169. (C) staining with DEC205 conjugates and α-rat Ab on CD11c+CD8a+ splenocytes.
(D) Mice were injected with 1 μg Ab:Ag conjugates in the presence of adjuvants, 7 days after
immunization in vitro restimulation with SIINFEKL peptide, depicted is intracellular IFNγ
production by CD8+ T cells (left) or direct SIINFEKL-Tetramer staining. (E) Mice were injected
with indicated amount of Ab-Ag conjugates and 7 days after immunization restimulated in
vitro with SIINFEKL peptide, depicted is intracellular IFNγ production after restimulaton with
SIINFEKL peptide for 5 hours by CD8+ T cells. 4 mice per group.
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Supplementary Figure 3
(A) 28 days after immunization with isotype or aCD169-Ag conjugates splenocytes were in vitro
restimulated with immunodominant CD4+ T cell epitope of OVA and intracellular IFNγ production
was measured. (B) 28 days after immunization with isotype or aCD169-Ag conjugates splenocytes
were stained for germinal center B cells that bound Alexa488-labelled OVA protein. One representative experiment of two is shown. Statistical analysis one-way ANOVA with bonferroni’s multiple
comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Supplementary Figure 4
(A) Tumor size per group of each mouse after tumor inoculation (B) Percentage of surviving mice
on indicated days after tumor inoculation. (C) Percentage of CD8+ T cells binding H-2Kb-SIINFEKL
tetramers at indicated time points during the tumor experiment. Data of one experiment with
11-12 mice per group is shown. Statistical analysis one-way ANOVA with bonferroni’s multiple
comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Abstract

Introduction

The lack of tumor-reactive T cells is one reason why immune checkpoint inhibitor

Early stage melanoma can adequately be treated with surgical removal of the tumor,

therapies still fail in a significant proportion of melanoma patients. A vaccination

however this strategy does not benefit patients with metastatic melanoma. Fortunately,

that induces melanoma-specific T cells could potentially enhance the efficacy of

new therapies have greatly improved the prognosis for metastatic melanoma patients

immune checkpoint inhibitors. Here, we describe a vaccination strategy in which

over the past years [1]. Two simultaneously approved therapies contributed to the

melanoma antigens are targeted to mouse and human CD169 and thereby induce

improved survival rates in metastatic melanoma patients. These therapies include

strong melanoma antigen-specific T cell responses. CD169 is a sialic acid receptor

BRAF/MEK inhibitors and the immune checkpoint inhibitors anti-programmed cell

expressed on a subset of mouse splenic macrophages that captures antigen from

death protein 1 (PD-1) and anti-cytotoxic T lymphocyte associated protein 4 (CTLA-4)

the blood and transfers it to dendritic cells (DCs). In human and mouse spleen, we

[2,3]. The acknowledgement of cancer immunotherapy as breakthrough of the year

detected CD169+ cells at an equivalent location using immunofluorescence microscopy.

in 2013 and the award of the Nobel Prize 2018 for the discoveries of anti-CTLA4 and

Immunization with melanoma antigens conjugated to antibodies (Abs) specific for

anti-PD-1 as cancer immunotherapy illustrate the paradigm shift in the treatment of

mouse CD169 efficiently induced gp100 and Trp2-specific T cell responses in mice. In

cancer patients [4,5]. Nevertheless, there is still a significant amount of cancer patients

HLA-A2.1 transgenic mice targeting of the human MART-1 peptide to CD169 induced

that do not benefit from immunotherapy and new strategies should be explored to

strong MART-1-specific HLA-A2.1-restricted T cell responses. Human gp100 peptide

further improve treatment of melanoma and other cancer patients [6].

conjugated to Abs specific for human CD169 bound to CD169-expressing monocytederived DCs (MoDCs) and resulted in activation of gp100-specific T cells. Together,

Analysis of the tumor microenvironment has improved our understanding of patient

these data indicate that Ab-mediated antigen targeting to CD169 is a potential strategy

responses to immune checkpoint inhibitor immunotherapies [7]. Tumors can be

for the induction of melanoma-specific T cell responses in mice and in humans.

divided into “hot” T cell inflamed and “cold” T cell non-inflamed tumors. Even in “hot”
tumors, the tumor micro environment is generally immunosuppressive, which leads
to an abundance of exhausted tumor infiltrating CD8+ T cells incapable of eliminating
the tumor [7,8]. The presence of these pre-existing T cells in the tumor is required
for immune blockade inhibitors to induce tumor regression [9–11].
One strategy to overcome the immune suppression by the tumor microenvironment
is to achieve higher numbers of tumor specific T cells and exploits the specific
capacities of dendritic cells (DCs) to induce de novo T cell responses. Initially, the
majority of DC vaccines used monocytes or CD34+ progenitors that were cultured
in vitro to differentiate into DCs. More recently specific DC subsets directly isolated
from the blood have been tested [12–14]. Although vaccination with ex vivo cultured
DCs have proven safe and functional, they have not shown very strong clinical
responses [15]. Hence, although promising, there is room for improvement for these
personalized treatments which are laborious, time-consuming and require sufficient
patient material, specific tools and highly-trained personnel to be successful.
To circumvent the laborious ex vivo DC vaccination therapy, DCs can also be targeted
directly in vivo with specific antibodies (Abs) or ligands [16]. Both for ex vivo DC
vaccination and in vivo targeting to DCs the selection of the optimal DC subset is
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important [17]. Classical cDC1 DCs are specialized in cross-presentation of cell-

Results

associated antigen (Ag) to CD8+ T cells and are identified by DNGR-1/CLEC9a, XCR1,
in humans [18–23]. The cDC1s contribute to anti-tumor immunity in a plethora of tumor

Targeting Melanoma Ag to CD169 Results in Melanoma Ag-specific T Cell Responses
in Mice

settings in humans and mice including DC vaccination strategies [24].

Our group has previously used the model Ag OVA to show that peptide targeting to

CD8α or CD103 expression in mice and by DNGR-1/CLEC9a, XCR1 and CD141 expression

CD169 works as efficiently as protein targeting in a therapeutic vaccination setting
Pre-clinical studies have shown successful induction of de novo tumor-specific T cell

against OVA-expressing tumors [31]. To test whether this vaccination strategy is also

responses after Ab targeting of tumor Ag to different receptors on APCs (reviewed

effective for melanoma-associated Ags, tyrosine-related protein 1 (Trp1), Trp2, gp100

by [25,26]). However, clinical studies remain sparse. DEC205 targeting was the first

and MelanA recognized by T cells 1 (MART-1-) derived peptides were conjugated to

to be described to induce tumor-specific T cells in mice and more recently DEC205-

Abs specific for mouse CD169 (MOMA-1), DEC205 (NLDC-145) or an isotype control

specific humanized Abs were used in a clinical trial resulting in both cellular and

(R7D4). As most pioneering work with Ag targeting to DCs has been performed by

humoral immune responses [27,28]. However, expression of DEC205 in humans is

targeting to DEC205 [27], we included DEC205 conjugates as positive controls. We

not restricted to DCs, so other receptors might provide better results [29].

used the H2-Kb-restricted Trp2180–188 epitope (SVYDFFVWL) [40], the H2-Db-restricted
human gp10025–33 epitope (KVPRNQDWL), and a H2-Kb-restricted modified Trp1222–229

We have previously described an alternative in vivo targeting strategy for the

epitope (TAYRYHLL) to break tolerance and to induce T cell responses in mice as

activation of CD8+ T cell responses in mice [30,31]. High expression of CD169, also

previously described [38–39]. All peptides contained a C-6-ahx-K(biotin) sequence

known as sialoadhesin and Siglec-1, identifies a unique subset of macrophages in

at the c-terminus and were conjugated as previously described [31,39]. On average,

the marginal zone of the spleen and the subcapsular sinus in the lymph node with

two peptides were conjugated per Ab (Supplementary Table S1) and the binding

a privileged location for uptake of Ags (reviewed by [32–35]). In previous studies, we

capacity of the Abs after conjugation was confirmed with microscopy or flow

have shown that ovalbumin (OVA) targeted to CD169 induces T cell responses that

cytometry (Supplementary Figure S1).

rely on Batf3-dependent cDC1s [30,36]. Ag is transferred from CD169 macrophages
+

to cDC1s in the spleen which is required for the induction of T cell immunity. CD8+

For the induction of Trp2-specific CD8+ T cell responses in vivo, mice were injected

T cell responses induced via Ag targeting to CD169 inhibit the outgrowth of OVA-

with 1 µg Ab:Ag conjugates in the presence of activating anti-CD40 Ab and Poly(I:C)

expressing tumor cells when either OVA protein or only peptide is used [31],

as adjuvant. 7 days later, the induction of Trp2-specific CD8+ T cells was measured by

indicating that a single MHC class I epitope can be sufficient for the induction of

detection of intracellular IFNγ production by CD8+ T cells after in vitro re-stimulation

anti-tumor T cell immunity.

with the Trp2 peptide (Figure 1A). Targeting to CD169 resulted in clear CD8+ T cell
responses. Targeting to DEC205 resulted in much lower CD8+ T cell responses, while

In this study we have further explored the application of CD169 as an in vivo targeting

immunization with the isotype control Ab resulted in background level CD8+ T cell

receptor to stimulate melanoma Ag-specific T cell responses in mice and humans.

responses (Figure 1A). The low CD8+ T cell responses after Trp2 targeting to DEC205

We show that immunization with melanoma peptides conjugated to anti-CD169-Abs

was unexpected, because it is in contrast to a previous study [42]. However, this can

results in the induction of melanoma-specific T cell responses in wild type and HLA-

potentially be explained by different administration routes employed (subcutaneous

A2.1 transgenic mice. Subsequent analysis of CD169 expression in human spleens

versus intravenous). Next, we immunized with human gp100 and Trp1 conjugates.

indicated the presence of CD169/DC-SIGN expressing cells. Finally, in vitro assays

Immunization with human gp100 resulted in the induction of human gp100-specific

with human CD169-expressing MoDCs showed the potential to stimulate human

CD8+ T cells as detected by intracellular IFNγ production (Figure 1B). In addition,

CD8 T cell responses by targeting Ag to human CD169-expressing cells. Together,

cross-reactive mouse gp100-specific T cells, as detected by IFNγ production (Figure

our data provide further support for the possible use of Ag targeting to CD169 as a

1C) and tetramer binding (Figure 1D) were observed.

+

therapeutic vaccination strategy against melanoma in humans.
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memory induction [43,44]. Taken together, we show that targeting melanoma Ags
to CD169 induces multi-functional, Ag-specific CD8+ T cell responses in mice that
were superior to those obtained by targeting to DEC205.

Targeting HLA A2.1-Restricted MelanA Ag to CD169 Results in Ag-Specific T Cell
Responses in HLA A2.1 Transgenic Mice
To test whether this vaccination strategy could also induce CD8+ T cell responses
against Ags presented in human HLA-A2.1 molecules, we conjugated the MelanA
recognized by T cells 1 (MART1) 26–35 peptide (ELAGIGILTV) to the same Abs
(Supplementary Table S1 and Figure S2). HLA-A2.1 transgenic mice [45] were
immunized with these conjugates and the induction of T cell responses was
measured by intracellular IFNγ production after peptide re-stimulation in vitro
and by tetramer binding. Targeting of MART1 Ag to CD169 and DEC205 resulted in
strong multi-functional T cell responses in HLA-A2.1-transgenic mice as shown by
IFNγ and IL-2 production upon in vitro re-stimulation with MART1 peptide (Figure 2A).
Furthermore, using fully human HLA-A2.1-MART1 tetramers, we observed binding
of these tetramers to CD8+ T cells (Figure 2B). Because mouse CD8 cannot bind to
the α3 domain of human HLA-A2.1 molecules, HLA-A2.1 transgenic mice were used
that express a hybrid MHC class I gene that consists of the α1 and α2 domain of the
human HLA A2.1 gene and the α3 domain of mouse H-2Dd (AAD transgenic mice)
[45]. The inability of mouse CD8 to bind to human HLA-A2.1 α3 may cause the lower
percentages of tetramer+ CD8+ T cells compared to the percentages of IFNγ producing
CD8+ T cells. However, both read-outs indicate strong activation of MART1-specific
CD8+ T cell responses after CD169 targeting in HLA-A2.1-transgenic mice.
Figure 1. Targeting melanoma Ag to CD169 results in specific T cell responses in mice.
Intravenous immunization with 1 µg Ab:Ag conjugates in the presence of 25 µg anti-CD40 Ab
and 25 µg Poly(I:C). (A) Percentage of IFNγ producing CD8+ T cells after 5 h in vitro restimulation
with Trp2 peptide 7 days after immunization with Trp2:Ab conjugates. (B-C) Percentage of
IFNγ producing CD8+ T cells after 5 h in vitro restimulation with (B) human gp100 peptide or
(C) mouse gp100 peptide 7 days after immunization with human gp100:Ab conjugates. (D)
Percentage of CD8+ T cells binding H2-Db tetramers 7 days after immunization with human
gp100:Ab conjugates. Combined data of two experiments with 4–6 mice per group with
one representative dotplot of each group is shown for all figures except for C which is one
experiment with 6 mice per group. Statistical analysis one-way ANOVA with Sidak’s multiple
comparison test * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

CD169 Expression in Mouse and Human Spleen
Due to the intravenous delivery of the Ab-Ag conjugates, we mainly target to splenic
CD169+ macrophages present in the marginal zone that line the marginal sinus and
are in direct contact with the blood [32]. In human spleen, CD169 + macrophages
have been described to be located surrounding capillary sheaths in the perifollicular
areas of the spleen [46]. To determine whether CD169+ macrophages can be readily
identified in human spleens, we analyzed the expression pattern of CD169 in mouse
and human spleen with immunofluorescence microscopy. CD169-expressing cells
were present in both species. While mouse CD169+ macrophages could be identified

In contrast, the targeting with Trp1 conjugates did not induce strong T cell responses

surrounding B cell follicles (Figure 3A), clusters of CD169+ cells were observed in

specific for Trp1 (Supplementary Figure S2) which is also reported by others [41]. As

the perifollicular area in human spleen (Figure 3B) as previously described [47].

shown in Figure 1, the gp100 and Trp-2-specific CD8 T cells produced IL-2 in addition

Furthermore, CD169 and DC-SIGN, a C-type lectin receptor, exhibited similar

to IFNγ after re-stimulation, which has been shown to be important for CD8 T cell

expression patterns in the perifollicular area of the spleen (Figure 3C), while the

+

+
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expression of CD169 was not observed on CD163+ macrophages, present in the red

and analyzed several maturation markers. We observed a pronounced upregulation

pulp of the spleen (Figure 3D).

of the expression of CD169, presence of DC-SIGN, but not of other maturation markers
after stimulation with IFNα (Figure 4A). This indicated that IFNα treated-MoDCs can be
used as an in vitro model to investigate both CD169 and DC-SIGN-targeting.

Figure 2. Targeting HLA-A2.1 restricted Ag to CD169 results in Ag-specific T cell responses
in HLA A2.1 transgenic mice.
Intravenous immunization with 1 µg Ab:Ag conjugates in the presence of 25 µg anti-CD40 Ab
and 25 µg Poly(I:C). (A) Percentage of IFNγ producing CD8+ T cells after 5 h in vitro restimulation
with MART-1 peptide (B) Percentage of CD8+ T cells binding HLA-A2.1 tetramers 7 days after
immunization with MART-1:Ab conjugates in HLA-A2.1 transgenic mice. Combined data of two
experiments with 3-6 mice per group with one representative dotplot of each group is shown.
Statistical analysis one-way ANOVA with Sidak’s multiple comparison test * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

5

Although initially DC-SIGN was discovered as a receptor on MoDCs [48], DC-SIGN
expression is also observed on specific macrophages. Here we show co-expression of
CD169 and DC-SIGN on splenic perifollicular macrophages (Figure 3E), which suggests
that these macrophages have specialized functions different from the CD163expressing red pulp macrophages and may be involved in uptake of pathogens. Since
previous studies have demonstrated the capacity of DC-SIGN on MoDCs to mediate
uptake of Ag and stimulation of Ag-specific T cell responses [49–52], we set out to
investigate Ab-targeting to CD169 and compare it to DC-SIGN targeting on MoDCs.

Ab Binding to CD169 and DC-SIGN on MoDCs Induces Uptake and Internalization
MoDCs express high levels of DC-SIGN and DC-SIGN mediated uptake of Ag-containing
Ab and liposomes results in Ag presentation to T cells [48,50,52]. Since MoDCs are
known to upregulate CD169 expression after treatment with interferon α (IFNα) [53],
we considered that IFNα-treated MoDCs would be a suitable in vitro model system for
splenic perifollicular macrophages as both cell types co-expressed DC-SIGN and CD169.
First, we treated MoDCs for two days with IFNα to increase the expression of CD169

132

Figure 3. CD169 expression in mouse and human spleen.
(A) Mouse spleen overview section stained for IgD (blue) and CD169 (red). (B) Human spleen
overview section stained for CD19 (blue) and CD169 (red). (C) B cell follicles (blue) in human
spleen from three different donors, CD169 + cells (red) and DC-SIGN+ cells (green). The first
panel is a zoom-in from (B). (D) B cell follicles (blue) in human spleen from three different
donors, CD169+ cells (red) and CD163+ cells (green). (E) zoom-in from first panel of (C).
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MoDCs were incubated with Abs specific for human CD169 (7-239), human DC-SIGN
(AZND1) or Langerin (10E2) as a negative control to assess their binding and uptake over
time [48,54,55]. Incubation of MoDCs with anti-CD169 and DC-SIGN Abs led to specific
binding, however, the uptake kinetics were different when the two receptors were
compared (Figure 4B). While DC-SIGN binding resulted in a clear increase in Ab uptake,
binding to CD169 showed a much more gradual Ab uptake (Figure 4B). The differences
between Ab uptake by the CD169 and DC-SIGN receptors could be a result of a difference
in internalization rate. To test this, we first incubated MoDCs with anti-CD169 and antiDC-SIGN Abs in cold conditions, thoroughly washed unbound Ab away and subsequently
incubated the MoDCs at 37 °C for different times to stimulate internalization. Next, we
detected the remaining surface-bound Abs with fluorescently labelled anti-mouse Abs.
With this approach, we were able to detect the remaining membrane bound Abs as an
indirect measure for receptor internalization [56]. In line with previous studies, targeting
to DC-SIGN induced a fast internalization of the receptor [52], while targeting to CD169
demonstrated only marginal internalization over time (Figure 4C) [56].

5

Figure 4. Expression of CD169 and DC-SIGN on human MoDCs and binding and internalization
of Ab-Ag conjugates.
(A) Expression of DC maturation markers and CD169 on unstimulated MoDCs (black) or IFNγ
stimulated MoDCs (grey) (n = 5). (B) Binding and uptake of specific Abs for CD169 (red), DCSIGN (blue) and an isotype control (green). Cells were incubated with Abs for 45 min on ice,
directly followed by 45 min incubation on ice with a secondary Ab. Subsequently, cells were
kept on ice (t = 0 min), or incubated at 37 °C for indicated times and finally analyzed by flow
cytometry (n = 4). (C) Receptor internalization after incubation with specific Abs for CD169
(red), DC-SIGN (blue) and an isotype control (green). Cells were incubated with the Abs for 45
min on ice and subsequently washed to remove unbound Ab. Next, cells were kept on ice (t =
0 min) or incubated at 37 °C for indicated times. Receptors remaining on the cell surface were
visualized by flow cytometry after incubation with a secondary Ab (n = 3). (A–C) Representative
histograms of DC-SIGN (blue, middle panel) and CD169 (red, right panel) expression are shown.
(B,C) MFIs are normalized to isotype control at 0 min.
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Targeting to CD169 Promotes Ag Cross-Presentation by MoDCs to gp100-Specific T-Cells

several factors. The vaccine should (1) result in efficient Ag cross-presentation by

Next, we conjugated the human HLA-A2.1 restricted gp100280–288 peptide epitope

DCs, (2) include tumor-specific or tumor-associated Ags that can overcome existing

(YLEPGPVTA) to Abs specific for CD169, DC-SIGN and for Langerin as a control Ab

CD8+ T cell tolerance and (3) contain the right adjuvant to support the induction of

(Table S1).

strong CD8+ T cell responses. Our study has addressed the first point and proposes
CD169-targeting as a possible strategy to achieve strong cross-presentation and

To determine whether binding of CD169 specific Ab:Ag conjugates can result in Ag

CD8+ T cell activation using mouse models as well as in vitro human models.

presentation to gp100-specific T cells, HLA-A2.1 positive MoDCs were incubated
with CD169- or DC-SIGN-gp100 conjugates for 3 hours, washed 2 times and co-

Many different forms of vaccines are being investigated for the activation of

cultured with gp100280–288 -specific T-cells [57]. After 24 hours the IFNγ production

cancer-specific immune responses [59]. One potential route to obtain strong cross-

in the supernatants of these co-cultures was determined. Compared to the isotype

presentation by DCs is to use Abs or ligands to target Ags to uptake receptors

control, Ag targeting to MoDCs via CD169 and DC-SIGN Abs showed significantly

on these cells. Ag targeting to DEC205, CLEC9a, CLEC12a, DC-SIGN, and Mannose

enhanced T cell activation (Figure 5). These results indicate that Ag targeting to

Receptor have been shown to induce T cell responses in mice and in human in vitro

CD169 on human MoDCs leads to Ag cross-presentation and T cell recognition.

culture systems [25,26]. However, clinical applications have been limited to DEC205
targeting and the broad expression profile of DEC205 might not be optimal for
targeting in patients [29]. This underlines the need for the identification of optimal

5

targeting receptors in humans.
In our previous studies we have investigated the efficacy of Ag targeting to CD169 +
macrophages in mouse models and demonstrated induction of strong effector and
memory CD8+ T cell responses and suppression of tumor outgrowth after either OVA
protein or SIINFEKL peptide targeting in the presence of a strong adjuvant [31]. In
the present study we show that targeting of several melanoma epitopes to CD169+
macrophages elicits CD8+ T cell responses that were stronger or equivalent to those
Figure 5. Targeting melanoma Ag to CD169 on human MoDCs results in melanoma Ag
presentation to T cells.
IFNγ production by gp100280–288 -specific HLA-A2.1 restricted T cell line after 24 h co-culture
with MoDCs previously pulsed for 3 h with Ab:gp100 conjugates specific for CD169, DC-SIGN
or isotype control Ab (n = 5 healthy donors, each different symbol represents one donor).
Statistical analysis matched one-way ANOVA with Sidak’s multiple comparison correction *
p < 0.05, ** p < 0.01.

Discussion

elicited by DEC205 targeting. CD169-targeting was successful for both H-2Kb, H-2Db
and HLA-A2.1-restricted epitopes. Noteworthy, targeting of Trp2, an epitope entirely
shared among mouse and human, resulted in strong CD8+ T cell responses, which
shows that CD169-targeted vaccination can break tolerance against this epitope.
In addition, these results indicate that the capture of Ab:Ag conjugates by CD169+
macrophages results in efficient Ag transfer to cross-presenting cDC1s as we have
previously described and is not dependent on the specific Ag used [30,36]. While
the use of HLA-A2.1 transgenic mice is a first step towards clinical translation, a
humanized mouse model with functional human lymphoid tissue including CD169+

The goal of anti-tumor vaccination strategies is to induce strong tumor-specific CD8+

macrophages and DC subsets could be used to further validate our findings [60].

T cell responses that are able to overcome the local tolerogenic mechanisms of the
tumor and can efficiently kill tumor cells. CD8+ T cell-induced destruction of tumor

The microanatomy of the spleen has been described to differ significantly between

cells may lead to the release of other tumor Ags and subsequently to broadening

mice and humans [46,47]. Mouse CD169+ macrophages are located in the marginal

of the T cell response [4]. Therefore, the primary induction of strong anti-tumor T

zone, lining the marginal sinus cells, where they function to capture blood-borne

cell responses is critical [58]. The efficacy of an anti-tumor vaccine will depend on

pathogens and to interact with immune cells [35,61]. The marginal zone that
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delineates B cell follicles and separates the white and red pulp in mice, is absent

Our study has focused on the most efficient method of Ag targeting and CD8+ T cell

in human spleens. In contrast, human splenic CD169+ macrophages are associated

activation and did not investigate which Ags would be most successful to induce

with the endings of capillary sheaths in the perifollicular area, an area which mice

clinical responses. Current DC vaccination trials with melanoma patients use different

lack [46,62]. However, the presence of CD169 + macrophages surrounding the

types of tumor-associated Ags for loading of DCs for vaccination such as tumor lysate,

open endings of the capillaries, would also enable them to capture blood-borne

tumor cell mRNA and several non-mutated self-Ags (e.g., gp100, MART1, tyrosinase)

pathogens before entering the spleen, similar to mouse CD169 macrophages.

[16]. These non-mutated self-Ags could be easily integrated into an off-the-shelf

+

vaccine with CD169-specific Abs. As the fast identification of patient-specific neo-Ags
Our results demonstrate co-expression of DC-SIGN and CD169 on these perifollicular

has recently become feasible, vaccination with personalized neo-Ags may be used

cells in human spleen. A similar population of CD169+ DC-SIGN+ cells appears to be

to induce stronger clinical responses [77–80]. First clinical data (a Phase I clinical

present in human lymph node sinuses [63]. Interestingly, CD169 and DC-SIGN are

trial) using personalized neo-Ag vaccination with DCs have shown broadening of T

both uptake receptors for pathogens such as HIV, which supports the hypothesis that

cell responses in melanoma patients [81]. The vaccination with CD169-specific Abs

CD169 DC-SIGN macrophages have a pathogen scavenging function in humans and

conjugated to neo-Ag peptides would be an alternative approach.

+

+

in mice [48,53,64–66]. The spatial and functional resemblance between these uptake
receptors prompted us to test both DC-SIGN and CD169 targeting on human cells

Materials and Methods

in vitro. We used IFNα-treated MoDCs as an in vitro model system for perifollicular
macrophages, because they co-express DC-SIGN and CD169 [53]. Our data show that
there is uptake and internalization of both receptors upon Ab binding, although DCSIGN is internalized faster and to a greater extent. Internalization rates and routing
differences could potentially depend on the Abs used or the region where they bind
to [67,68]. Alternatively, lower internalization rates of human CD169 compared to
DC-SIGN might suggest an Ag retention function for human CD169 similar to that
observed for mouse CD169 [32,69]. This would contribute to known functions of
CD169+ macrophages, such as trans-infection of CD169 bound viruses and transfer
of intact Ag to B cells [69–71]. Together, these data suggest that binding to CD169
would result in longer retention of intact Ags.
We have previously reported that mouse CD169+ macrophages preferentially transfer
Ag to cDC1 and that these cells are responsible for T cell cross-priming [36]. Whether
human CD169+ macrophages interact with human cross-presenting cDC1s to transfer
Ag and to activate T cell responses is still unknown. However, after Ag targeting to
CD169, MoDCs were themselves able to activate CD8+ T cells indicating Ag crosspresentation. Cross-presentation by CD169 + macrophages has been proposed in
mice, but the relevance for the activation of primary CD8+ T cell responses is not
clear yet [72,73]. In humans a third Ag presenting cell subset might be involved. The
recently described Axl+Siglec-6+ DCs have been described to express CD169 and are
capable of T cell activation [74–76]. Further analysis of these cells could define their
contribution to the induction of CD8+ T cell responses after targeting with CD169specific Ab-peptide conjugates.

138

Mice

C57Bl6/J, and B6.Cg(CB)-Tg (HLA-A/H2-D)2Enge/J mice stock #004191 [45] were obtained from
Charles River (Den Bosch, the Netherlands) and the Jackson Laboratory (Bar Harbor, Maine,
USA), respectively and bred at the animal facility of the Amsterdam UMC, Vrije Universiteit
Amsterdam. Mice used in this study were kept under specific pathogen-free conditions and
were age/sex matched. Experiments were approved by the Dutch National Animal Ethics
Committee “dierexperimentencommissie” or the “centrale commissie dierproeven” (Approved
on 10 April 2017, CCD protocol AVD1140020171024).

Peptide Synthesis

The antigenic peptides hgp100 (25–33) (KVPRNQDWL and KVPRNQDWLC-6-ahx-lysine (biotin))
[37], mgp10025–33 (EGSRNQDWL), human gp100280–288 (YLEPGPVTA and YLEPGPVTAC-6-ahx-lysine
(biotin)), Trp1222–229 (TAYRYHLL and TAYRYHLLC-6-ahx-lysine (biotin)), Trp2180–188 (SVYDFFVWL and
SVYDFFVWLC-6-ahx-lysine (biotin)) and MART1(26–35) (ELAGIGILTV and ELAGIGILTVC-6-ahx-lysine
(biotin)) were synthesized at the GlycO2peptide unit at our lab by solid phase peptide synthesis
using Fmoc chemistry on a Symphony peptide synthesizer (Protein Technologies Inc., Tucson,
AZ, USA). The linker 6-ahx and the special amino acid lysine(biotin) were purchased at Iris
Biotech GmbH (Marktredwitz, Germany) The peptides were purified on a preparative Ultimate
3000 HPLC system (Thermo Fisher Scientific, Breda, the Netherlands) over a Vydac 218MS1022
C18 25 × 250mm column (Grace Davidson, Worms, Germany). Quality control was performed
by UPLC-MS on a Ultimate 3000 UHPLC system (Thermo Fisher Scientific) hyphenated with a
LCQ-Deca XP Iontrap ESI mass spectrometer (Thermo Finnigan, Waltham, MA, USA) using a RSLC
120 C18 Acclaim 2.2um particle 2.1 × 250 mm column and ionizing the sample in positive mode.

Ab-Ag Conjugates

hgp100 (KVPRNQDWLC-6-ahx-lysine (biotin)), Trp1 (TAYRYHLLC-6-ahx-lysine (biotin)), Trp2
(SVYDFFVWLC-6-ahx-lysine (biotin)), MART1 (ELAGIGLTVC-6-eahx-lysine (biotin)) peptides were
conjugated to purified Abs anti-mCD169 (MOMA-1), anti-mDEC205 (NLDC-145) and a rat IgG2a
isotype control (R7D4). For the human studies, gp100 (YLEPGPVTAC-6-ahx-lysine (biotin))
peptide was conjugated to anti-hCD169 (7-239), anti-hDCSIGN (AZN-D1) and the isotype control
anti-hLangerin (10E2) [48,54,55]. Conjugation of peptides to Abs was realized via a sulfhydryl
based coupling, as described previously [39]. In short, purified Abs were functionalized with
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2–8 equivalents of SMCC (succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate,
Thermo Fisher Scientific) in phosphate buffer pH 8,5. After purification over PD-10 columns
(GE Life Sciences, Eindhoven, the Netherlands) against phosphate buffer pH 7,2 activated Abs
were concentrated with centricon 30 (Merck Millipore, Amsterdam, the Netherlands) down
to 500 µL. 2–4 Equivalents of peptides in 50 µL DMSO was added to the Abs and after 1 h
incubation at room temperature conjugates were purified over a Sephadex 75 10/30 column
(GE Life Sciences) according to manufacturer’s HPLC settings.

Melanoma antigen targeting to CD169 in mice and humans
Technologies) and Alexa Fluor® 555 conjugated streptavidin (Invitrogen, Waltham, MA, USA)
were used at 5 µg/mL to detect the unlabeled and biotinylated primary Abs, respectively.
Unless stated otherwise primary Abs were produced by the Mo2Ab Facility MCBI Amsterdam
UMC (Amsterdam, The Netherlands).

Generation of MoDCs

Concentration (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific), amount of biotinylated
peptides per Ab (FluoReporter™ Biotin Quantitation Assay Kit, Thermo Fisher Scientific) and
endotoxin amount (<0.01 EU/mL with Pierce LAL chromogenic Endotoxin quantication kit,
Thermo Fisher Scientific) was determined for all conjugates.

Human blood monocytes were isolated from buffy coats (Sanquin Blood Bank, Amsterdam,
The Netherlands) by percoll gradient centrifugation. Immature DCs were generated by culture
in RPMI (10% FCS, 1% PSG) supplemented with 12,5 ng/mL of recombinant human IL-4 and
GM-CSF (Biosource, ThermoFisher Scientific) for 4 days. For the upregulation of CD169,
immature MoDCs were cultured for 2 days with 1000 IU/mL recombinant human IFN-α 2a
(Immunotools, Friesoythe, Germany).

Immunization and In Vitro Restimulation

Binding and Uptake Assay

Mice were intravenously immunized with 1 µg of the indicated Ab:Ag conjugates in the
presence of 25 µg anti-CD40 Ab (1C10) and 25 µg Poly(I:C). 7 days after immunization spleens
were collected and single cell suspensions were generated using a 100 µm strainer. Red blood
cells were lysed with in house ACK buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA on
H2O with pH of 7.2–7.4). 3 × 10 6 splenocytes were incubated for 5 h at 37 °C with 1 µg/mL
of indicated peptides Trp2 (SVYDFFVWL), hgp100 (KVPRNQDWL), mgp100 (EGSRNQDWL) or
MART1 (ELAGIGILTV) in 200 µl RPMI (10% FCS, 2% PSG, 50 µM βmercapto-ethanol) in the
presence of GolgiPlug according to manufacturer’s protocol (BD Biosciences, Temse, Belgium).

Flow Cytometry

Mouse splenocytes were isolated, cultured and stained after Fc-block with in-house produced
2.4G2 supernatant. Tetramer staining was performed in FACS buffer (0.5% BSA + 0.02% NaN3)
in the presence of anti-CD8α (clone 53-6,7) for 1 h at 37 °C, subsequent surface marker staining
was done 30 min on ice. Tetramers were a kind gift from J.W. Drijfhout (LUMC, Leiden, the
Netherlands). After restimulation cells were stained for surface markers in FACS buffer, fixed
in 2% PFA (pH 7.2) and intracellular cytokine staining was performed in FACS buffer with 0.5%
saponine. Human MoDCs were stained for surface markers in FACS buffer, 30 min on ice and
fixed in 2% PFA (pH 7.2). Samples were measured on the Cyan (Beckman Coulter, Brea, CA, USA)
or the LSRFortessa (BD Biosciences) and analyzed using FlowJo, LLC (Ashland, Oregon, USA).
Abs: anti-mCD8α (clone 53-6.7) eBioscience, anti-mIFNγ (clone xM61.2) eBioscience (Santa
Clara, CA, USA), anti-mIL-2 (clone JES6-5H4) eBioscience, anti-mCD44 (HI44A) ImmunoTools,
anti-hDC-SIGN (Clone AZND-1), anti-hCD169 (clone 7-239), anti-hLangerin (clone 10E2), Alexa
Fluor® 488 labeled goat anti-mouse secondary Abs (Life Technologies, Carlsbad, CA, USA).
Fixable viability dye eFluor™ 780 (eBioscience™).

Immunofluorescence

Human spleen tissue was obtained from the VUmc Biobank Pathologie (VUmc 2015-074
approved on 31 August 2015) and collected after approval by the Medical Ethical Committee
of the VUmc (Amsterdam, the Netherlands) in accordance with the Declaration of Helsinki
and according to Dutch law. Tissues were used anonymously, and no information is available
on age or gender of the donors. Mouse and human tissue was cryopreserved in tissue tek
(Sakura, Alphen aan de Rijn, the Netherlands), cut at 5–10 µM on a Mikrom HM 560 cryostat
and fixed in 100% aceton. Abs were diluted in PBS containing 2% new born calf serum. Pictures
were taken at a LEICA DM6000 (Amsterdam, the Netherlands). LAS AF software was used
for acquisition, ImageJ for image processing. Abs: anti-mCD169 (clone SER4), anti-IgD (clone
11-26c.2a) Biolegend (San Diego, CA, USA), anti-VCAM/CD106 (clone 429) eBioscience, antihCD19 (clone 11G1), anti-hDC-SIGN (clone AZND1), anti-hCD169 (clone 7-239), anti-hCD169biotin (Miltenyi Biotech, Bergisch Gladbach, Germany), anti-hCD163 (clone EDHU1) Serotec
(Bio Rad Abs, Oxford, UK). Alexa Fluor® 488 labeled goat anti-mouse secondary Abs (Life
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IFNα treated MoDCs were seeded in RPMI medium at a concentration of 2 × 10 6 cells/mL in
96-U bottom well plates, 5 × 10 4 cells per well. After precooling the MoDCs at 4 °C for 15 min,
cells were incubated with 2 µg/mL of anti-DC-SIGN, anti-CD169 or control Abs at 4 °C for 45
min and after with Alexa Fluor® 488 labeled goat anti-mouse Abs at 4 °C for 45 min. Next,
MoDCs were placed on ice or incubated at 37 °C for 15, 30 or 60 min, washed in FACS buffer
and fixed in 2% PFA. Binding of the Abs and uptake at different time points was assessed by
flow cytometry.

Internalization assay

IFNα treated MoDCs were seeded at a concentration of 2 × 10 6 cells/mL in 96-U bottom well
plates, 5 × 10 4 cells per well and pre-incubated at 4 °C during 15 min with 20 µg/mL of anti-hDCSIGN, anti-hCD169 or control Abs. Next, the cells were thoroughly washed in RPMI medium,
to remove excess of unbound Abs, and further incubated either on ice or at 37 °C during 15,
30 or 60 min. Finally, MoDCs were incubated with Alexa Fluor® 488 labeled goat anti-mouse
secondary Abs at 4 °C for 45 min, washed in FACS buffer and fixed in 2% PFA. Remaining
surface receptors were assessed by flow cytometry.

Ag presentation

IFNα treated HLA-A2+ MoDCs were seeded in RPMI medium at a concentration of 2 × 10 4
cells per well in 96-U bottom well plates. After a pre-incubation of 15 min at 4 °C, cells were
incubated with different concentrations (2.2–20 µg/mL) of anti-hDC-SIGN, anti-hCD169 or
control Abs conjugated to the hgp100 peptide (YLEPGPVTA) in RPMI medium supplemented
with 100 ng/mL (Sigma) LPS at 4 °C for 45 min. Next, MoDCs were washed in RPMI to remove
excess of unbound Abs and incubated at 37 °C. After 3 h, MoDC were co-cultured overnight
with a gp100280–288 TCR transduced HLA-A2.1 restricted T-cell line [57], at a concentration of
105 cells per well (ratio MoDC:T-cells 1:5). After 24 h, production of IFNγ in the supernatants
of the co-cultures was determined by ELISA (Biosource, San Diego, CA, USA).

Statistical Analysis

For the in vivo experiments an one-way ANOVA with Sidak’s multiple comparison test was used.
For the human in vitro experiments a matched one-way ANOVA with Sidak’s multiple comparison
test was performed using GraphPad Prism 7 (San Diego, CA, USA).
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In conclusion, our data indicate that it is possible to induce melanoma-specific T
cell responses in vivo and in human cell culture systems after targeting Ag to CD169
on Ag presenting cells. Because of the presence of CD169+ macrophages in human
spleen, we propose that CD169-targeting may be feasible and potentially efficient
to induce CD8+ T cell responses in humans as we have demonstrated in mice.
Further studies should explore the application of in vivo targeting of melanoma
Ags to human CD169+ macrophages to induce clinical responses in combination
with immune checkpoint inhibitors.
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Figure S1. Chemical conjugation of melanoma peptides to Ab does not alter binding of Ab.

(A) section staining on mouse spleen with Ab:Ag conjugates specific for CD169 (upper panels),
or isotype control (lower panel) with indicated peptides. (B) staining on CHO cells expressing
DEC205 with Ab:Ag conjugates specific for DEC205 with indicated peptides.
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Figure S2. T cell responses in mice after targeting Trp1 to CD169.
Percentage of IFNγ producing CD8+ T cells after 5 h in vitro restimulation with natural Trp1
peptide (A) or modified Trp1 peptide (B) 7 days after immunization with Trp1:Ab conjugates.
Intravenous immunization with 1 μg modified Trp1:Ag conjugates in the presence of 25 μg
anti-CD40 Ab and 25 μg Poly(I:C).
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Abstract

Introduction

The aim of cancer vaccination is to activate the immune system of patients to elicit

Immune checkpoint inhibition has achieved major improvements in the survival of

anti-tumor activity. To improve tumor-specific T cell responses, optimization of anti-

patients with different types of tumors [1]. Especially patients with high mutational

tumor vaccination strategies is required. We have previously shown that targeting

load tumors, such as melanoma and non-small cell lung cancer benefit from

of tumor antigens conjugated to rat CD169 antibodies (Abs) can induce strong anti-

this type of treatment [2, 3]. Still, only a part of this patient group responds to

tumor T cell responses in mice. Here, we developed recombinant hybrid CD169-

immune checkpoint inhibitors [4]. One common feature of low-responsive tumors

specific mouse Abs with ovalbumin and used these to determine the most optimal

is a reduced T cell infiltrate in the tumor microenvironment [5-7]. The objective of

antigen delivery route. Mouse CD169-specific antibodies with a mutation to prevent

many clinical and pre-clinical studies is to increase tumor-specific T cells in immune

Fc receptor binding induced strong ovalbumin-specific T cell responses. Comparison

checkpoint non-responsive patients.

of intravenous and subcutaneous immunization with ovalbumin-containing CD169specific Abs indicated slightly higher T cell responses after intravenous injection

Activation of naïve CD8+ and CD4+ T cells is achieved via antigen presentation in

compared to subcutaneous injection. Furthermore, analysis of T cell responses

MHC Class I and II molecules by classical dendritic cells (cDCs). Cross-presentation

after CD169 and DEC205 targeting indicated that intravenous immunization with

is important for the priming of cytotoxic CD8+ T cells against exogenously derived

CD169 targeting Abs induced lower PD-1 and higher IL7Rα expression on T cells

antigens and batf3-dependent CD8α+ DCs (cDC1s) have proven to be most efficient

compared to DEC205 targeting Abs. Together our data suggest that recombinant

in cross-presentation [8-10]. The enhanced capacity of cDC1 to cross-present was

antibody-antigen hybrids specific for CD169 could provide a delivery strategy of

first exploited for the induction of antigen-specific CD8+ T cell responses by targeting

tumor antigens to the immune system for the induction of efficient T cell responses.

antigen to DEC205, a receptor expressed on cDC1s, using antibodies (Abs) [11, 12].
Later, other receptors such as Clec9a, Clec12a, Langerin and CD36 on cDC1s have
been targeted for the induction of anti-tumor immune responses as reviewed by
Lehmann and by van Dinther [13, 14].
cDC1s are especially equipped to cross-present dead-cell material via interaction of
Clec9A with exposed actin [15-17]. Uptake of dead cell material via Clec9A results in
efficient intracellular routing for optimal cross-presentation to T cells [16] which in
turn leads to the induction of long-term memory responses and resident memory
T cells [18, 19]. In previous work we have described how antigen targeting to CD169+
macrophages in the spleen resulted in cDC1 and Clec9a-dependent T cell responses
[20]. Moreover, we have shown that targeting to CD169 with either protein or peptide
can induce long-lasting T cell responses that inhibit tumor outgrowth in mice [21].
Together, these data indicate that CD169 is a good target for the induction of tumorspecific CD8+ T cell responses.
The rat anti-CD169 Abs used in our previous studies are expected to be immunogenic
in mice. In addition, antigens were previously conjugated to CD169-specific Abs via
chemical methods and the rate and location of conjugation was hard to control. In
the current study we addressed these limitations and applied previously described
methods to produce hybrid mouse IgG1 recombinant antibodies with ovalbumin
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that bound to mouse CD169 [12, 22]. Furthermore, the Fc binding domain of the

Surprisingly, CD169-specific binding by MOMA-1-OVA could not be confirmed by

targeting Abs were mutated to inhibit Fc-receptor binding to prevent off-target

section staining even though the supernatant of the MOMA-1-OVA transfected

binding to immune cells [23]. We have used these optimized Abs to determine

HEK293T cells contained mouse IgG, as established by an anti-mouse IgG ELISA

which route of administration is optimal for the activation of CD8+ T cell responses

(Fig 1E). Together, these data indicate that CD169-specific Abs were successfully

and compared intravenous (i.v.) injection to subcutaneous (s.c.) injection of CD169-

sub-cloned into a mouse IgG1 backbone containing OVA and that this process did

specific Abs. In addition, CD169 targeting on macrophages was compared to DEC205

not interfere with the binding capacity of clones SER4 and 3D6. Subsequently,

targeting on DCs for their capacity to induce T cell responses. Preliminary results

recombinant anti-CD169, anti-DEC205 and control antibodies were produced at a

indicate that i.v. immunization is more optimal for CD169 targeting compared

large scale and purified with protein G and tested for endotoxin content.

to s.c. immunization. These results indicate that targeting of antigens to CD169 +
macrophages using recombinant hybrid proteins is a potential in vivo vaccination
strategy for the activation of anti-tumor T cell responses.

Results
CD169-specific mouse Abs containing OVA
In previous studies we have biochemically conjugated protein and peptide antigens
to an anti-CD169 rat Ab (MOMA-1) and used these conjugates to induce T cell

6

responses [20, 21, 24, 25]. To produce recombinant Ab-Ag hybrids we sequenced
the variable region of MOMA-1 and two other CD169-specific rat antibodies, SER4
and 3D6 [26-28]. These rat antibodies were subsequently cloned, produced and
tested for binding on mouse spleen sections (Fig 1A). All three cloned and produced
rat antibodies showed specific binding to CD169+ macrophages.
The variable regions of the heavy chain (HC) of all three Abs were subcloned into a
mouse IgG1 HC backbone with a mutated Fc region (D265A) to inhibit nonspecific
binding to the Fc receptor. The variable region of the light chain (LC) was subcloned into a mouse IgG1 kappa LC containing a FlagTag [12, 22, 23]. Subsequently,
the model antigen ovalbumin (OVA) was cloned at the C-terminus of the HC.
The recombinant protein was produced in HEK293T cells and isolated from the
supernatant using Protein G columns. To confirm successful cloning and production,
the supernatants and eluted fractions were run on SDS-PAGE gels (Fig 1B) and the
LCs were visualized on western blot using FlagTag staining (Fig 1C). The bands on
the protein gel indicated the presence of proteins with a similar weight as a HC with
OVA and a LC.

Figure 1. Cloning and production of CD169-specific Abs containing OVA.
(A) Mouse spleen section staining with different CD169-specific cloned Rat IgG2a Abs. (B)
Recombinant mouse IgG1 Abs specific for CD169 containing OVA on the HC were produced in
HEK293T cells. SDS-PAGE gel with supernatants (s) and eluted fractions (1-6) from protein G column.
(C) FlagTag staining of LCs on western blot. (D) Detection of CD169-specific Abs (from B and C) on
mouse spleen section with FlagTag staining of the LC. (E) ELISA detecting mouse IgG in supernatant
of HEK293T cells from (B).

To test if the recombinant proteins containing OVA still bound to CD169, a FlagTagspecific Ab was used to detect bound Abs to mouse spleen sections. Only two
(SER4 and 3D6) out of three recombinant Abs bound to spleen sections (Fig 1D).
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CD169-specific-OVA recombinant Abs induce immune responses in mice

Seven days after immunization strong OVA-specific CD8+ T cell responses were

To test if the hybrid CD169-specific-OVA recombinant mouse IgG1 Abs were able to

demonstrated for CD169 and DEC205 targeting after i.v. as well as s.c. administration

induce immune responses to a similar extent as the biochemical CD169-specific-

using intracellular INFɣ staining (Fig 3A). In addition, H-2Kb SIINFEKL MHC tetramers

OVA rat IgG2a conjugates, 1 µg of the recombinant or conjugate Abs was injected

(Tet) were used to directly stain SIINFEKL-specific T cells in single cell suspensions

in the presence of 25 µg activating anti-CD40 Abs and Poly(I:C) as adjuvant. An

from spleen, blood and LNs (axillary and inguinal skin draining LNs were pooled). In

isotype-OVA recombinant and conjugate Ab was used as negative control. Seven

spleen and blood, we observed that CD169 targeting via i.v. injection induced slightly

days after i.v. injection antigen-specific T and B cell responses were measured in the

higher responses than via s.c. injection, while the opposite was detected for DEC205

spleen. Both recombinant Abs that bound to CD169 macrophages in spleen sections

(Fig 3B,C). The percentage of Tet+ CD8+ T cells from the LNs were comparable after i.v.

induced OVA-specific CD8+ T cell responses, while the non-binding Ab MOMA-1-OVA

and s.c. injection and were slightly higher for DEC205 targeting than CD169 targeting

did not stimulate T cell responses (Fig 2A). Analysis of intracellular IFNγ production

(Fig 3D). The combined results from multiple i.v. immunization experiments with

after in vitro re-stimulation with the immunodominant epitope of OVA indicated that

the biochemical CD169-OVA conjugates have shown increased T cell responses in

recombinant SER4-OVA and 3D6-OVA induce similar percentages of antigen-specific

the spleen after CD169 targeting compared to DEC205 targeting (data not shown)

CD8 T cells as the biochemical MOMA-1-OVA conjugates (Fig 2A,B). Moreover,

and [20]. These preliminary results suggest that i.v. administration is more optimal

comparable percentages of single and double IFNγ and IL-2 producing CD8+ T cells

for CD169 antigen targeting compared to s.c. administration.

+

+

indicate the induction of functionally comparable CD8 T cell responses (Fig 2B).
+

Phenotype of T cells after i.v. and s.c. vaccine administration
Next, we analyzed whether CD4 T cell and B cell responses were induced after

Different phenotypic markers for CD8+ T cells were measured to address the functionality

immunization with the recombinant and chemically conjugated antibodies. Similar

of the antigen specific Tet+ CD8+ T cells in the spleen. The T cell activation marker CD44

percentages of CD4 T cells that produced IFNγ were observed after immunization

was used to gate on Tet+ CD8+ T cells (Fig 3). CD62L, or L-Selectin, is a known LN homing

with recombinant and chemical conjugates (Fig 2C). Similarly, a comparable

marker and used to distinguish naïve and memory T cells from the more terminally

induction of OVA-specific B cells was detected for both recombinant and biochemical

differentiated effector CD8 T cells [31]. Based on CD62L expression, all Tet+ T cells

conjugates, as was shown by binding of fluorescently labelled OVA to germinal

were effector T cells (Fig 4A) and there was no difference between CD169 and DEC205

center B cells (Fig 2D). In contrast, an improved OVA-specific Ab response in mice

targeting i.v. or s.c. However, in the Tet- population in the spleen the percentage CD62L+

immunized with the recombinant compared to the biochemical conjugate Abs

T cells was lower after s.c. injection compared to i.v. injection (Fig 4B).

+

+

was observed after analysis of serum obtained from the immunized mice (Fig 2E).
Importantly, the isotype controls of the recombinant and conjugate Abs induced
similar background level T and B cell responses (Fig 2). Together, these data indicate
that SER4-OVA and 3D6-OVA recombinant Abs are able to induce immune responses
to a similar extend as the biochemical conjugate MOMA-1-OVA Ab.

Antigen-specific CD8+ T cell responses after i.v. and s.c. injections
Therapeutic cancer vaccines should direct sufficient Ag amounts to APCs [29]. The
administration route of a vaccine may affect the uptake of Ag by APC subsets. To
address which route is most optimal for CD169-specific Abs, i.v. injection in the tail,
targeting splenic CD169+ macrophages was compared to s.c. injection in the neck,
targeting subcapsular sinus (SCS) CD169+ macrophages in the lymph nodes (LNs)
[30]. The recombinant Ab 3D6-OVA was used and compared to DEC205 targeting
on CD8α+ DCs with recombinant NLDC145-OVA and an isotype control [12].
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Figure 2. CD169-specific-OVA recombinant Abs induce immune responses in mice.
Mice were injected with 1 µg of indicated CD169-specific Ab:OVA in the presence of Poly(I:C)
and anti-CD40. Chemical coupled Ab:OVA conjugates (grey bars) or recombinant Ab:OVA
hybrids were used. 7 days after immunization splenocytes were tested. (A) IFNɣ production by
CD8+ T cells after in vitro restimulation with SIINFEKL peptide. (B) IFNɣ/IL-2 double producing
CD8+ T cells as part of IFNɣ single producing CD8+ T cells after in vitro restimulation with
SIINFEKL peptide. (C) IFNɣ production by CD4+ T cells after in vitro restimulation with I-Abrestricted OVA 262-276 (D) percentage of OVA binding GC (GL7hiCD38-) B cells. (E) ELISA detecting
anti-OVA IgG in serial diluted serum from immunized mice. One experiment with three mice
per group is shown. Statistical analysis one-way ANOVA with Sidak’s multiple comparison
test, no significance detected.

158

Figure 3. Antigen-specific CD8+ T cell responses after i.v. and s.c. injections with recombinant CD169 and DEC205-OVA Ab.
Mice were injected with 1 µg of indicated recombinant Ab:OVA hybrids in the presence of Poly(I:C)
and anti-CD40, 7 days after immunization cells were analyzed. (A) splenocytes were restimulated
during five hours with SIINFEKL in vitro and percentage of IFNɣ producing CD8+ T cells are shown.
(B-D) lymphocytes were stained with H-2K b SIINFEKL MHC tetramers. Percentages of Tet+ T cells
of CD8+ T cells in (B) spleen, (C) blood and (D) LNs are shown. One experiment with five mice
per group is shown. Statistical analysis one-way ANOVA with Sidak’s multiple comparison test.
Significance is depicted * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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As expected, antigen-specific Tet+ T cells expressed the activation marker PD-1 (Fig
4A), while in the Tet- CD8+ T cell population only a small subset expressed PD-1 (Fig
4B). This small subset could represent T cells activated against other epitopes than
SIINFEKL present in OVA or the rat anti-CD40 Ab. Tet+ CD8+ T cells from spleen, blood
and LNs showed higher PD-1 expression after DEC205 targeting than after CD169
targeting (Fig 4C). There was no difference between i.v. or s.c. targeting.
Because IL-7 is an important cytokine for the survival and maintenance of central
memory and naïve T cells, naïve and memory cells show clear expression of IL7Ra.
IL7Rα expression is used for the identification of effector cells that become memory
cells [34]. Analysis of IL7Ra expression of Tet+ and Tet- CD8 T cells showed higher
IL7Ra expression on Tet- cells compared to Tet+ cells as expected. Furthermore,
a subset of Tet+ CD8+ T cells was IL7Rα+ (Fig 4A). Interestingly, the percentage
and geometric mean of IL7Rα on Tet+ CD8+ T cells showed significant differences
between CD169 and DEC205 targeting in spleen, blood and LNs (Fig 4D,E). IL7Rα was
consistently lower on antigen-specific T cells after DEC205 targeting compared to
CD169 targeting, suggesting that CD169 antigen targeting induced more memory T

6

cells than DEC205 targeting [34]. A Pearson correlation analysis showed that PD-1
expression negatively correlated with IL7Rα expression in spleen and LNs on Tet+
and Tet- CD8 T cells, but not in blood (Fig 4F).
In summary, the expression of these markers suggest that i.v. and s.c. immunization
targeting CD169 and DEC205 results in the induction of comparable CD62L- effector
T cell responses. However, T cells induced after CD169 targeting express lower PD-1
and higher IL7Rα compared to DEC205 targeting. Further studies are necessary to
determine whether these differences in PD-1 and IL7Ra expression have implications
for memory T cell formation and maintenance and anti-tumor immunity.

Figure 4. Phenotype of T cells after i.v. and s.c. vaccine administration
PD-1, IL7Rα, CXCR3 and CD62L expression on Tet+ and Tet- cells from the experiment described
in Figure 3. Only CD169 and DEC205 targeted groups are shown. Representative histograms
depicting marker expression on (A) Tet+ cells and (B) Tet- cells from spleen. (C-F) Data from
Tet+ cells from indicated organs are depicted (C) Geometric mean fluorescent intensity (MFI) of
PD-1. (D) Percentage of IL7Rα+ cells (E) MFI of IL7Rα+. Statistical analysis one-way ANOVA with
Sidak’s multiple comparison test. Significance is depicted * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001. (F) Pearson correlation analysis of IL7Rα MFI and PD-1 MFI on Tet+ T cells. R2 and P
value are indicated. One experiment with five mice per group is shown.
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Discussion

point of ongoing debate [39]. Alternatively, s. c. injected anti-CD169 Ab may directly drain
to the LNs, where it can efficiently bind to SCS CD169+ macrophages. Immunization with

CD169 is highly expressed on macrophages in the marginal zone of the spleen

a higher dose of anti-CD169 Ab and/or at another location may even result in improved

that are in contact with the blood, while in the lymph nodes subcapsular sinus

drainage and subsequent improved T cell responses. With regard to DEC205, migration

macrophages that filter the lymph fluid are characterized by high expression

from the skin to the LNs is a known feature of DCs and high expression of DEC205 has

of CD169 [30, 35]. Both populations of CD169 macrophages can potentially be

been reported in migrating skin Langerin+ dermal DCs and Langerhans cells [40, 41].

targeted with anti-CD169 Ab-Ag proteins, but their relative efficacy to stimulate

This would suggest that s.c. administration of anti-DEC205 Abs could result in better

T cell responses is unknown. To address which injection route induces the largest

migration of targeted APCs to the LN with improved T cell responses as a result. Our data

T cell responses, we compared i.v. immunization with s.c. immunization in mice

are inconclusive at this point, so further studies are necessary to quantify the antigen

to target CD169 macrophages in the spleen or in the lymph nodes, respectively.

uptake by cDC1s after i.v. and s.c. immunization with anti-CD169 and anti-DEC205 Abs.

+

+

Characterization of the T cell responses suggested that i.v. immunization with
CD169-specific recombinant Abs induced potentially slightly higher T cell responses

In addition to differences in receptor expression levels in the different tissues,

than s.c. immunization. DEC205 targeting appeared to be similar between i.v. and

the processing of CD169 and DEC205 targeted antigens could also potentially

s.c. immunization or even slightly higher after s.c. immunization. Further validation

be different. We have previously shown that immunization with Abs specific for

is necessary to corroborate these preliminary findings, but one might speculate that

CD169 on macrophages results in antigen presentation by cDC1s and cross-priming

CD169 targeting is more efficient for i.v. administration than s.c. administration.

of T cell responses. In the same study we show that the induction of these T cell
responses relies on Clec9a [20]. Abs directly targeted to Clec9a are diverted from

When comparing the different targeting Abs and administration routes, the cell

lysosomal compartments and thereby escape rapid degradation [16]. A similar

types expressing these markers in spleen and skin and their expression levels

process may occur after immunization with anti-CD169 Abs that depend on Clec9a

should be considered. CD169 is highly expressed on metallophilic macrophages

presence. WDFY4, also described to be important for cross-presentation of cell-

in the splenic marginal zone and these cells are extremely efficient in scavenging

associated antigen, and Clec9a both locate to non-lysosomal markers, such as

blood-borne material. Accordingly, anti-CD169 Ab very efficiently binds to CD169

+

Rab11 and clathrin [16, 42]. Whether antigen delivered to DCs via CD169 targeting

macrophages in the spleen after which Ab is transferred to cDC1s [20]. In contrast,

on macrophages route to similar cellular compartments as Clec9a and WDFY4 is still

i.v. administration of anti-DEC205-OVA has been shown to result in germinal

unknown. Interestingly, Clec9a and WDFY4 do not co-localize with DEC205 [16, 42],

center B cell binding next to cDC1 binding [36]. This suggests that the final antigen

indicating that DEC205 targeting might not route to similar cellular compartments.

concentration in cDC1 could potentially be lower after i.v. injection of anti-DEC205
Ab than after anti-CD169 Ab. Correspondingly, detection of i.v. injected anti-CD169

Our restricted phenotypic analysis of the antigen specific T cells in the spleen, blood

and anti-DEC205 Abs revealed much higher signal in the marginal zone after CD169

and LNs demonstrated lower expression of PD-1 after i.v. and s.c. targeting to CD169

immunization compared to DEC205 immunization, even though DEC205 is clearly

compared to DEC205. The differential expression of PD-1 can be a consequence of

expressed on cDC1s in the spleen (Fig. S1). Of note, difference in affinity of the

differential TCR engagement [43]. This might indicate that T cells are less activated

antibodies to their corresponding epitopes and the contribution of this difference

or less exhausted after CD169 targeting, but due to the complexity of the PD-1

to the induction of T cell responses has not been evaluated in the current study.

pathway, the expression pattern of PD-1 alone does not provide conclusive
information about the quality of the T cell response [44]. The notion that these cells

After s.c. injection, antigen is mainly carried to the LNs by migratory DCs, while injection

were studied only seven days after immunization advocates that the T cells are not

with a high dose into a restricted tissue compartment (e.g. footpad) results in direct

exhausted yet [45]. In addition, exhausted T cells are unable to respond well to IL-7

drainage of antigen into the LNs [10]. We have not investigated how the CD169-OVA is

[46], while some antigen-specific PD-1-expressing T cells also expressed IL7Rα. The

transferred to the LN. CD169-expressing macrophages from the skin could potentially

expression of IL7Rα was higher on antigen-specific CD8+ T cells after targeting to

carry it to the LNs [37, 38], although the capacity of macrophages to migrate to LNs is a

CD169 compared to DEC205. The increased IL7Rα+ population suggests that CD169
targeting induces more long-lived memory T cell responses compared to DEC205
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targeting [34]. In addition, the negative correlation of IL7Rα expression with PD-1
expression may indicate a functional difference between the T cell response induced
after CD169 targeting and DEC205 targeting, which was observed after both i.v. and
s.c. targeting. Further studies are necessary to validate the differences in PD-1 and
IL7Rα expression after DEC205 and CD169 targeting and to determine the functional
consequences of these differences for the T cell responses induced via CD169 and
DEC205 Ab targeting.
The difference in phenotype after CD169 and DEC205 targeting is unexpected as
we previously have shown that Ag targeted to CD169 are cross-presented by cDC1
and that this cross-presentation is responsible for CD8+ T cell activation. From
these studies we concluded that Ag targeting to CD169 and DEC205 both lead to
cDC1-mediated CD8+ T cell activation. To explain these differential effects on T cell
phenotype, one could speculate that Ag-binding to CD169+ macrophages may not
only result in Ag transfer to cDC1, but also to cDC2 that in turn may activate cognate
CD4+ T cells able to stimulate better memory CD8+ T cell responses. Alternative
scenarios could include Ag cross-presentation by CD169 macrophages or DEC205
+

+

germinal center B cells that could directly affect the CD8+ T cell response or could
affect the CD8+ T cell response via CD4+ T cell help.
To conclude, our preliminary studies suggest that CD169 targeting may outperform direct targeting to DCs via DEC205 when considering the strength and the
phenotype of the T cell response. Whether these differences in T cell responses have
any relevance in vivo remains to be established in the context of a tumor model.
Further analysis of antigen uptake and routing and establishment of CD8+ T cell
memory will shed light on the mechanisms underlying these differences.

Material and Methods
Mice

C57Bl6/J were obtained from Charles River and bred at the animal facility of the Amsterdam
UMC, location Vrije Universiteit Amsterdam. Mice used in this study were female and
kept under specific pathogen-free conditions. Experiments were approved by the Dutch
national Animal Ethics Committee “dierexperimentencommissie” or the “centrale commissie
dierproeven”.

Construction and production of recombinant Abs

RNA was prepared from MOMA-1 [26], SER4 [27] and 3D6 [47] Rat IgG2a hybridomas using Trizol
(Invitrogen). 5’RACE PCR was performed for cloning of the variable region as described previously
[12]. The following oligo nucleotides were used for light chain (LC) and heavy chain (HC) containing
EcoRI, kozak and start sequence: 5.1 3D6LC 5’-TACGTTGAATTCGCCACCATGGGCATCAGGATGGAG-3’
and 5.1 3D6 HC 5’- TGACGGA AT TCGCCACCATGGACAGGC T TAC T TCC TC-3’. 5.1 SER4
164

LC 5’ - ATCG G G G A AT TCG CC ACC ATG A A A ATG ACG AC ACC TG C TC-3 ’ a n d 5 .1 SER 4
H C 5’ -TG C ATAG A AT TCG CC ACC ATG G AC ATC AG G C TC AG C T T-3 ’. 5 .1 M O M A -1 LC
5’- GC TAT TG A AT TCGCC ACC ATGGGTGTCCCC AC TC AG -3 ’ and 5.1 MOMA-1 HC 5’TGCTAAGAATTCGCCACCATGGACATCAGGCTCAGCTTG-3’. 3.1 rat IgG2a HC NheI (no Stop)
5’-TGTAATGCTAGCTTACCCGGAGGCCGGGAG-3’. First the variable region was subcloned into a
mouse IgG1 with the Fc binding domain mutated D254A [23]. Secondly OVA was cloned with
a linker sequence (GGGSGGGS) at the C terminus of the HC as previously described [12, 22].
Previously produced recombinant DEC205 specific (clone NLDC-145) and isotype control Abs with
OVA were used [12]. Abs were transiently expressed in HEK293T cells using calcium-phosphate for
transfection. Cells were cultured in Hybridomed DIF 1000-Serum free medium (MERCK). Abs were
purified on HiTrap protein G HP columns (GE Healthcare), concentration was determined by BCA
(Pierce BCA Protein Assay Kit, Thermo Fischer Scientific) and endotoxin amount was determined
(<0.01 EU/ml with Pierce LAL chromogenic Endotoxin quantication kit, Thermo Fischer Scientific).

Immunofluorescence

Mouse spleen was cryopreserved in tissue tek (Sakura), cut at 5-10 µM on a Mikrom HM 560
cryostat and fixed in 100% aceton. Abs were diluted in PBS containing 2% new born calf serum.
Pictures were taken at a LEICA DM6000. LAS AF software was used for acquisition, ImageJ for
image processing. Anti-Rat-555 Molecular Probes and anti-FlagTag (L5) Biolegend Abs were
used as secondary Abs for the visualization of the cloned Abs.

SDS-PAGE and Western Blot

Samples were separated on 12,5% acrylamide Tris/Glycine/SDS gels, transferred to PVDF
membranes (Millipore) and blotted with antibodies in TBST/3% milk. 125 ng Ab was deteceted
with Anti-FlagTag (L5) or anti-Rat IgG2a HRP. Western blots were developed using enhanced
ECL (Pierce).

Immunization and in vitro restimulation

Mice were immunized intravenously or subcutaneously with 1 µg of the indicated biochemical
Ab:Ag conjugates or recombinant Abs in the presence of 25 µg anti-CD40 Ab (1C10) and 25
µg Poly(I:C). 7 days after immunization organs were collected and single cell suspensions
were generated. Red blood cells were lysed for spleen and blood with in-house ACK buffer
(0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA on H2O with pH of 7.2 – 7.4). Cells were frozen
in freezing medium and stored in liquid nitrogen. 3x10 6 thawed or fresh splenocytes were
incubated for 5 hrs at 37°C with SIINFEKL peptide in or o.n. at 37°C with OVA 262-276 in 200 µl T
cell medium (RPMI 10% FCS, 2% PSG, 50 µM βmercapto-ethanol) with 5 hours in the presence
of GolgiPlug according to manufacturer’s protocol (BD Biosciences).

Anti-mouse IgG and anti-OVA ELISA

For the anti-mouse IgG ELISA 4 μg/mL rabbit-anti-mouse IgG in Na2CO3 buffer (pH 9,7) was coated
on high‐binding 96‐well plates (Nunc Maxisorp) and blocked with 1% BSA in PBS. Serial dilutions
of transfection supernatant in 1% BSA/PBS were incubated for 1–2 hours at RT. Detection was
achieved using goat-anti-mouse Fcγ-HRP (Jackson). For the anti-OVA ELISA 5 μg/mL OVA (Sigma‐
Aldrich) was coated in PBS on high‐binding 96‐well plates (Nunc Maxisorp) and blocked with
1% BSA in PBS. Serial dilutions of mouse serum from 7 days after immunization in 1% BSA/PBS
were incubated for 1–2 hours at RT. Detection was achieved using polyclonal rabbit-anti-mouse
Ig‐HRP (Dako).

Flow Cytometry

Cells were isolated and stained after Fc-block with in-house produced 2.4G2 supernatant.
Tetramer staining was performed in FACS buffer (0.5% BSA + 0.02% NaN3) in the presence of
anti-CD8α (clone 53-6,7) for 1 hour at 37°C, subsequent surface marker staining was done 30
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minutes on ice. Tetramers were a kind gift from Dr. J.W. Drijfhout (LUMC, the Netherlands).
After restimulation cells were stained for surface markers in FACS buffer and subsequently
fixed in 2% PFA (pH 7.2). Intracellular cytokine staining was performed in FACS buffer with
0.5% saponine. Samples were measured on the Cyan (Beckman Coulter) or the LSRFortessa
(BD Biosciences) and analyzed using FlowJo, LLC. Abs: anti-CD8a (clone 53-6.7) eBioscience,
anti-IFNg (clone xM61.2) eBioscience, anti-IL-2 (clone JES6-5H4) eBioscience, anti-CD44 (HI44A)
ImmunoTools, anti-CD4 (47561) BD Pharmingen, anti-CD11a (M17/4) eBioscience, anti-B220
(6B2) in house, anti-CD38 (90) eBioscience, anti-GL-7 (GL7) eBioscience, anti-PD-1 (HA2-7B1)
Miltenyi, anti-IL7Rα (A7R35) Biolegend, anti-CXCR3 (cxcr3-173) eBioscience, anti-CD62L
(MEL-14) Biolegend. And 488-labelled OVA (Invitrogen) and Fixable viability dye eFluor™ 780
(eBioscience™) were used.

Statistical Analysis

For the in vivo experiments one-way ANOVA with Sidak’s multiple comparison test was
performed using GraphPad Prism 7.

Supplemental Figure 1
Mouse spleen sections 4 hrs after i.v. injection of anti-CD169:OVA, anti-DEC205:OVA or
isotype:OVA Ab injection. In red anti-OVA, blue anti-CD35 and green anti-B220. Spleen sections
of two representative mice are shown for all groups. Unpublished material from Henrike
Veninga and Ellen Borg.
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Antigen uptake and presentation by macrophages and dendritic
cells in secondary lymphoid organs

channels of the marginal zone in the spleen [19, 21, 22]. Migratory cDC1s (CD103+/
XCR1+/CD8α-) and cDC2s enter the LNs with antigen from the periphery via the SCS
where they pass sinus-lining cells and CD169+ macrophages.

Macrophage subsets in lymph nodes and spleen
Secondary lymphoid organs such as the spleen and the lymph nodes (LNs) are

CD169+ macrophages scavenge pathogenic antigen from blood and lymph

important for the induction of immunity against pathogens and the maintenance

In the SCS of the LN and marginal zone of the spleen CD169 + macrophages

of homeostasis. In the spleen, red pulp macrophages (F4/80 , α9 integrin , VCAM-1 )

scavenge antigen from lymph and blood, respectively. CD169 is a sialic acid-binding

remove damaged erythrocytes from the blood [1]. The spleen and the LNs filter blood-

immunoglobulin-like lectin (Siglec-1) and is involved in the binding of different

and lymph-borne pathogens and cell debris. In the marginal zone of the spleen, two

pathogens via their sialylated glycoproteins or glycolipids [23]. Retroviruses such

subsets of macrophages capture blood-borne pathogens, particles and cell debris.

as human immunodeficiency virus (HIV) and murine leukemia virus (MLV) can

These macrophage subsets consist of CD169hi, F4/80 lo macrophages and SIGNR1+

be captured by CD169 on sinus-lining macrophages in the LN [24] and CD169-

MARCO CD169 macrophages. In the LN, the subcapsular sinus (SCS) and the medulla

expressing macrophages in the spleen have been shown to capture the retrovirus

host similar macrophages as the marginal zone in the spleen. The SCS macrophages

Friend virus complex (FVC) from the blood, limiting their spread [25]. The parasite

are characterized by CD169hi expression and lack SIGNR1 and F4/80 expression, while

Trypanosoma Cruzi and the bacteria Neisseria Meningitidis and Campylobacter jejuni

the interfollicular and medullary macrophages are CD169 , and express SIGNR1, F4/80

are phagocytosed in a sialic acid-dependent manner by CD169-expressing cells

and MARCO [2]. The CD169hi macrophage subset in the splenic marginal zone can be

[26-28]. These studies indicate that CD169 is an important receptor for pathogen

considered functionally equivalent to the CD169 SCS macrophage subset of the LN.

scavenging in both the SCS of the LN and the marginal zone of the spleen.

Dendritic cell subsets in LN and spleen

CD169+ macrophages often play an important role in the clearance of pathogens

In addition to different macrophage subsets, secondary lymphoid organs host other

even if CD169 is not directly involved in the uptake. MCMV and Murine Herpes Virus

antigen presenting cells (APCs), such as B cells and dendritic cells (DCs). B cells are

are examples of viruses efficiently cleared by CD169+ macrophages [29, 30]. On the

organized in follicles which are located next to the marginal zone in the spleen

contrary, CD169+ macrophages are also often the first cells to be infected and can

and under the SCS in the LNs separated by inter follicular regions (IFRs). Besides

also mediate local production of pathogen, trans-infection of other cells and disease

B cells, the B cell follicles contain follicular dendritic cells (FDCs) and tingible body

dissemination, as exemplified by Streptococcus pneumonia and HIV/MLV [24, 31].

+

+

+

+

lo

lo

hi

macrophages [3]. In LNs, lymphoid organ-resident and migratory conventional DCs
(cDCs) can be observed, while the spleen harbors only resident cDCs. Migratory and

In the case of vesicular stomatitis virus (VSV) infection, disease dissemination is

resident cDCs can be further divided into cDC1s and cDC2s. cDC1s are unique in

inhibited by CD169+ macrophage even though viral replication is enhanced inside

their ability to cross-present extracellular and cell-associated antigen to CD8 T cells

CD169+ macrophages [32-34]. Locally restricted viral replication provides antigen

[4-6] and express DNGR-1, a highly conserved C-type lectin receptor that binds to

for the efficient induction of adaptive immune responses that prevents fatal

exposed actin in necrotic cells and mediates optimal routing of dead cell material in

outcome of disease [34]. Listeria Monocytogenes localization is also regulated by

cDC1s [7-14]. cDC1s are essential for the induction of cytotoxic immune responses

CD169 + macrophages in the spleen. In the presence of CD169 + macrophages L.

against viral infections and in tumor settings [15].

Monocytogenes was shown to be located in the T and B cell zones in the white pulp,

+

while in the absence of CD169+ macrophages the bacteria was more present in the
On the other hand, cDC2s mainly activate CD4+ T cells [16] and stimulate antibody

red pulp. A virulence factor of L. Monocytogenes facilitated replication in the cytosol

production by B cells [17-19]. Resident cDC1s (CD8α , XCR1 ) are located deep in the

of the CD169+ macrophages [35]. Together these data indicate the importance of

T cell zone of LNs and in the white pulp of the spleen. In addition they are dispersed

CD169 + macrophages for the control of pathogen spread. Additionally, they can

throughout the red pulp in the spleen and in contact with the marginal zone [20].

provide a localized source for production of antigen for the induction of immune

Resident cDC2s (CD11b , Sirpα ) are located in the IFRs of the LNs and the bridging

responses after infection, as reviewed in more detail in [36].

+

+
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+
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CD169+ macrophages maintain intact antigen on their surface and transfer antigen
to B cells and DCs

models a subset of DCs was shown to be infected or take up Ag, while another subset

A few studies have indicated that CD169 macrophages exhibit a relatively low

of labor between DC subsets was also indicated. One DC subset was infected and

proteolytic capacity. CD169+ SCS macrophages showed lower expression of genes

produced antigen, while another DC subset took up antigen and stimulated T cells [51].

presented antigen to T cells [49, 50]. In human in vitro cell culture systems division

+

involved in antigen processing in comparison to medullary macrophages. In
addition, CD169+ SCS macrophages retained opsonized antigens on their surface

Second, antigen transfer may enable antigen presentation by DC subsets that exert

[37]. Similar results may be applicable for macrophages present in the marginal zone

specific capabilities, e.g. for antigen cross-presentation to CD8+ T cells. Several studies

of the spleen. High expression of cathepsin S, L and K and asparagine peptidase

have shown antigen transfer to resident or migratory cDC1 cells [46, 52-54]. The

was observed in SIGNR1+ marginal zone macrophages [38], whereas surface bound

cDC1s are specialized in cross-presentation of cell-associated antigens, CD8+ T cell

antigen could still be detected on CD169 macrophages two days after anti-CD169

activation and the generation of optimal memory CD8+ T cell responses (see below).

+

Ab targeting [39]. Thus, antigen bound by CD169+ macrophages appears to remain
in intact form on the cell surface and is not degraded rapidly.

Third, antigen transfer could function to amplify the number of APCs that are able
to present antigen to T cells, which could facilitate improved efficiency of T cell

These characteristics have been shown to contribute to the induction of strong B

activation. For this aspect it is necessary that antigens are distributed over multiple

cell responses in LNs and spleen [37, 40, 41]. Intact immune complexes and intact

DCs. Potential pathways for antigen transfer towards multiple cells could consist of

viral particles were transferred from CD169+ macrophages to B cells in the LN [40,

gap junctions such as connexin 43 that transfer peptides, the release of exosomes, or

42]. Our group has shown that targeting Ovalbumin (OVA) to CD169 using CD169-

the transfer of cell-derived blebs [44, 45, 52, 55-58]. Especially CD169+ macrophages

specific antibodies induced isotype-switched germinal center B cell responses in

appear to generate blebs that bind to immune cells in a CD169-dependent manner

the spleen [41]. Together these data indicate that CD169 macrophages in the LN

and that causes other cell types to become CD169 positive by flow cytometry [45,

and spleen do not degrade antigen rapidly and instead transfer antigen to B cells.

57]. Our work and that of others suggests that CD169 + macrophages are very

+

sensitive and quickly die during isolation and/or infection.
One of the proposed functions of CD169 is to mediate cell-cell interaction [4345]. The interaction between CD169 and sialic acid ligands on immune cells may

Cell death of CD169+ macrophages may enhance antigen transfer

function as an anchor to locate immune cells to the SCS or the marginal zone,

We and others have observed that CD169+ macrophages disappear after inflammation

which has been shown for innate-like lymphocytes in the SCS [45]. In addition,

in the spleen and LNs [46, 59-61]. One explanation for this disappearance could be

CD169-mediated adhesion may enable antigen transfer from CD169 macrophages

the induction of inflammasome-dependent necrosis-like cell death. Inflammasome-

to other immune cells such as cDCs. We observed that CD169-Fc molecules bound

dependent cell death activates the macrophages to initiate a type I IFN response

more strongly to cDCs than to B cells and neutrophils [46]. This sialic acid-dependent

after viral infection and recruits circulating T cells to the LNs [60, 61]. The biological

interaction facilitated close collaboration between and antigen transfer from CD169

+

relevance of this cell death for the induction of CD8+ T cell responses is underscored

macrophages to cDC1s [46, 47]. These studies indicate that CD169 macrophages

by our finding that optimal T cell responses after antigen targeting to CD169 are

retain intact antigens and transfer them to both B cells as well as DCs for the

DNGR-1 dependent [46]. DNGR-1 is specifically expressed by cDC1s, recognizes dead

activation of humoral and cellular immunity.

cell material, and mediates optimal routing for cross-presentation [12-14]. Cell death

+

+

of CD169+ macrophages would enable efficient antigen transfer to cDC1 that are

Antigen acquisition and antigen presentation can be executed by different APC subsets

specialized in the uptake and cross-presentation of dead cells.

Antigen transfer between different APC types can potentially benefit the host in
several ways. First, infection of the initial APC may result in suppression of the antigen
presentation capacity or even in cell death, which would prevent efficient induction of
immune responses in the absence of antigen transfer [48]. In different skin infection
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Requirements for the generation of optimal CD8+ T cell responses by DCs

OVA injection in the presence of Poly(I:C) [73]. Thus, during the initial phase of T cell
activation, the CD4+ and CD8+ T cells appear to separately interact with cDC2s and cDC1s,

The role of CD4 T cell help in the activation of CD8 T cell responses
+

respectively [53, 54, 74-77].

+

CD4+ T cells are important to provide “help” for optimal CD8+ T cell responses. In noninflammatory conditions, primary CD8+ T cell responses require CD4+ T cell help. In

At later time points after vaccinia virus or HSV-1 infection CD4+ and CD8+ T cells were

the presence of inflammatory signals, CD4+ T cell help is not required for the primary

found deeper in the LN interacting with XCR1+ LN resident cDC1s [53, 54]. The resident

CD8 T cell response, but CD4 T cell help during the priming is still imperative for

XCR1+ cDC1s presented antigen in both MHC class I and MHC class II to CD8+ and CD4+ T

the reactivation of memory CD8+ T cell responses [62-65]. CD40-CD40L interaction

cells. To be able to present antigen without being infected or receiving it from the lymph

appears to be essential for the provision of CD4+ T cell help [66-68]. After activation,

or blood indicates that these LN resident XCR1+ DCs must have received antigen from

CD4 T cells start to express CD40L, which can interact with CD40 on DCs. This

other cells. The current view is that XCR1+ resident DCs receive antigen from migratory

interaction is required to license DCs for the cross-priming of CD8+ T cells. Licensing

DCs [74]. Loss of XCR1+ DCs in a XCR1-DTR mouse model resulted in the loss of CD4+ and

of DCs is dependent on cognate antigen presentation in MHC class II to CD4 T

CD8+ mixed clusters, but not the single CD4+ or CD8+ clusters on the other DC subsets

cells. Licensed DCs have increased expression of MHC and co-stimulatory molecules

[53]. Together these data suggest that XCR1+ DCs provide a “platform” for CD4+ and

which enables them to optimally activate T cells. The expression of CD70 on licensed

CD8+ T cell interactions and is necessary for the CD4+ T cell help (Figure 1) [53, 54, 71].

+

+

+

+

DCs can interact with CD27 on CD8+ T cell during activation which can down regulate
co-inhibitory receptors on CD8+ T cells and increase their migration capacity [69].
In addition, licensed DCs produce chemokine ligands to recruit CD8+ T cells and
cytokines important for the survival of T cells [70]. Taken together, the help of CD4+
T cells is required for optimal activation of CD8+ T cell responses.

7

Above described studies indicate that activation of CD8+ T cells requires licensing of
the DC by CD4+ T cells in a cognate antigen-dependent interaction, whereas other
studies show evidence that CD4+ and CD8+ T cells are activated by different DC
subsets, the cDC2s and cDC1s respectively [16]. This apparent contradiction has only
recently been elucidated and the development of intravital microscopy has been
instrumental in this endeavor. This technique was crucial to visualize the spatial and
temporal organization of DC subsets in secondary lymphoid organs during immune
responses. The spatial and temporal organization is essential for the contribution
of CD4+ T cell help for the induction of CD8+ T cell responses [21, 71, 72].

The two-DC model for CD8+ T cell induction
Intravital microscopy of LNs after vaccinia virus infection revealed initial clusters of
CD8+ T cells and CD4+ T cells that were located in contact with different DCs [53]. Hor et
al. showed similar findings using cutaneous HSV-1 infection. In this model CD4+ T cells
expanded earlier than CD8+ T cells. CD4+ T cell clusters on DCs in skin-draining LNs were
mainly found outside T cell zones [54]. In both models the CD4+ T cell clusters did not
contain Ag-specific CD8+ T cells and early CD8+ T cell clusters formed around migratory
DCs, but not LN resident DCs. Similar observations have been made after subcutaneous

176

Figure 1. Migratory DCs with antigen in the two-DC T cell activation model.
Migratory cDC2s and cDC1s reach the LN with antigen from the periphery and prime CD4+ and
CD8+ T cells, respectively. Primed CD4+ T cells license LN-resident XCR1+ cDC1s via CD40L-CD40
interaction and CD8+ T cells receive signals via antigen presentation, co-stimulation and cytokine
responses from LN-resident XCR1+ DCs. Primed CD8+ T cells can produce XCL1 to attract XCR1+ DCs.
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immunization which can directly drain to the LN and are presented by resident cDC1 and
cDC2 [54, 77, 79, 80] (Figure 2). Potentially these resident cDCs can also transfer antigen
to XCR1+ LN resident DCs that function as the platform for CD4+ and CD8+ T cell activation.

Role of CD169+ macrophages in priming of CD8+ T cells
Antigen transfer from CD169+ macrophages to cDCs
In the case of blood-, or lymph-borne pathogens that predominantly bind to CD169+
macrophages, antigen transfer from CD169+ macrophages to XCR1+ cDC1s may take
place. This transfer could be equally important for CD4+ licensing of XCR1+ DCs and
subsequent optimal CD8+ T cell activation [46] (Figure 3). Our studies in which we
specifically targeted antigen to CD169+ macrophages have revealed important insights
in the collaboration between these cells and cDCs. Our initial studies showed antigen
transfer from CD169+ macrophages to cDC1 cells [47]. Subsequently, we showed that
CD8+ T cell priming was absent in the absence of cDC1 cells [46]. Interestingly, INFγproducing CD4+ T cells (Th1) were also decreased in the absence of cDC1 after antigen
targeting to CD169+ macrophages. In several infection models, such as adenovirus
and Friend virus complex infection, antigen transfer between CD169+ macrophages
and Batf3-dependent cDC1 has been shown to be important for CD8+ T cell responses
[25, 36, 81]. Together these results indicate that antigen transfer between CD169+
macrophages to cDC1 is essential for both CD8+ and Th1 T cell responses (Figure 3).
Figure 2. LN/splenic resident DCs in the two-DC T cell activation model.
After uptake of soluble lymph-borne pathogen or antigen from the lymph fluid, LN resident cDC1s
and cDC2s can separately prime CD8+ and CD4+ T cell responses, respectively. Primed CD4+ T
cells license LN-resident XCR1+ cDC1s via CD40L-CD40 interaction. Licensed LN-resident XCR1+
DCs stimulate CD8+ T cells via antigen presentation, co-stimulation and cytokine responses from.

After OVA-targeting to CD169+ macrophages we detect strong B cell responses that
are CD4+ T cell dependent [39]. We also investigated the effects of cDC1 deficiency
on these OVA-specific B cell responses. In Batf3-deficient mice, that lack cDC1 cells
and OVA-specific Th1 responses, we still detected intact B cell responses (data not

Eickhoff et al. showed the physiological relevance of this platform for CD4+ T cell help

published). These results suggest that in addition to antigen transfer to cDC1, also

to CD8 effector and memory responses. Depletion of XCR1 DCs or selective deficiency

antigen transfer from CD169+ macrophages to cDC2s occurs that in turn stimulate

of MHC II molecules on XCR1+ DCs resulted in the “helpless” CD8+ T cell phenotype and

Th2 or Tfh responses able to help B cell responses. Whereas in the absence of

compromised memory responses [53]. In another study, production of XC chemokine

cDC1 cells CD8+ T cell responses could not be detected, CD8+ T cell responses were

ligand 1 (XCL1) by activated CD8+ T cells was shown to recruit LN resident cDC1s via XC

significantly decreased but still detectable in mice expressing a mutant CD169

chemokine receptor 1 (XCR1) [78] (Figure 1). This suggests that the initial activation of CD8+

molecule or when CD169 interaction was blocked. A functional CD169 molecule

T cells by the first DC will enable attraction of the XCR1 DC to mediate antigen transfer.

was not only important for antigen transfer to cDC1 cells, but also affected the

These XCR1+ DCs present antigen to both CD4+ T cells and CD8+ T cells and function as a

phenotype of the activated CD8+ T cells. CD169-blocking antibodies during MVA

platform to provide CD4 T cell help for CD8 T cell responses.

infection caused lower numbers of KLRG1low cells, while KLRG1high cell numbers were

+

+

+

+

+

unaffected [46]. This suggests specific induction of KLRG1low memory T cells when
Migratory DCs are important for initial T cell activation during local infection of the skin or

antigen transfer to cDC1 cells takes place, potentially due to CD4+ T cell help [53].

slow-replicating infection. However, they do not seem to be required for soluble antigen

Thus, we hypothesize that antigen transfer from CD169+ macrophages to XCR1+ DCs
enables CD4+ T cell help for optimal generation of memory T cell responses (Figure 3).
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follicles and the T cell zone, while the CD169+ CD11c- macrophages were found in

CD169+ macrophage Ag transfer
particles

the SCS of the LN. Another study showed expression of Zbtb46 (a transcription
factor selectively expressed by cDCs, but not pDCs, macrophages or monocytes)

Ag

Ag

soluble Ag

Ag

Ag

Ag

in a subset of SCS CD169+ macrophages, but not F4/80+ medullary macrophages

Ag

[87]. These data suggests the existence of a CD169+ DC subset with overlapping

Ag

MF

CD169

MF

cell-surface markers and capacities as CD169+ macrophages.

MF

These CD169 + DCs and/or macrophages could potentially be involved in direct

Ag

antigen presentation to T cells. Asano et al. proposed that these cells cross-present

Ag
transfer

MF

cDC2

cell-associated antigens [86]. Adenoviral infection of CD169+ macrophages led to

Prime

direct presentation of subdominant antigens and priming of CD8+ T cells by CD169+
macrophages, whereas the immunodominant high affinity epitope was transferred

MF
CD4

cDC1

to and cross-presented by cDC1s [81]. Similarly, vaccinia virus infection resulted
in interaction of T cells with both infected macrophages as well as DCs [88]. Thus,

CD40L

direct antigen presentation to T cells by CD169 + macrophages could potentially

CD4

occur. Similar to the two-DC mediated activation of CD8+ T cells, CD169 + APCs

CD40
XCR1

could possibly be involved in the initial interaction of CD8+ T cells, whereas antigen

CD8

presentation by cDC1c would enable the second interaction and platform for CD4+
Figure 3. Uptake of antigen by CD169 + macrophages and transfer to cDCs.
CD169 + macrophages transfer antigen to (XCR1+) cDC1s and cDC2s which subsequently
can activate CD8+ and CD4+ T cell responses respectively. Licensed DCs provide antigen
presentation, co-stimulation and cytokine responses for the optimal activation of CD8+
memory T cell responses.

T cell help necessary for full development of memory CD8+ T cell responses (Figure
4). Along this line, while T cells were observed to interact with both macrophages
and DCs, DC interactions were necessary for optimal CD8+ T cell priming [88].

CD169+ AS DCs as unknown players in the model
Type I IFN production by CD169+ macrophages

Recently, a DC subset has been identified in humans and mice that can be identified

CD169 + macrophages produce type I IFN upon infection to regulate pathogen

by Axl and Siglec-6 (AS DCs). AS DCs show high expression of CD169 and are capable

dissemination and to stimulate immune responses [36]. Type I IFN stimulates the

of T cell activation [89-93]. They show a constitutively more activated phenotype and

expression of co-stimulatory molecules on DCs and increases antigen presentation

IL-12p40 and IL-8 production [92]. They could potentially be involved in the activation

capacity [82, 83]. Type I IFN signals have been shown to stimulate anti-tumor CD8

+

of CD8+ T cells and provide the initial interaction (Figure 4). To do this, they would

T cell responses via cDC1 [84, 85]. In a retroviral infection, the CD169-dependent

need to have access to blood or lymph fluid. In mice, AS DCs locate to secondary

interaction between CD169 + macrophages with cDC1s were shown to enhance

lymphoid organs [92]. A similar subset has been identified in human blood, tonsils

cDC1 activation maturation and CD8 T cell priming [25]. These studies suggest

and bone marrow [93]. Further analysis of these cells could define their contribution

that CD169-dependent interaction between the macrophages and cDC1 may not

to the induction of CD8+ T cell responses in general and after antigen targeting with

only facilitate antigen transfer, but also type I IFN mediated cDC1 maturation.

CD169-specific Abs. This might provide a practical challenge, as still little is known

+

about these cells and no model systems exist yet to deplete or specifically target

Direct T cell activation by CD169 macrophages/DCs
+

them separately from CD169+ macrophages.

Asano et al. identified two subsets of CD169+ macrophages in the LN. One with
CD11c, CD8α and CD40 expression and the other without the expression of these
markers [86]. The CD11c+ CD169 + cells located deeper in the LN, between B cell
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DTR mouse lines also eliminate CD169+ macrophages [94-96]. To study the result
of absence of CD169+ macrophages, CD169-DTR mice have been used. Treatment
of these mice with diphtheria toxin results in depletion of CD169 + and SIGNR1+
MZ macrophages [94]. LXRα-deficient mice also lack both CD169 + and SIGNR1+
macrophages [97]. Thus, the individual contribution of each macrophage subsets
cannot be distinguished yet.
It is also important to note that although CD169 expression in the steady state might
be limited to specific subsets of macrophages, CD169 expression can be induced on
monocytes and DCs with inflammatory signals such as IFNα [98]. This could be an
explanation for the recently described macrophage/cDC2 hybrid cell that expresses
CD11chiMHCIIhiCD24+CD64+CD169+, a tumor associated monocyte-derived cell which
was found to be highly phagocytic, migratory and to able to cross-present antigen
in LNs [99]. These cells could consist of ‘normal’ tumor associated cDC2s with
upregulated CD169 expression because of inflammatory conditions at the tumor site.
Together, these observations underscore the limitations of the current models and
the difficulty in the assessment of the role of CD169+ macrophages, CD169+ DCs and
of cDC subsets in the activation of T cell responses.
Figure 4.
CD169 + macrophages or CD169 + DCs take up antigen and may provide the initial T cell
stimulation. Subsequent antigen transfer to cDC1 may enable CD4+ T cell help for CD8+ T cell
responses.

Models to study CD169 macrophages

Exploitation of CD169+ cells for the development of cancer vaccines
The induction of strong anti-tumor T cell responses is the goal of current anti-tumor
vaccination strategies. For the successful induction of CD8+ T cell responses, sufficient
antigen should reach the right DC subset and for this reason different vaccine

+

+

strategies are being developed. Immunization with synthetic long peptides have

macrophages and/or DCs as described above has been very challenging due to the

already shown promising pre-clinical and clinical results [100-102]. Other strategies

use of different experimental models that each exhibit their own limitations. The

include antigen-targeting to DCs [103, 104]. We hypothesize that antigen targeting

isolation and analysis of CD169 macrophages has been difficult, because they are highly

to CD169 + macrophages may provide an optimal route to deliver antigen to the

adhesive and rapidly die upon isolation. Blebs of dying macrophages have been shown

cDC1s for the induction of strong cytotoxic T cell responses. The presence of CD169+

to bind to cells interacting with CD169+ macrophages such as innate-like lymphocytes

macrophages in human spleens in a similar location as in mice suggests that human

and possibly DCs [45, 46]. Upon isolation of CD169+ cells using flow cytometry, this could

translation of our results obtained in mouse models may be feasible [105, 106].

The interpretation of the data on the antigen presenting functions of CD169

+

result in positive CD169 staining by non-CD169-expressing cells. Flow cytometric studies
of CD169+ macrophages as described by Asano et al. are therefore difficult to interpret.

In our studies we observed stronger antigen-specific CD8+ T cell responses after
antigen targeting to CD169 when compared to antigen targeting to the cDC1 marker

Current models to specifically deplete either CD169 + macrophages or DCs have

DEC205 [46, 105, 107]. DEC205 was the first cDC receptor to be described to induce

similar limitations. clodronate liposomes, which have extensively been used to

anti-tumor CD8+ T cell responses in mice [108]. Stronger T cell responses after

deplete phagocytosing cells, also deplete DCs and have a big impact on the overall

antigen targeting to CD169+ macrophages could be explained by several reasons,

structure of the spleen. Considering the specific depletion of DCs, most CD11c-

which include (1) more efficient antigen uptake by CD169+ macrophages compared
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to DEC205+ DCs, (2) antigen transfer from CD169+ macrophages to both cDC1s and

role for CD169+ macrophages to induce strong cytotoxic T cell responses. We have

cDC2s after targeting, and (3) the combination of direct antigen presentation to T

provided insights in the molecular mechanism and have tested the vaccination

cells by CD169 DCs and antigen transfer from CD169 macrophages to cDC1s and

strategy in pre-clinical models. This information should provide a solid foundation

cDC2s. We observed more antigen in the spleen after antigen targeting to CD169+

for further development of this macrophage-based vaccination strategy for tumor

macrophages (Chapter 6), which supports the first explanation. Moreover, also the

antigens.

+

+

latter two points could be of importance when considering the two DC activation
model and the role of CD4+ T cell help for the induction of strong, long-lived, memory
and tissue-resident memory CD8+ T cell responses [71, 74].

Future perspectives for anti-CD169 targeting as therapy against cancer
In Chapter 6 of this thesis we have demonstrated the efficacy of recombinant
murine CD169 specific antibodies in mouse models. For possible translation into
the clinic, antibodies specific for human CD169 should be cloned and humanized.
These antibodies could be tested in human cell culture systems using monocytederived DCs or AS DCs [89-93, 105]. As an alternative, a two cell set-up (CD169+
macrophage plus DC) conform the model suggested in figure 3 should be developed
and tested. In this cell culture system, antigen targeting to the first APC subset
should be transferred to the second DC subset for the successful activation of T

7

cells. After in vitro validation, the humanized antibodies could also be evaluated in a
humanized mouse model with functional human lymphoid tissue including CD169+
macrophages and DC subsets [109].
CD169 targeting could provide a platform for personalized neoantigen therapy or
off-the-shelf tumor-antigen vaccination therapy in immunogenic tumors such as
melanoma, glioblastoma and renal cell carcinoma. Either type of antigen could be
combined with currently used treatments for cancer patients such as chemotherapy
and immune blockade inhibitors [110-114].
Another variable to consider is the timing of the APC vaccination strategy. After
surgical resection of the primary tumor, the tumor burden is minimal which is
correlated with lower tumor related immune suppression. This may be an optimal
timing for the application of APC vaccination strategies for the induction of antitumor T cell responses to kill residual tumor cells and to prevent relapses [115, 116].
Finally, for future reference, the efficacy of CD169 targeting strategies should be
compared to other vaccination strategies, which include DNGR-1 targeting and
synthetic long peptides. In this thesis we have proposed a model with an important
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and macrophages in pre-clinical cancer models and describe some clinical studies
that have been performed for Ag targeting to CLRs in cancer patients.

The immune system exists to protect us from infections. The innate part of the immune
system responds quickly to pathogens and helps to activate the adaptive immune

An interesting receptor that also binds carbohydrate structures is CD169, also known

system, which responds with high specificity to pathogens and creates immunological

as sialoadhesin and sialic acid-binding immunoglobulin-type lectin (Siglec-1). CD169

memory. Through vaccination, the adaptive immune system can be stimulated to

is involved in cell-cell and cell-pathogen interactions and is highly expressed by a

generate protective immunity and prevent disease, without suffering the inherent

specific subset of macrophages residing in the spleen and lymph nodes. The strategic

risks of the disease. Vaccination protects many people around the world against life-

location of CD169+ macrophages in the marginal zone of the spleen and subcapsular

threatening consequences of infections and has resulted in the eradication of smallpox.

sinus of the lymph nodes enables them to capture antigens from the blood and the

Furthermore, the immune system can be harnessed to induce immunity against cancer

lymph, respectively. In Chapter 2 we investigate the requirements for induction of

and immunotherapies have successfully been applied in cancer patients.

CD8+ T cell responses by Ags bound by CD169+ macrophages. Upon immunization with
ovalbumin (OVA) conjugated to CD169-specific Abs, we show that a specific subset of

Immune checkpoints are important to maintain the delicate balance between

DCs, the Batf3-dependent CD8a+ dendritic cells (cDC1s), receives OVA from CD169+

tolerance against self and activation against non-self. A tumor can interfere with

macrophages and activates CD8+ T cell responses. Induction of CD8+ T cell responses

this balance by mediating suppression of the immune system. A breakthrough in the

after CD169 targeting relied on DNGR-1 expression that is selectively expressed by

treatment of cancer patients was made with the application of immune checkpoint

cDC1s. In addition, we demonstrate that DCs and specifically cDC1s express sialylated

inhibitors, which are antibodies (Abs) that intervene with tumor-induced suppression

molecules that mediate CD169 binding. Using a mouse model expressing a mutated

of the immune system. The treatment of melanoma patients with these checkpoint

CD169 molecule unable to bind sialic acids, we show that Ag transfer to cDC1s is

inhibitors has shown promising results, but, because not all patients respond to

dependent on the sialic acid-binding capacity of CD169 for subsequent CD8+ T cell

this therapy, there is still room for improvement.

activation. Finally, CD8+ T cell responses to vaccinia virus infection are dependent
on functional CD169. Together, these data indicate that the collaboration of CD169+

There is a growing understanding of why certain patients do not respond to checkpoint

macrophages and cDC1s for the initiation of effective CD8+ T cell responses is

inhibition therapy. A negative clinical response after checkpoint inhibitor treatment

facilitated by binding of CD169 to sialic acid-containing ligands on cDC1s.

has been linked to a lower T cell infiltration in the tumor. To improve the treatment
of patients with non-responsive tumors, vaccination strategies are being developed

The strong activation of CD8+ T cell responses after antigen targeting to CD169 led

to induce strong tumor-specific T cell responses. The combination of vaccines with

us to further explore its application as a vaccination strategy for the induction of

checkpoint inhibitors will induce T cell responses and simultaneously release the

anti-tumor T cell immunity. To test whether a single linear peptide containing the

brake on these cells to generate an even more efficient anti-cancer response.

minimal tumor-specific epitope can be sufficient to induce an anti-tumor immune
response, we compared OVA protein and peptide Ab:Ag conjugates that target to

Antigen (Ag) presentation by dendritic cells (DCs) is essential for the induction of Ag-

CD169 in Chapter 4. We monitored the induction of Ag-specific primary, memory,

specific cytotoxic- and helper T cells and antigen targeting to DCs has been shown to

and recall CD8+ T cell responses after protein and peptide targeting and observed

stimulate strong anti-tumor T cell responses in mice. In Chapter 3 we discuss vaccine

no significant differences. Moreover, the anti-tumor immune response in mice

strategies in which Ags are directed to C-type lectin receptors (CLR) specifically

bearing OVA-expressing melanoma tumors after immunization with either protein

expressed by DCs and/or macrophages. CLRs are receptors for carbohydrate

or peptide targeted to CD169 showed no significant differences in controlling tumor

structures, which are highly expressed by multiple subsets of DCs and macrophages.

outgrowth. We conclude that both protein and peptide targeting to CD169 results

CLRs are involved in uptake and processing of Ags for presentation and for this

in strong primary, memory and recall T cell responses and protective immunity

reason these receptors are particularly interesting for targeting purposes. We

against melanoma. This indicates that both forms of antigen, peptide or protein,

provide an overview of different methods of Ag targeting to different CLRs on DCs

can be further explored as anti-cancer vaccination strategy.
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Important for development of anti-tumor vaccination strategies is the translation
from mice to humans and to show the efficacy with tumor-associated or tumorspecific epitopes. In Chapter 5 we continued to investigate the CD169-based
vaccination strategy using melanoma-associated peptides for targeting to mouse
and human CD169+ cells. Immunization with gp100 and Trp2-antiCD169 conjugates
efficiently induced gp100 and Trp2-specific T cell responses in wild-type mice.
Targeting of the HLA-A2.1-restricted human melanoma antigen recognized by T
cells 1 (MART-1) peptide in HLA-A2.1 transgenic mice induced strong MART-1-specific
T cell responses. These data indicate that Ab-mediated Ag targeting to CD169 +
macrophages is a potential strategy for the induction of melanoma-specific T cell
responses in mice. In human spleens we detected CD169 + cells at an equivalent
location as in mice using immunofluorescence microscopy. To study antigen targeting
to human CD169+ cells in vitro we used monocyte-derived DCs (MoDCs) that express
CD169 upon stimulation with IFNα. Human gp100 peptide conjugated to Abs specific
for human CD169 bound to and were taken up by CD169-expressing MoDCs and
resulted in activation of gp100-specific CD8+ T cells. These data support the potential
to translate our CD169-based vaccination strategy for clinical application in humans.
In our immunization experiments in mice, we used rat-derived anti-mouse
CD169 IgG2a Abs that are immunogenic in mice and that can potentially bind to
Fc receptors. To create a better-defined tool for further vaccine-development, we

A

established recombinant CD169-specific mouse Abs, as described in Chapter 6. The
variable region of rat-anti-mouseCD169 Ab was cloned in a mouse IgG1 backbone
with a mutation to prevent Fc receptor binding and encoding OVA as model Ag.
The recombinant hybrid mouse IgG1 Abs induced equivalent OVA-specific CD8+
T cell responses as the chemically conjugated complexes of the original rat Abs
with OVA. We subsequently used these hybrid Abs to determine the most optimal
antigen delivery route. Comparison of intravenous and subcutaneous immunization
indicated slightly higher T cell responses after intravenous injection compared to
subcutaneous injection. Together our data suggest that recombinant Ab:Ag specific
for CD169 could provide a delivery strategy of tumor antigens to the immune system
for the induction of efficient anti-tumor T cell responses.
In conclusion, our studies demonstrate that antigen targeting to CD169+ macrophages is
effective for both protein as well as peptide Ags and can result in anti-tumor immunity.
We show that this immunization route results in effective CD8+ T cell activation by cDC1
and our experiments with human cells supports the potential to translate our CD169based vaccination strategy towards clinical application in humans.
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Addendum

Portfolio

Portfolio
Dieke van Dinther
PhD period: June 2014 – March 2019
PhD Supervisor: Joke M. M. den Haan
Courses
ENII Summer School Sardinia
Immunotherapy in Cancer (NKI)
Writing a Scientific Article in English
Advanced Immunology
Project management

Year
2016
2016
2016
2015
2014

Workload
1.0 ECTS
1.2 ECTS
1.5 ECTS
3.0 ECTS
0.2 ECTS

Seminars and masterclasses
Weekly department lectures (6 oral presentations)
Weekly group data discussion
Weekly DC research meeting
Biweekly Journal clubs
Weekly research meeting
Meet the expert (6 times)
Master class Laurence Zitvogel
Department retreat

Year
2014-2019
2014-2019
2015-2019
2014-2019
2014-2015
2014-2016
2016
2015-2019

Workload
4.0 ECTS
4.0 ECTS
4.0 ECTS
4.0 ECTS
1.0 ECTS
0.5 ECTS
0.2 ECTS
1.0 ECTS

Presentations and Conferences
International Lectures
Immunobiology Lab, CNIC, Madrid, Spain
DC Biology lab, Erlangen, Germany

Year
2017
2015

Workload
0.4 ECTS
0.4 ECTS

Oral presentations
CCA retreat, Noordwijkerhout, NL
DTIM, Breukelen, NL
Spanish DC meeting, Madrid, Spain
CCA retreat, Noorwijkerhout, NL
EMDS, Amsterdam, NL
OOA PhD retreat, Renesse, NL
ECI, Amsterdam, NL
EMDS, Madrid, Spain
BSI/NVVI, Liverpool, GB
Frontiers in Sialic Acid, Bad Lauterberg, Germany
ENII Summer School Sardinia

2019
2017
2017
2017
2016
2015
2018
2017
2016
2016
2016

1.0 ECTS
0.8 ECTS
0.8 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
0.2 ECTS
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Poster presentations
NVVI, Efteling, NL
OOA retreat, Renesse, NL

Year
2014
2014

Workload
0.8 ECTS
1.0 ECTS

Attendance
NVVI, Lunteren, NL
CFCD, Paris, France
ISCTG, Amsterdam, NL

2017
2015
2014

0.6 ECTS
0.6 ECTS
0.3 ECTS
Workload
0.4 ECTS
2.0 ECTS

Practical course “Blood groups”
Supervision Bachelor Student

Year
2016, 2017
2015,2016,
2017
2015
2015

Parameters of Esteem
Best PhD Publication Award 2018
EFIS-EJI Travel Grant (ECI)
EFIS-EJI Travel Grant (EMDS)
AIO award DTIM
AI&II Travel Grant
ENII Travel Grant

Year
2019
2018
2017
2017
2017
2016

Other
Writing scientific articles under supervision
Science communication Instagram
Research stay Madrid, Spain (4 weeks)
CCA seminar PhD committee
CCA retreat PhD committee
PhD representative department
Research stay Erlangen, Germany (5 weeks)

Year
2017-2019
2017-2019
2017
2016-2017
2017
2015-2017
2015

Teaching
Scientific Morning
Practical course “Proliferation and FACS”

0.3 ECTS
2.0 ECTS

Workload
1.5 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
1.0 ECTS
2.0 ECTS
1.0 ECTS
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